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ABSTRACT 

Emission of polycyclic aromatic hydrocarbons (PAHs) to Kitimat Arm is of concern 

because PAHs persist in the environment and are known carcinogens. Despite their 

hydrophobicity, metabolic transformation within organisms is expected to limit food 

chain biomagnification of PAHs. However, metabolic transformation produces reactive 

Phase I metabolites, which are the primary cause of PAH-related carcinogenesis and 

other toxic effects. The goal of this research was to develop a model for assessing 

bioaccumulation of parent PAHs and PAH metabolites in marine organisms from Kitimat 

Arm. 

A mechanistic bioaccumulation model was developed for non-metabolized substances in 

a representative benthic food web for the BC Coast. Following calibration, model 

predictions were within a factor of four of observed BSAFs for polychlorinated biphenyls 

in Dungeness crab from Kitimat Arm and False Creek, BC. 

For PAHs, the model was modified to characterize metabolic transformation of PAHs, 

low bioavailability of PAHs due to soot-association, and the mass balance of Phase I 

PAH metabolites. Based on a literature review, metabolic rate constants for PAHs were 

expected to range from approximately 0.201day in bivalve mollusks to 1-1 Slday in 

Dungeness crab and fish species. Model predictions were within a factor of three of 

observed BSAFs for PAHs in Dungeness crab from Kitimat Arm. 

Model behaviour indicated trophic dilution of parent PAH body burdens in predatory 

organisms as a result of metabolic transformation within organisms and their prey 

species. The model also predicted trophic dilution of Phase I PAH metabolites, regardless 

of assumptions regarding the rates of Phase I1 conjugation and detoxification. Flux 

calculations determined that Phase I PAH metabolite body burdens were primarily the 

result of metabolite production within organisms rather than uptake of metabolites from 

prey and, therefore, closely linked to parent PAH body burdens. 

iii 



Model application determined that bivalve mollusks have the highest expected dose o f  

parent PAHs and Phase I PAH metabolites, suggesting potentially higher ecological risk 

for this organism class. The model also demonstrated that seafood criteria for the 

protection o f  human health need to consider residues o f  both parent PAHs and Phase I 

PAH metabolites that are present in harvested organisms from PAH-contaminated areas. 
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GLOSSARY 

Bioaccumulation - the combined processes of chemical uptake at respiratory surfaces 
(bioconcentration) and in the gut (gastrointestinal magnification), and chemical 
elimination via gill elimination, faecal egestion, growth dilution and metabolic 
transformation. For hydrophobic chemicals, bioaccumulation often results in 
much higher concentrations in aquatic organisms relative to water (Gobas and 
Momson, 2000) 

Bioaccumulation Factor (BAF) - for pelagic organisms, it  is the ratio of the chemical 
concentration in the organism (gkg lipid) to that dissolved in water (gkg; Gobas 
and Momson, 2000). 

Bioaccumulative (B) - the term used under the CEPA screening framework for 
chemicals which have a tendency to accumulate in organisms and transfer through 
the food chain (CEPA, 1999). 

Bioavailability - the fraction of chemical present within a phase, that is available for 
uptake by organisms via either respiratory or dietary routes (Gobas and Morrison, 
2000) 

Bioconcentration - chemical uptake at gill or respiratory surfaces via passive diffusion 
(Gobas and Momson, 2000) 

Biota-Sediment Accumulation Factor (BSAF) - for benthically-coupled organisms, it 
is the ratio of the chemical concentration in the organism (gkg lipid) to that in the 
sediment with which it is associated (gkg OC; Gobas and Momson, 2000). 

Biotransformation - the process of chemical transformation within an organism, 
generally due to the action of the metabolic system of the organism (Gobas and 
Momson, 2000). Also referred to as metabolic transformation or chemical 
metabolism. 

Carcinogenesis - as a result of chemical exposure, the induction in organisms of 
neoplasms and tumours in forms that are not normally observed, at earlier stages 
than are usually observed, or at higher levels of incidence than are normally 
observed (IARC, 1982). 

Cytochrome P-450 - the class of enzymes generally responsible for catalyzing the 
hydroxylation of drugs, hormones and chemicals via a mixed-function oxidation 
reaction (Gibson and Skett, 1986). Cytochrome P-450 is present in the 
endoplasmic reticulum of cells and is responsible for Phase I metabolic 
transformation of PAHs. 

Ecological Risk Assessment (ERA) - the application of a formal framework to assess 
the potential impacts of human-created stressors (especially contaminants) on a 
natural resource. ERA typically involves the integration of an exposure 
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assessment, toxicological dose response information and receptor characteristics 
(US EPA, 1998). 

Epifauna - For benthic marine systems, organisms which inhabit the sediment surface. 

Food Chain Biomagnification - the phenomenon whereby chemical concentrations (on 
a lipid-normalized basis; gkg  lipid) increase through successive trophic levels in 
the food chain. Also referred to as Food Chain Bioaccumulation (Gobas and 
Momson, 2000). 

Fugacity (f) - the escaping tendency of a chemical from a phase or the partial pressure 
(Pascals) of a chemical within a phase (Mackay, 1991). Fugacity depends upon 
the chemical concentration within a phase (C; mol/m3) and the capacity of the 
phase to absorb the chemical (Z; pa-m3/mol) such that f = CIZ. Z varies with 
chemical and phase properties. 

Gastrointestinal Magnification - chemical uptake from food in the gut. Gastrointestinal 
magnification results from the "fugacity pump" that is created as lipid is absorbed 
from digesta (lowering its fugacity capacity) and the volume of digesta decreases 
(increasing the chemical concentration; Gobas and Momson, 2000). 

Human Health Risk Assessment - the application of a formal framework to assess the 
likelihood that a given exposure to a chemical or stressor will cause health effects 
in humans. 

Infauna - For benthic marine systems, organisms which burrow within and inhabit the 
zone below the sediment surface. 

Model Bias (MB) - a statistic used to assess the systematic bias of model predictions 
(i.e., toward underprediction or overprediction) either as a function of, or 
independent of chemical properties such as &,. Refer to Equation 31. 

Model Calibration - sensitivity analysis to obtain the set of conditions that (i) provide 
an accurate representation of the system being modelled and (ii) are scientifically 
defensible based on mechanistic considerations and empirical data. (Jackson et al. 
2000; Connolly, 1991). 

Neoplasm - an abnormal mass of tissue that results from chemical carcinogenesis. 
Synonymous with tumour. 

Persistent (P) - the term used under the CEPA screening framework for chemicals 
which take a long time to break down in the environment (CEPA, 1999). 

Porewater - water from the interstitial spaces of sediment, often assumed to be in 
equilibrium with sediment solids. 

Sensitivity Analysis - the systematic varying of model parameters to examine the impact 
of parameter uncertainty on model behaviour and predictions 
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Steady State - the set of conditions whereby the total chemical influx of chemical in an 
organisms equals the total outflux of chemical, with no net change in mass or 
concentration of the chemical (Gobas and Morrison, 2000). 

Toxic (T) - the term used under the CEPA screening framework for chemicals which 
enter the environment in amounts that may have a harmful effect on the 
environment or human health (CEPA, 1999). 

Trophic Guild - an aggregation of species inhabiting a similar portion of the 
environment and similar position in the food web (i.e., with similar predators and 
prey). 



ABBREVIATIONS 

B(a)A - benz(a)anthracene 

B(a)P - benzo(a)pyrene 

BCF - bioconcentration factor 

BPH - benzo(a)pyrene hydroxylase 

CEPA - Canadian Environmental Protection Act 

DNA - deoxyribonucleic acid 

EH - epoxide hydroxylase 

GST - glutathione s transferase 

IRIS - Integrated Risk Information System 

&, - octanol-water partition coefficient 

K,,- soot-carbon-water partition coefficient 

MFO - mixed-function oxidase 

NLOM - non-lipid organic matter 

OC - organic carbon 

PAH - polycyclic aromatic hydrocarbon 

PBT - persistent, bioaccumulative and toxic 

PCB - polychlorinated biphenyl 

POP - persistent organic pollutant 

SSQ - sum of squared deviations 

US EPA - United States Environmental Protection Agency 
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1 INTRODUCTION 

1.1 PERSISTENT ORGANIC POLLUTANTS IN CANADA 

Persistent organic pollutants (POPs) are stable, long-lived chemicals that are 

environmentally persistent, prone to global atmospheric transport, and in some cases, 

accumulate in the food chain to levels that are potentially toxic to aquatic and terrestrial 

life (UNECE, 1998; Vallack et a]., 1998). Associated with these consequences are 

potential economic costs, social impacts and degradation of ecosystems which provide 

important ecological services and are utilized for traditional hunting and gathering 

activities. Representative POPs include human-manufactured chemicals (e.g., PCBs, 

pesticides) as well as byproducts of industrial processes (e.g., PAHs, dioxins). 

In Canada, POPs are regulated under the Canadian Environmental Protection Act (CEPA; 

1999). The Act seeks to regulate substances on the Domestic Substances List that "enter 

the environment in amounts that may have an immediate or long-term harmful effect on 

the environment" (Environment Canada, 2000). The method for achieving this goal 

involves a framework of assessment designed to evaluate persistence (i.e., slow rates of 

breakdown in the environment), bioaccumulation (i.e., accumulation in living organisms) 

and toxicity (i.e., potentially harmful at environmentally relevant tissue residues). 

Substances which are deemed to be persistent, bioaccumulative and toxic (PBT), and 

which are primarily of anthropogenic origin, are categorized as Track 1 chemicals with 

management aimed at virtual elimination. For hydrophobic chemicals with a natural 

tendency to accumulate in organisms, biotransformation of parent chemical within the 

organism can be a significant elimination process, limiting bioaccumulation of parent 

chemical. However, there are no provisions under the CEPA screening framework for 

assessing the persistence, bioaccumulation and toxicity of the metabolites of POPs, some 

of which have known toxic potential. 

Further study of the fate, bioaccumulation and toxicity of potential POPs including the 

implications of POP metabolism can provide useful information for the effective 

management of these substances. Integrating these processes through environmental 



modelling improves scientific understanding so that the environmental implications of 

certain management policies can be more accurately predicted. This, in turn, improves 

the quality of scientific information available to policy makers attempting to balance 

economic, social, cultural and environmental values. 

1.2 POLYCYCLIC AROMATIC HYDROCARBONS 

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic organic substances composed 

of two or more benzene rings (CEPA, 1994, Eisler, 1987). PAHs enter the environment 

from many sources, both anthropogenic (e.g., oils spills, smelter emissions, coal-based 

energy) and natural (e.g., forest fires, volcanic eruptions). The largest point source of 

PAHs in the Northern Hemisphere is aluminum smelters utilizing Soderburg technologies 

(CEPA, 1 994). Low molecular weight PAHs (PAHs comprised of two or three benzene 

rings) are known to be acutely and chronically toxic to aquatic organisms causing 

impairments to survival and growth or abnormal reproduction and development (Eisler, 

1987). In contrast, high molecular weight PAHs (four or more benzene rings) are less 

acutely toxic at environmental concentrations but can be carcinogenic and mutagenic in 

higher level organisms (CEPA, 1994, Eisler, 1987). For example, exposure to high 

molecular weight PAHs is associated with carcinogenesis and immunotoxicity in flatfish 

from polluted harbours in Puget Sound, WA (Baumann, 1989; Myers et al., 1990). 

Consequently, thirteen PAHs are listed on the Priority Substances List (i.e., Track 2) 

administered under CEPA (CEPA, 1994). In addition, PAH emissions from Soderberg 

smelting are being targeted under the UNEP Protocol on Long-Range Transboundary Air 

Pollution (UNECE, 1998). 

For marine systems, the fate of PAH compounds depends on their degree of 

hydrophobicity (i.e., L,). In general, high molecular weight PAHs will associate with 

organic carbon in bottom sediments or suspended sediment (Mackay et al., 1999), where 

they are then available for uptake and trophic transfer by marine invertebrates. In 

temperate marine ecosystems such as Kitimat Arm, BC, this uptake may be important for 

Dungeness crab which feed directly at many levels of the benthic food web (Stevens et 

a]., 1982). 



An important factor that could modulate PAH accumulation in marine organisms is 

metabolism and potential metabolite elimination. Several reviews describe how many 

fish and invertebrate species can rapidly metabolize PAHs resulting in low body burdens 

of parent compounds (James, 1989 and Varanasi et al., 1989a; Livingstone, 1991; 

Meador et al., 1995). If metabolic rates are high enough, PAHs in food resources of 

Dungeness crab may be reduced in concentration or biotransformed to metabolic 

products with a different affinity for trophic transfer. Furthermore, parent PAHs that do 

accumulate in Dungeness crab from water and dietary sources are likely to undergo 

biotransformation, reducing body burdens of parent compounds for this higher trophic 

level receptor. 

1.3 RATIONALE AND PURPOSE 

Traditionally, biotransformation in aquatic species has been regarded as a mitigating 

factor for PAH toxicokinetics as it often leads to extremely low or undetectable tissue 

concentrations of parent PAHs. In many cases, low concentration is assumed to be 

synonymous with low dose with the implicit assumption of a lower likelihood of harmful 

effects. However, metabolic pathways for parent PAHs create reactive metabolic 

intermediates that are more toxic than the parent compounds. These metabolites are 

associated with hepatic disease, tumour formation and biochemical stress in fish and 

invertebrates (Baumann, 1989, Fossi et al., 1997). In addition, mesocosm studies with 

fish and invertebrates indicate dietary uptake of metabolites, potentially resulting in 

trophic transfer of biotransformed compounds rather than elimination from the food web 

(Kane-Driscoll and McElroy, 1997). PAH metabolism is also the mechanism of 

carcinogenesis in mammals, and thus the presence of parent PAHs and metabolites in 

seafood has the potential to cause impacts to human health. Figure 1-1 depicts a 

conceptual diagram of the general rationale for this study. 

The methods of ecological and human health risk assessment generally attempt to link the 

potential exposure and toxicity of a substance in order to develop a risk characterization. 

The presence of toxic metabolites of PAHs has implications for risk assessment because 





the metabolite-induced effects will be dose-responsive to metabolite residues rather than 

parent PAH residues. Thus, an assessment strategy for predicting exposure and risks from 

PAH metabolites is needed for effective management of environmental contamination by 

PAHs. 

In this research project I use environmental modelling to examine the how metabolic 

transformation of PAH may limit bioaccumulation but also lead to a potential for 

ecological and health risks in marine organisms and human consumers. Rather than 

testing hypotheses according to traditional scientific methods (i.e., rejection of a null 

hypothesis lending support to alternative hypotheses), the modelling approach is useful 

for integrating and refining current knowledge, and generating hypothesis that can be 

tested in natural systems. The general premises underlying this research include: 

PAHs in water and sediments will be available for bioaccumulation in marine 

organisms but food web biomagnification will be prevented by metabolism of parent 

compound. 

While metabolism of PAHs in invertebrate and fish species may result in low body 

burdens of parent PAHs at upper trophic levels such as Dungeness crab, PAH 

metabolites may be produced as a result of metabolism processes. These metabolites 

may be available for trophic transfer, leading to potentially significant exposure to 

upper trophic levels. 

Since many PAH metabolites are potent toxicants and carcinogens, the formation and 

accumulation of significant amounts of PAH metabolites in benthic organisms may 

cause unacceptable ecological risks to benthic organisms or health risks to human 

consumers of seafood. 

To date, there have been no attempts at modelling PAH bioaccumulation with methods 

which account for the mass balance of PAH metabolites in addition to parent PAHs. The 

primary goal of this research is to develop a modelling tool for the assessment of the 

bjoaccumulatjon and resultant exposure of marine organisms to parent PAHs and PAH 

metabolites. 



1.4 DESCRIPTION OF KITIMAT ARM 

Ki timat Arm is located at the northeastern extent of Douglas Channel on the northwest 

coast of British Columbia, Canada (see Figure 1-2). Kitimaat Village, located on the 

eastern shore of Kitimat A m ,  is the home of the Haisla people. They have traditionally 

inhabited Kitimat Arm and some 13,000 square kilometres of Douglas Channel and the 

surrounding coastline (Kitamaat Village Council, 2003). ~ h e . ~ a i s l a  have a cultural 

tradition of hunting, gathering and fishing in marine environment of Kitimat Arm and 

surrounding lands (Kitamaat Village Council, 2003). Consequently, industrial impacts to 

Kitimat Arm may not only harm the marine ecosystem but also affect traditional ways of 

life. 

The Alcan Kitimat Works Smelter and the town of Kitimat have been located at the head 

of Kitimat Arm since the 1950s. The Alcan Kitimat Works Smelter is a large point source 

of PAH to Kitimat Arm, and sediment cores indicate a significant increase of PAH 

contamination in Kitimat Arm and Douglas Channel since establishment of the smelter 

(Cretney et a]., 1983). The Kitimat Works Smelter contributes approximately $500 

million annually to the Canadian economy and Kitimat is one of the busiest ports on 

Canada's West Coast. (Mining Association of BC, 2003). Despite the industrial setting of 

Kitimat Arm, Douglas Channel is also a popular area for tourism focused on saltwater 

fishing and water-based recreation (Kitimat Chamber of Commerce, 2003). Thus, 

consistent with the concept of sustainable development (WCED, 1987), cultural, 

environmental, economic, and recreational interests are each important considerations for 

the management of environmental quality in Kitimat Arm. 

There have been several studies of the environmental effects of PAHs in Kitimat Arm by 

industry (EVS, 1997), university researchers (Simpson et al., 1998; Harris, 1999, 

Eickhoff et al., 2003) and governmental organizations (NOAA, 2000), but, with the 

exception of Hams ( 1  999), no studies have modelled PAH dynamics in the marine 

environment using computer simulation. 
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1.5 RESEARCH METHODS 

In this study, I apply environmental modelling to examine the processes food-web 

bioaccumulation and metabolic transformation of PAHs for the temperate marine 

ecosystem of Kitimat Arm. By modelling biophysical systems, researchers are successful 

at integrating existing knowledge to learn about system dynamics, examining the 

significance of physiochemical and biological processes, forecasting system behaviour, 

and prioritizing research efforts (Jackson et al., 2000). Computer models are currently 

applied to many problems in environmental toxicology ranging from physiological-based 

pharmacokinetic models describing toxicokinetic processes at the organism level (e.g., 

Cahill et al., 2003), to long-range global transport models describing the movement of 

POPS to polar regions (e.g., Wania and Mackay, 1995). In ecological and human health 

risk assessment, predictive models play an important role for predicting exposure of 

bioaccumulative chemicals. 

The following research project is divided into four chapters. In Chapter 2, I develop a 

steady-state food-web bioaccumulation model for a representative benthic food web of 

coastal British Columbia. The model combines ecological interactions, chemical 

behaviour and thermodynamic principles to predict food web transfer of PCBs from 

water and sediment to Dungeness crab. It builds upon models that were developed 

previously for the Great Lakes (e.g., Gobas, 1993; Momson et al., 1996; Momson et al., 

1997). The purpose of this chapter is to calibrate and test a bioaccumulation model for 

non-metabolized substances, which can then be applied to assess PAH bioaccumulation 

and metabolic transformation. Important sources of data for Chapter 2 include PCB 

concentrations for various media in Kitimat Arm that were previously collected by Glenn 

Harris (reported in Hams, 1999), BSAF values for PCBs in False Creek, BC 

(MacKintosh and Maldonado, unpublished data) and PCB BSAF values from the 

literature (Tracey and Hansen, 1996; Boese et al., 1995; Gunnarson and Skold, 1999) 

In Chapter 3, I refine and apply the model to examine how metabolic transformation 

influences the bioaccumulation of parent PAHs and the mass balance of Phase I PAH 



metabolites in benthic organisms. A literature review is presented which forms the basis 

for determining metabolic rates, characterizing the soot carbon association of pyrogenic 

PAHs and quantifying the mass balance of PAH metabolites in the bioaccumulation 

model. By applying the model, the field-measured dynamics of non-metabolized 

chemicals such as PCBs are compared to the dynamics of PAHs, yielding conclusions 

regarding PAH biotransformation rates and resulting metabolite body burdens. Important 

sources of data for Chapter 3 include sediment PAH concentrations and Dungeness crab 

PAH tissue concentrations for Kitimat Arm that that were previously collected by Glenn 

Harris (reported in Hanis, 1999) and Curtis Eickhoff (reported in Eickhoff et a]., 2003), 

respectively. 

Chapter 4 presents the integration of study findings to draw conclusions regarding PAH 

bioaccumulation and the implications of biotransformation. In this chapter I discuss the 

ecological significance of predicted tissue residues of parent PAHs and metabolites in 

benthic organisms. In addition, I explore how PAH metabolism can impact the regulation 

of PAH residues in harvested organisms. This research integrates the existing knowledge 

regarding PAH toxicokinetics in marine systems in order to generate recommendations 

and highlight areas where further research is desirable. 

As a result of this research, it is possible to refine the current approach to modelling non- 

metabolized chemicals and explore the implications of PAH metabolism by benthic 

organisms. The model development in Chapter 2 highlights the importance of accurately 

representing dietary transfer efficiencies and organism bioenergetics in bioaccumulation 

models. Application of the model in Chapter 3 allows for derivation and testing of 

metabolic rate constants for PAHs. Finally, by conducting sensitivity analysis with the 

mass balance models for parent PAHs and Phase I PAH metabolites, it is possible to 

demonstrate both parent PAHs and Phase I metabolites of PAH are expected to undergo 

trophic dilution (i.e., decrease in concentration through successive trophic levels). These 

findings have implications for ecological and human health risk assessment. 



2 DEVELOPMENT OF A BIOACCUMULATION MODEL FOR PCBs IN A 
REPRESENTATIVE BENTHIC FOOD WEB FOR THE BC COAST. 

2.1 INTRODUCTION 
It is generally accepted that the response of an organism to toxicants depends primarily 

on the internal concentration at the target tissue (McCarty and Mackay, 1993). 

Substances which are rapidly absorbed and eliminated by organisms are expected to 

quickly achieve chemical equilibrium between the ambient environment and the 

organism. For these chemicals, the ambient concentration provides a reasonable 

approximation of concentrations at internal target tissues. For substances which are 

eliminated more slowly by organisms, resulting in high levels of accumulation in 

organisms and potential food web transfer, internal concentrations may reach higher 

levels than expected at equilibrium with the ambient environment. Chemicals that exhibit 

this behavior are referred to as "bioaccumulative" (CEPA, 1999; Mackay and Fraser, 

2000). It is important to consider bioaccumulation for exposure assessment in ecological 

risk assessment because it  can lead to high internal concentrations at target tissues (i.e., 

and potential toxic effects), even though ambient concentrations are low. 

Bioaccumulation is also an important consideration in the protection of human health 

since these high chemical concentrations can also be present in harvested species. 

The simplest model for predicting and assessing bioaccumulation is the equilibrium 

partitioning model (EQP). It assumes a thermodynamic equilibrium between the 

organism and relevant exposure media (i.e., water, sediment, porewater). For example, 

biota-sediment-accumulation factors (BSAFs) for benthic organisms can be calculated 

according to the following equation (Gobas and Morrison, 2000): 

Where CB (gkg tissue) is the concentration in biota, (%) is the lipid content of the 

organism, Cs (gkg sediment) is the bulk sediment concentration and @OC (%) is the 

organic carbon content of the sediment. The EQP model predicts constant BSAFs, 

independent of chemical properties, organism characteristics and sediment conditions. 



Assuming equal chemical sorptive capacities between lipid and organic carbon, BSAFs 

of 1 are expected at equilibrium. In addition, given the difference in sorptive capacity 

between lipid and organic carbon that has been observed (see Seth et a]., 1999), BSAF 

predictions up to approximately 3 are possible if @c is adjusted to account for this 

difference. Field-measured BSAFs often vary widely from this range and depend on 

behaviour and feeding mode of benthic organisms (Tracey and Hansen, 1996). Both 

Tracey and Hansen (1996) and Parkerton (1993) demonstrated that BSAFs for non- 

metabolized hydrophobic chemicals, such as PCBs, follow a roughly parabolic 

relationship with log K,,,, with a peak between 6 and 7.5, suggesting that chemical 

accumulation in sediment-coupled organisms is not adequately explained by equilibrium 

partitioning. 

Mechanistic mass-balance models attempt to account for deviations from EQP 

predictions by deriving mathematical expressions of uptake (absorption from water and 

diet) and depuration processes (gill elimination, faecal egestion, growth dilution and 

metabolism) based on organism characteristics and chemical properties. Early 

mechanistic models were developed to predict bioaccumulation factors (i.e., biota-to- 

water rather than biota-to-sediment) in pelagic food webs for the Great Lakes. Gobas 

(1 993) and Thomann (1989) each developed bioaccumulation models for simple 

freshwater food webs using a rate constant approach. While these models accurately 

represented upper trophic levels (i.e., fish), the assumption of equilibrium in lower 

trophic levels was less representative of contaminant transfer from sediments to benthic 

invertebrates. To better characterize accumulation of chemical from water, sediment, and 

plankton by benthos, Momson et a]., (1996) developed mechanistic equations for benthic 

invertebrates. An updated model which combined the benthic component of Momson et 

al. (1996) with the pelagic food-web component of Gobas (1993) has successfully 

represented food web bioaccumulation of POPS such as PCBs in several Great Lakes 

ecosystems (Morrison et a]., 1997, Morrison et a]., 1999). 

Campfens and Mackay ( 1  997) also modelled food web bioaccumulation in Great Lakes 

systems. Their fugacity approach was algebraically equivalent to the rate constant 



approach but allowed for model interpretation based on the thermodynamics of chemical 

partitioning. Although the Campfens and Mackay (1997) model applied EQP for benthic 

organisms, it differed from the Gobas (1993) model and the Momson et al. (1997, 1999) 

models by using a food web matrix that accounts for the non-linear nature of aquatic food 

webs. This allows model organisms to feed at all trophic levels including their own, 

accounting for potential cannibalism within trophic levels and opportunistic feeding on 

carcasses from higher trophic levels. The assumption of steady state yields a system of 

equations which can be solved using matrix algebra. 

The purpose of this chapter is to develop and calibrate a mechanistic mass balance model 

of food web bioaccumulation that predicts BSAFs for PCBs in a representative benthic 

marine ecosystem. With the exception of Connolly (1991), there have been few 

applications of mechanistic bioaccumulation modelling to marine systems. A calibrated 

model for non-metabolized chemicals has utility for examining the bioaccumulation and 

elimination of metabolized chemicals with similar properties, such as PAHs. The model 

developed here augments previous approaches by incorporating a method for predicting 

sediment-water disequilibrium, a feeding model based on organisms bioenergetics, and a 

quantitative digestion model which estimates gastrointestinal magnification factors. 

Furthermore, the model accounts for food-web complexity by solving the system of 

model equations using matrix algebra. 

The model is developed for Kitimat Arm and False Creek but it is also representative of 

similar systems along the BC Coast. Dungeness crabs are assumed to feed near the top of 

the benthic food web due to their life history and importance as a harvested resource. 

First, I describe the benthic food web and develop model equations for representative 

functional groups. I then parameterize the model equations for each component of the 

food web. Finally, the model is calibrated to PCB BSAF data from Kitimat Arm and 

False Creek, BC. 



2.2 MODEL THEORY 

2.2.1 Overview of System Ecology and Food Web Structure 

Industrial harbours located along the BC Coastline are often receiving waters for POPS 

such PCBs originating from point industrial sources and atmospheric deposition 

(Ikonomu et al., 2002). Based on their chemical properties, these chemicals are expected 

to partition from the water column into organic carbon in bottom sediments, and 

bioaccumulate in organisms (Mackay et al., 1999). Consequently, benthic organisms 

which are in close contact with the sediment have potentially significant exposure to 

these chemicals via water ventilation, sediment ingestion or consumption of prey items. 

The Dungeness crab (Cancer magister) is a common macroinvertebrate species in BC 

that is harvested in commercial, recreational and First Nations fisheries. They are large 

bottom scavengers that inhabit soft-bottom, sediment-dominated areas (Ikonomu et al., 

2002). Depending on their size, they feed on infaunal and epifaunal invertebrates, smaller 

fish such as Pacific sandlance (Ammodytes hexapterus) and juvenile flatfish (e.g., 

Platichthys stellatus and Pleuronectes vetulus), and, opportunistically, on larger fish 

carcasses (Stevens et al., 1982). Their presence near the top of the benthic food web 

means that food web biomagnification plays a potentially significant role in their 

exposure to bioaccumulative substances. 

The trophic levels below Dungeness crab are occupied by a wide range of invertebrates 

and fish. Pauly et al. (1996) and Oakey and Pauly (1999) have summarized trophic guilds 

for the Southern BC Shelf, the Georgia Strait, the Alaska Gyre and Prince William 

Sound, AK. In soft-bottom areas of the BC Coast, these are expected to include (in order 

of increasing trophic status): 

phytoplankton such as diatoms which absorb chemical from the water column; 

zooplankton such as copepods, daphnids and euphausiids which feed on plankton and 

detritus; 

small infauna and epifauna such as polychaetes and amphipods, feeding on detritus, 

phytoplankton and other invertebrates; 



large infauna such as deposit-feeding and filter-feeding clams; 

small fish such as Pacific sandlance which feed on plankton and small benthic 

invertebrates; 

large epifauna including various shrimps, small crabs, and echinoderms which 

consume detritus, other invertebrates and occasionally, small fish; and, 

juvenile flatfish such as starry flounder and English sole which feed on a range of 

smaller benthic fish and invertebrates 

In addition to living organisms, the detritus pool provides a critical organic-carbon-based 

energy source for benthic organisms, especially at lower trophic levels. The general 

feeding relationships for these trophic guilds are presented in Figure 2-1. Table 2-1 

summarizes dietary preference information for Dungeness crab and other benthically- 

coupled organisms in the Northeast Pacific Ocean (compiled from Stevens et al., 1982; 

Pauly and Christensen, 1996; Oakey and Pauly, 1999; and Mackintosh, 2002). With 

increasing trophic level the feeding mode of these trophic guilds generally switches from 

filter feeding (on phytoplankton and suspended detritus) and deposit feeding (on detritus), 

to predation and scavenging on smaller invertebrates, fish and fish carcasses. 

The close association of benthic organisms with sediments, porewater and the water 

column indicates potential accumulation of PCBs and dioxins. Furthermore, trophic 

feeding relationships suggest that dietary exposure is potentially important at higher 

trophic levels. 

2.2.2 Model of Chemical Bioaccumulation 

For an individual organism, total bioaccumulation is expected to depend on processes 

which increase the chemical concentration in the organism (i.e., exposure and uptake) 

and processes which decrease the chemical concentration in the organism (i.e., removal 

of chemical from tissues, increase in the mass/volume of tissues, and biotransformation 

of chemical). The conceptual diagram of these processes is presented in Figure 2-1. 
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Bioaccumulation can be described by the following mass balance of uptake and 

depuration processes: 

where dCB/dt is the rate of change (increase or decrease) of the concentration in the 

organism (gkglday), Uw represents the uptake of dissolved chemical from water and 

porewater (gkglday), UD represents the uptake of chemical from diet (gkglday), Dw is 

the depuration via elimination to water (glkglday), DE is the depuration via faecal 

egestion (gkglday), DG is the depuration via growth dilution (gkglday) and DM is the 

depuration via metabolism (gkglday; Morrison et a]., 1996). For chemicals that are non- 

metabolized, or metabolized very slowly relative to other elimination processes, DM is 

often assumed to equal zero. Because phytoplankton lack a digestive system, UD and DE 

are not included in the mass balance for this organism. 

Figure 2-1 demonstrates how each uptake process can be represented as the product of a 

1 "-order rate constant and the concentration in the uptake medium (i.e., water or food). 

Likewise, each depuration process can also be represented as the product of a 1''-order 

rate constant and the concentration in the organism. Substitution of these rate constants 

into Equation 2 yields: 

where k l  is the rate constant for uptake from water at respiratory surfaces; CwD is the 

concentration of chemical dissolved in water (gkg); kD is the rate constant for uptake 

from the diet via gastrointestinal magnification, Epici is the weighted average 

concentration (gkg) of chemical in food (i.e., Ci weighted by the proportion of that prey 

item in the diet, pi); and k2, kE, kG and kM are rate constants for chemical elimination via 

gill excretion, faecal egestion, growth dilution and metabolism, respectively (Gobas, 

1993). Under steady state conditions where dCB/dt = 0, Equation 3 rearranges to: 



where CB is the steady-state concentration in the organism (gkg). This equation can be 

applied to estimate CB for all animals in the benthic food web which are in direct contact 

with overlying water and porewater and feed at one or more trophic levels. 

Phytoplankton lack a digestive system and are composed of primarily of organic carbon 

and water rather than lipid and water. At steady state, the concentration of chemical in 

phytoplankton can be approximated as: 

Where klphyt and k2phyt are rate constants for uptake and elimination to water, kc 

represents the growth in phytoplankton biomass (i.e., both cell size and number rather 

than only the size of individual cells) and kM represents chemical biotransfonnation. Note 

that phytoplankton are assumed to lack the ability to metabolize many xenobiotic 

substances resulting in kM often being zero. For low &, chemicals with relatively fast 

kinetics, Equation 5 approximates equilibrium with the water column, whereas, for high 

&, chemicals it  predicts a steady state concentration below that at equilibrium because 

of the effect of growth dilution. 

A steady-state approach is used because the model is intended to predict bioaccumulation 

in the benthic food web over long-term exposure. Wania and Mackay (1999) propose that 

the assumption of steady-state is often valid for mass balance models of the fate and 

bioaccumulation of POPS. The average chemical concentrations in water and sediments 

are expected to remain constant or change slowly over time, relative to food web 

bioaccumulation processes. Thus, individual organisms are expected to have enough rime 

to reach steady-state with chemical concentrations in exposure media. The steady-state 

assumption also simplifies model expressions, allowing for easier interpretation of model 

results. 

Respiratory Uptake (k,)  

Uptake of chemical across respiratory surfaces (i.e., the gills, or dermis for organisms 

without gills) is expected to occur via diffusion (Gobas, 1993). Thus, kl (L waterkg body 



weightlday) depends on both the volume of water flowing across respiratory surfaces, 

normalized to the size of the organism, and the transfer efficiency such that: 

Where Ew is the uptake efficiency of chemical at gill surfaces (%), Gw is the water 

ventilation rate (Llday) and VB is the organism size (kg). Gobas and Mackay (1987) 

derived the following empirical relationship for E,: 

For lower KW substances, Ew is expected to involve diffusion via both aqueous and lipid 

phases, increasing with increasing hydrophobicity (Gobas and Mackay, 1987). At higher 

K W ,  overall uptake kinetics are limited primarily by diffusion in water phases, resulting 

in a constant Ew that is independent of chemical hydrophobicity. Gw can be estimated 

using allometric relationships for fish or species-specific 0 2  consumption data for 

invertebrates according to the following equation: 

Where OR is the 0 2  consumption rate (g 0 2 k g  body weightlday) and DO is the dissolved 

oxygen concentration in the water (g 02/L). While Equation 8 could underestimate Gw 

somewhat if the oxygen uptake efficiency is less loo%, it was considered a reasonably 

accurate estimate of G, for invertebrates. VB can be estimated from literature or site- 

specific data. 

Uprake by Phyroplankron (klphy,) 

Chemical uptake in phytoplankton is expected to occur via diffusion from the water 

column into the sorbing matrix of phytoplankton. Thus, klphy (kg waterkg biomasdday) 

behaves similarly to Ew, with diffusion limited by both aqueous and sorbing phases at 

low &, and diffusion limited primarily by the aqueous phase at higher &,. klphy can be 

estimated by fitting the following expression to literature data: 



Where Qp is equivalent content of phytoplankton combining lipid and organic carbon, and 

a and p are empirical constants. @pis calculated as: 

Where QL,p is the lipid fraction in phytoplankton and Qoc,p is the organic carbon fraction 

in plankton. The constant, 0.35, is included to represent the higher sorptive capacities 

lipid relative to OC. Skoglund and Swackhamer (1999) found that sorption into organic 

carbon predicted the accumulation of PCBs by phytoplankton more accurately than 

sorption into lipid. The small lipid fraction in phytoplankton (approximately 0.4% 

compared to approximately 6% organic carbon) is also expected to accumulate chemical, 

but with a higher sorptive capacity than organic carbon. Therefore, the sorbing matrix for 

phytoplankton was assumed to include organic carbon and lipid matter. 

Dietary Uptake (kD) 

Uptake via the diet depends on the amount of food consumed per day, normalized to the 

size of the organism and the efficiency of uptake from the food. Thus, kD (kg foodkg 

body weightjday) can be expressed as: 

Where Ed is the uptake efficiency of chemical from food (proportion) and Gd is the food 

consumption rate (kglday). Gut absorption of chemical is expected to be a process of 

desorption from food and diffusion from digestive fluids across intestinal membranes. 

Desorption from food depends on surface area of the digested food which is related to the 

digestive capabilities of the organism. Diffusion into the intestinal wall is controlled by 

the conductivities of the water and lipid phases for chemical transport (Gobas et al., 

1988). Ed represents the combined desorption and diffusion processes. Gobas et al. 

(1988) proposed the following relationship for Ed: 

where A and B are empirical constants. There is a high degree of variability in the data 

for Ed causing high uncertainty in the values for A and B. This study applied a calibration 

method to assess values for A and B. In general, Ed is expected to increase in higher 



organisms that have longer gut residence times (i.e., longer times for desorption and 

diffusion to occur), complex guts with higher surface areas (i.e., increasing the surface 

areas for chemical diffusion) and digestive systems that are more effective at breaking 

down the gut contents (i.e., thereby increasing the surface area for chemical desorption). 

Connolly (1991) described the following simple model for linking growth, respiration 

and the energy density of food to the size-normalized food consumption rate ( G d N ~ ) :  

Where (hilhj) is the ratio between the energy density of the organism (i) and the food (j), 

kR is the respiration rate (llday), kc is the growth rate (llday), and AF is the overall food 

assimilation efficiency. In general, growth and respiration (kR+kG) depend on organism 

size and determine the energy usage rate of the organism. These parameters refer to either 

the proportion of tissue equivalents create per day (kc) or the proportion of tissue 

equivalents metabolized (kR) to produce energy per day. The food consumption rate 

needed to meet the energy requirement for these processes then depends on the ratio of 

energy densities between the organism and its food (&/Aj) and the ability of the organism 

to assimilate energy from its food (AF). 

h i jh j  can be estimated by comparing the energy content of lipid, NLOM and OC in 

organism tissues and the diet. In salmonids, the caloric contents of fat, carbohydrate, and 

protein are approximately 8 kcallg, 4.1 kcallg, and 4.8 kcayg, respectively (Brett, 1995). 

Based on this information, a factor of approximately 0.6 can be used to represent the 

difference in energy density between lipid and organic matter. Thus, hijhj in terms of 

lipid energy equivalents is calculated as: 

Where @L,B and QNLOMTB are respective fractions of lipid and NLOM in organism tissues 

and @L.D Q O C , ~  QNLOMVD are respective fractions of lipid, sediment and phytoplankton OC, 

and NLOM in the food (note that @oc,D only pertains to organisms feeding on detritus or 

phytoplankton). 



AF is calculated as the weighted average of hSD @OC,D hOM,~ and the respective 

absorption efficiencies for these food constituents (aL, m, wOM) according to the 

following equation: 

kR and kG can be estimated based on organism-specific data and allometric relationships 

from literature sources. 

Elimination to Water (kz  and kZphy,) 

Elimination at respiratory surfaces (or through direct contact for phytoplankton) is also 

assumed to occur via diffusion, but at a slower rate due to the diffusive resistance that 

water poses to hydrophobic chemicals. This preference of the chemical for lipid is 

characterized by the theoretical bioconcentration factor or BCF (Gobas, 1993). Thus k2 

(llday) and kzph,,, (llday) can be represented as: 

k 2 = k l / B C F  [ 161 

The BCF is calculated as: 

Where QocYB refers to the OC content of organism tissues and is only applicable for 

phytoplankton (i.e., since the tissues of other organisms in the model generally do not 

contain OC), and the constants 0.35, and 0.035 are included to represent the sorptive 

capacities of sediment OC and NLOM relative to lipid (see Seth et a]., 1999 and Gobas et 

a]., 1999). 

Faecal Egestion (kE)  

Elimination of chemical via faecal egestion (kE; llday) can be characterized as a function 

of the rate of chemical excretion to the gut and the rate of faecal excretion from the gut, 

such that: 



Where Gr is the food intake rate (kglday), Ed is the uptake efficiency (as above) and KBF 

is the biota-to-faeces partitioning coefficient (unitless). Under steady state conditions, Gf 

is estimated as a constant proportion of the food consumption rate Gd. This proportion 

will depend on the digestion and absorption efficiencies for the various components in 

the diet such that: 

Where h,D and are respective dietary fractions of water and inorganic material, and 

aw and a, are respective absorption efficiencies for these constituents (other parameters 

defined above). Again, $oc,D only pertains to organisms feeding on detritus or 

phytoplankton. 

During digestion lipid, OC, and NLOM are removed from gut contents, decreasing the 

amount of sorptive matrix (lipid, OC and NLOM) present in the faeces and resultant 

fugacity capacity. Consequently, a thermodynamic gradient is created which opposes 

excretion of chemical to the faeces. This gradient is the primary cause of food chain 

biomagnification and is represented by the gastrointestinal magnification factor (i.e., 

KBF). K B ~  can be estimated by relating the composition of organism tissues and the faeces 

where: 

Where the ZL is the fugacity capacity of lipid and the constants 0.35 and 0.035 represent 

the fugacity capacities of sediment OC and NLOM relative to lipid. ZL, which depends 

on chemical L,, cancels out in Equation 21, meaning that KBF is the same for all 

chemicals (i.e., regardless of chemical hydrophobicity) and only a function of the change 

in gut content composition during digestion. Note that Z values for water and inorganic 

matter are assumed to be sufficiently small relative to ZL that they can be omitted from 

Equation 21. Q L , ~ ,  @OC,~, and hLOMVF represent the fractions of lipid, OC and NLOM in 

the faeces and are related to diet composition and food absorption efficiencies by: 



Note that QOCVFrefers to the fraction of sediment or phytoplankton OC remaining in the 

faeces while @L.F and QNLOMSF refer to the respective fractions of biota lipid and NLOM 

remaining in the faeces. 

Growth Dilution (kc)  

Growth is expected to be organism-specific, varying with body size and activity level. As 

an organism grows, its mass and volume increase, with a diluting effect on chemical 

concentration. In the absence of species-specific data, kG can also be estimated using 

allometric relationships (Gobas, 1993). For phytoplankton, kG represents growth in 

biomass and can be estimated from studies of aquatic systems with similar characteristics 

to the one being modelled. 

Elimination Via Metabolism ( k ~ )  

When chemical substrate concentrations are low, relative to maximal enzyme activities, 

metabolism can be represented as a first-order rate constant where the amount of 

chemical biotransfoxmed per day depends only on chemical concentration. For many 

bioaccumulative chemicals, metabolic rates are sufficiently small relative to other 

elimination processes that kM can be assumed to equal zero. This is generally the case for 

PCBs. 

Matrix Solution 

Early food web bioaccumulation models were solved in a mathematically-simple, 

unidirectional fashion where an organism at a particular trophic level only consumed 

organism at lower trophic levels. However, feeding relationships in ecological systems 

are often complex, with organisms potentially feeding within their trophic level (i.e., 

cannibalism) or opportunistically at higher trophic levels (i.e., scavenging on carcasses). 

This may be especially important for a marine benthic food web with high proportions of 

scavengers and detritivores. For example, Stevens et al. (1982) found rates of 

cannibalism ranging from 10 to 25% in Dungeness crab. 



Under the assumption of steady state, food web complexity can be accounted for by 

representing bioaccumulation as a system of equations (i.e., one for each organism in the 

food web) and solving using matrix algebra (Campfens and Mackay, 1997; Sharpe and 

Mackay, 2000). To convert to matrix form, let n equal the number of trophic guilds 

feeding in the food web. Rearranging Equation 4 to separate the terms representing 

accumulation from water, detritus and phytoplankton (i.e., phases with known 

concentrations that can be determined independent of the food web model), from the 

terms representing accumulation from food web sources (i.e., predicted by the food web 

model) yields the following expression: 

L \ / 

Term 1 Term 2 

Where CBVi is the chemical concentration in a given trophic guild, i, pph,, and pdet are the 

respective proportions of phytoplankton and detritus in the diet, Cph,, and Cdet are the 

chemical concentrations in these prey items, and CpiCBti refers only to prey items feeding 

in the food web. 

Figure 2-2 displays the matrix representation of Equation 25. Term 1 represents the 

bioaccumulation of chemical from non-food-web sources. Phytoplankton is classified as 

non-food web because this organism accumulates chemical only from the water and does 

not feed in the food web. Term 1 is expressed as the product of a 3 x n coefficient matrix 

for accumulation from non-food-web sources (ANFW), and a 3 x 1 vector (C-) 

representing the concentrations in water, detritus and phytoplankton. A-C- can be 

solved for each i yielding a known solution vector (NFW). 

Term 2 represents bioaccumulation of chemical from food-web sources and can be 

represented as Aw*CFw CFW is a 1 x n vector of unknown quantity which represents the 

concentration in each trophic guild, i. Aw is an n x n coefficient matrix representing the 
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accumulation of chemical in i from each trophic guild including i. Thus, converted to 

matrix form, Equation 25 is: 

Equation 26 can be solved for CW by computing the product of NFW and the inverse of 

Aw,  a mathematical operation which is greatly simplified through the use of a 

spreadsheet program such as Microsoft Excel. 

2.2.3 Model of Sediment-Water Disequilibrium 

In the absence of measured concentrations, both overlying water and sediment porewater 

are often assumed to be in equilibrium with bottom sediments (e.g., Di Toro et al., 1991). 

Gobas and Maclean (2003) observed that for many aquatic systems, dissolved water 

concentrations in overlying water are often much lower than predicted by equilibrium 

partitioning, with the magnitude of disequilibrium increasing at lower Lw. They 

hypothesized that the phenomenon could be explained by an increase in chemical 

fugacity during the process of sediment diagenesis. Based on their study, the authors 

derived the following model for estimating the steady state disequilibrium between 

sediment and overlying water: 

where DFss is the disequilibrium factor; Qpoc is the phytoplankton primary productivity in 

terms of organic carbon (kg carbon/m2/day), Qss is the sediment deposition rate 

(kg/m2/day), is the organic carbon content of suspended sediment (%); &,/Zssoc is 

the ratio of the fugacity capacities for plankton organic carbon and sediment organic 

carbon (equal to approximately 3; Gobas and Maclean, 2003); and fJfw represents the 

disequilibrium between phytoplankton and water at steady state, which can be determined 

by comparing Cphyt from Equation 5 with the theoretical maximum value under 

equilibrium conditions. Once DFss is estimated, the following equation can be used to 

calculate the dissolved concentration in overlying water: 



Where Cwd is the dissolved water concentration (gkg) and C.S,CYZ is the organic-carbon- 

normalized sediment concentration (gkg OC). 

2.3.1 Overview 

The model was applied to estimate the BSAFs of PCBs in the benthic food webs of 

Kitimat Arm and False Creek, BC. Application to Kitimat Arm allowed for evaluation of 

model performance in predicting the bioaccumulation of four PCB congeners in the top 

level trophic guild, Dungeness crab, so that the model could then be applied to examining 

PAH metabolism in Kitimat Arm. The model was also applied to False Creek where a 

more complete set of PCB data for sediments and biota allowed evaluation of model 

performance in multiple trophic levels and for a larger set of PCB congeners. By 

applying the model to both systems it was possible to ensure that Kitimat Arm was 

accurately represented for the next phase of the study (i.e., PAH bioaccumulation and 

metabolism in Kitimat Arm), and that model performance was reasonable for lower 

trophic levels. 

The general approach to model application involved site-specific parameterization, model 

calibration to determine the parameter set that resulted in the best representation of 

Dungeness crab BSAFs in both systems, and model performance evaluation for trophic 

guilds in each system. The following sections describe the BSAF data for each system, 

the model parameterization for each system, model calibration methods, and the approach 

to model performance evaluation. 

2.3.2 BSAF Data for PCBs 

Kitimat Arm 

BSAFs for PCBs in Dungeness crab from Kitimat Arm were determined from data 

presented in Harris (1 999). Hanis (1 999) collected sediment and crab PCB data for 

Kitimat Arm and calculated seasonal and site-specific estimates of BSAFs. To obtain a 

data set of BSAFs for the current study which uses a steady state model that characterizes 

time-independent (i.e., non-seasonal) conditions, the raw data for crab and sediment 



concentrations were re-analyzed. For each site, the averages of organic carbon- 

normalized PCB concentrations in sediment from 1995 and 1996 were assumed to 

represent the average exposure to Dungeness crab at that site. A distribution of observed 

BSAFs for each PCB congener was then obtained by dividing lipid normalized tissue 

concentrations for individual crabs by their corresponding organic-carbon-normalized 

sediment concentrations. 

Year-to-year variation in PCB measurements was assumed to be related to differences in 

sampling location, rather than actual changes in environmental conditions in Kitimat 

Arm. Dungeness crabs are highly mobile, and individuals captured in at a specific site 

are expected to have been moving and foraging throughout a larger area. Thus, the 

variability in observed BSAFs will reflect the variability in behaviour and exposure by 

individual crabs. This data analysis method was assumed to account for this variability. 

Observed BSAFs were log-transformed prior to calculating descriptive statistics. 

Environmental concentration data and ratios are typically expected to follow log-normal 

distributions. BSAFs for PCBs in Dungeness crab from Kitimat Arm are summarized in 

Table 2-2. 

Although there were no site-specific data for PCB BSAFs in large epifauna or large 

infauna from Kitimat Arm, fa s pos si tl e to amp are m del p edi ct icns f a  h s e  t q h i  c 

guilds to literature-reported BSAFs. Boese et al. (1995) reported BSAFs for several PCB 

congeners in Macoma nasuta which were measured in laboratory mesocosms. The 

sediment organic carbon content in this laboratory study (-1.3%) matched that in Kitimat 

Arm. Gunnarson and Skold (1999) reported PCB concentrations in brittle stars (Aphiura 

filiformis and A. chiajei) and corresponding sediments from the Baltic Sea. Sediments 

from the offshore site in this study contained 1.8% organic carbon, roughly 

corresponding to Kitimat Arm. The BSAFs from these studies are presented in Tables 2-3 

and 2-4. Predictions for large infauna were compared to BSAFs for Macoma nasuta 

whereas predictions for large epifauna were compared to BSAFs for brittle stars. While 

these data may not represent the exact conditions along the BC Coast, they were 



Table 2-2: Summary of observed log BSAFs for PCBs in Dungeness crab from Kitimat Arm. 
Table headings include minimum (min) and maximum (max) values, the mean, and 
standard deviation (SD). Source: Harris (1999) 

Observed log BSAFs 

Table 2-3: Average BSAFs and BSAF standard errors (SE) for PCBs in Macoma nasuta from 
the study by Boese et al. (1 995) and calculated BSAFs. 

Chemical 

PCB-66 

PCB-1 18 

PCB-1 05 

PCB-I 56 

BSAF 

SE 

log BSAF 

mean 

1.59 

0.52 

1.17 

0.58 

max 

2.18 

1.92 

1.81 

0.91 

n 

15 

15 

15 

8 

PCB-1 8 

0.44 

0.19 

-0.357 

SD 

0.38 

1.14 

0.81 

0.22 

min 

1.04 

-0.95 

-1.53 

0.24 

PCB-52 

2.34 

0.3 

0.369 

PCB-1 01 

3.42 

0.3 

0.534 

PCB-1 28 

2.31 

0.32 

0.364 

PCB-1 38 

2.54 

0.28 

0.405 

PCB-1 53 

2.66 

0.33 

0.425 

PCB-1 94 

0.72 

0.12 

-0.143 



Table 2-4: Organic-carbon-normalized sediment concentrations (Cs,o,) and lipid-normalized 
tissue concentrations of PCBs in brittle stars (Aphiura filiformis and A. chiajeo from 
the study by Gunnarson and Skold (1 999), and calculated BSAFs. Sediments at 
nearshore collection sites contained 3.24% oraanic carbon while sediments at 
offshore collection sites sediments contained 7.6% organic carbon. 

Near Shore 

C,, (nglg OC) 

Aphiura filiformis (nglg 
lipid) 

BS AF 

log BSAF 

Offshore 

Cs, (ng4 OC) 
A. filiformis (nglg lipid) 

BS AF 

log BSAF 

A chiajei (nglg lipid) 

BSAF 

log BSAF 



considered useful for making order-of-magnitude estimates of expected BSAFs and 

examining overall trends. 

False Creek 

PCB BSAF data for multiple organisms and PCB congeners in False Creek were 

provided by Mackintosh and Maldonado (unpublished data). The researchers in this 

study measured PCB concentrations in several fish and invertebrate species and provided 

average log BSAFs for several PCB congeners and organisms. The Dungeness crab 

analyzed in this study were generally of a smaller size (mean weight 220 g) than those 

analyzed in Kitimat Arm (mean weight 800 g). The False Creek flatfish composite was 

comprised of intermediate-sized English sole and starry flounder (approximately 15 cm 

in length) while the minnow composite was comprised of several small-sized speciesllife 

stages including sticklebacks, sculpins, perch, trout, greenling and flounder. The BSAFs 

from this study are presented in Table 2-5. 

While there were no site-specific data for PCB BSAFs in large epifauna in False Creek, 

Gunnarson and Skold (1999) reported PCB concentrations in brittle stars (Aphiura 

filijormis and A. chiajei) and corresponding sediments from the Baltic Sea. Sediments 

from the nearshore site in this study contained 3.24% organic carbon, roughly 

corresponding to False Creek. Model predictions for large infauna in False Creek were 

compared to observed BSAFs in brittle star from the nearshore site. While these data may 

not represent the exact conditions along the BC Coast, they were considered useful for 

making order-of-magnitude estimates of observed BSAFs and examining overall trends. 

2.3.3 Model Parameterization 

Chemical Properties for PCBs 

Chemical properties are presented in Table 2-6. For co-eluting PCB congener groups, the 

geometric mean of congener &, values (i.e., mean log &,) was assumed to represent 

the group &,. The K,,, for each chemical/chemical group was adjusted according to the 

method described in Xie et al. (1997) to account for the "salting-out" effect in saltwater. 



Table 2-5: Log BSAFs and log standard deviation (SD) for PCBs in marine biota from False 
creek. Data were collected and analyzed by Mackintosh and Maldonado 
(unpublished data). Numbers in table headings refer to PCB congeners and co- 
eluting congener groups. 

Common Name 

Manila Clams 

BSAF 

SD 

Geoduck Clams 

BSAF 

SD 

Dungeness Crab 

BSAF 

SD 

Minnow Composite 

BSAF 

SD 

Flatfish Composite 

BSAF 

SD 

Common Name 

Manila Clams 

BSAF 

SD 

Geoduck Clams 

BS AF 

S D 

Dungeness Crab 

BSAF 

SD 

Minnow Composite 

BSAF 

SD 

Flatfish Composite 

BSAF 

SD 



Table 2-6: Log &,, molar volume and saltwater-adjusted log &, for PCBs and co-eluting 
congener groups. log Kow values based Hawker and Connell(1988), molar volumes 
based on Mackay et al., (1999), log &, adjusted for saltwater using the method 
described by Xie et al. (1 997). 

Chemical Name Molar Volume 
(cm3/rnol) 

Adjusted Log KO, 



Briefly, the adjusted &, is related to the freshwater value (&w,F) and the Le Bas molar 

volume (V) according to the following relationship: 

Organism Size and Tissue Composition 

Table 2-7 summarizes organism size (VB) and tissue composition ( h ~ ,  ~ c , B ,  ~ O M . B ,  

$WB) for each trophic guild. Lipid contents for all trophic guilds except phytoplankton 

were estimated based on data for North Pacific fish and invertebrates reported in Higgs et 

al. (1 9 9 3 ,  Payne et al. (1 999) and Iverson et al. (2002) and Hams (1 999). The lipid 

andorganic carbon content of phytoplankton was based on data reported in Skoglund and 

Swackhamer (1999). The water content of all organisms was assumed to be 80% with 

non-lipid organic matter making up the remaining fraction. 

Rate Constants for Phytoplankton 

The model for klphyt was parameterized to fit observed uptake rates in phytoplankton. 

Skoglund et al., (1996) found an average logklphyt of 5.21 for PCBs (log K,,, ranging 

from 5.2 to 8.2) in four freshwater phytoplankton species. Values of 5x10-~ for a and 

l x l ~ - ~  for B yielded a maximum log klPh, of 5.15, providing reasonable agreement with 

the observed data. Figure 2-3 depicts the relationship of klphyt and k2phyt with &,. k~ in 

phytoplankton was set at 0.521day based on the production:biomass ratio of 190lyear for 

Northeast Pacific phytoplankton reported by Oakey and Pauley (1999). 

Water Ventilation Rates 

Gw for each trophic guild was calculated using either species-specific information or 

general allometric equations (refer to Table 2-8). Arnot (2003) provides an allometric 

equation for estimating G, in fish. This equations was applied to the representative fish 

groups in the model (small fish and juvenile flatfish). Given the differences between 

invertebrates and fish in activity level, it was assumed that this equation did not 

accurately represent invertebrates species. Instead, values for Gw were estimated from 

oxygen consumption rates or ventilation rates measured in laboratory studies using 

Equation 8 (Lasker, 1962; Kristensen, 1989; Marsden, 1999; Brown and Terwilliger, 

1999). The equation for E, described by Gobas (1993) was applied for all trophic guilds. 



Table 2-7: Organism size (VB) and tissue composition for phytoplankton and trophic guilds. QLVe- 

lipid content, @oc,B-organic carbon content, @ ~ ~ o ~ , ~ - n o n - l i p i d  organic matter content, 
b,e-water content,) 

Trophic Guild 

phytoplankton 

zooplankton 

small infauna and 
epifauna 

large infauna 

small fish 

large epifauna 

juvenile flatfish 

Dungeness crab 

VB 

1 mg 

0.5 g 

5 9 

5 9 

5 9 

75 g 

0.8 kg 

(Kitimat Arm) 

0.22 kg 

(False Creek) 

Figure 2-3: Relationship between ktphyt (-) and k,,,, (---) and log &,for phytoplankton. 

Reported by Skoglund et al. (1 996) 

1000000 1 

log Kow 



Table 2-8: Estimation of water ventilation rates (Gw) for trophic guilds in the benthic food web. 

Trophic Guild 

zooplankton 

small infauna and 
epifauna 

large infauna 

small fish 

large epifauna 

juvenile flatfish 

Dungeness crab 135.2 

(Kitimat Arm) 

37.2 

(False Creek) 

Estimation Method 

Estimated using Equation 8 based on oxygen consumption of 
1.47 pUrng/h in euphausiids (Lasker, 1962); assuming 75% 0 2  

saturation 

Estimated using Equation 8 based on oxygen consumption of 
7.72 lmol/g/h in polychaetes Kristensen (1989); assuming 75% 
0 2  saturation 

Gw = 24.(0.1 '(Ve'l OOO)'.~') 
(based on allornetric relationship in Marsden, 1999) 

Gw = (1 ~oo.vB~.")/Do 
(allometric relationship from Arnot, 2003) 

Estimated using Equation 8 based on oxygen consumption of 
0.2 ml 02/glh in juvenile Dungeness crab (between 1'' and 51h 
instar; Brown and Tewilliger, 1999); assuming 75% 0 2  

saturation. 

G, = (1 ~ O O ~ V B ~ ~ ~ ~ ) / D O  
(allometric relationship from Arnot, 2003) 

Estimated using Equation 8 based on oxygen consumption of 
55 mmol Oz/kg/min adult Dungeness crab (McDonald et al., 
1980)). Assuming 75% 0 2  saturation. 

Table 2-9: Absorption efficiencies for lipid (aL), organic carbon (%c)l non-lipid organic matter 
( C I ~ J L ~ ~ )  and water (%), and the combined food assimilation e f f i ~ i e n c ~ - ( ~ ~ )  for trophic 
guilds. 

Trophic Guild 

zooplankton 

small infauna and epifauna 

large infauna 

small fish 

large epifauna 

juvenile flatfish 

Dungeness crab 



Food Absorption Eficiencies 

Table 2-9 displays absorption efficiencies for the tissue and dietary constituents listed in 

Table 2-7. Nichols et al. (2001) found a dietary uptake efficiency for lipid of 91% in 

rainbow trout; this value was applied to upper trophic guilds in the digestion model. 

Given the more simple digestive systems of lower trophic guilds a~ was set at 80% for 

these organisms. Absorption efficiencies for organic carbon and non-lipid organic matter 

were set lower to reflect the lower digestibility and nutritional value of these components. 

In marine organisms, the diet is the primary absorption route for water. Therefore, aw 

was set at 80%. For each trophic guild, the overall food assimilation efficiency for each 

organism (AF) was determined as the sum of products of the proportion and absorption 

efficiency of each dietary constituent. Connolly (1991) reviewed AF in marine organisms 

and reported values of near 0.8 for carnivores, 0.3-0.6 for detritivores and as low as 0.3 

for herbivores. The calculated values for AF were within these reported ranges. 

Respiration and Growth Rates 

kR for each trophic guild was estimated using the equation described by Thomann et al. 

(1992). Growth rates for fish were estimated using the allometric relationship described 

by Gobas (1993). For Dungeness crab, the growth rates in Kitimat Arm and False Creek 

matched the size-specific rates quoted in Harris (1991). Growth rates reported by 

Connolly (1991) of O.OO7lday in polychaetes and 0.008lday in clams (both derived from 

field-observed relationships) were applied for small infaunal and epifaunal invertebrates 

and large infauna, respectively. Harris (1991) reported that juvenile Dungeness crabs 

grow from a size of approximately 1 g to over 500 g in their second year of life, 

representing a linear growth rate of approximately 0.003lday. This rate was applied to the 

large epifauna trophic guild which contains small crustaceans such as juvenile Dungeness 

crab. Lasker (1966) reported linear growth in euphausiids consistent with a kc of 

0.021day. 

Chemical Uptake EfJiciency 

Figure 2-4 summarizes laboratory measurements of chemical uptake efficiency (Ed) for 

several chemicals in both fish and invertebrate species. Based on an earlier subset of 

these measurements, Gobas et al. (1988) used non-linear regression to parameterize the 



Figure 2-4: Dietary uptake efficiencies (Ed) for hydrophobic chemicals measured in fish (0) and 
invertebrates (A) and the relationship determined by Gobas et al. (1988;-). Data 
for fish compiled from Fisk et al. (1998), Gobas et al. (1988), and Gobas et al. 
(1993a). Data for invertebrates represent median values from Wang and Fisher 
(1 999). 

4 5 6 7 8 9 10 

log Kow 



Ed equation such that A = 5.3 lo-* and B =2.3. While this Ed relationship could 

potentially represent the natural case, the chemical absorption efficiency data are highly 

variable and uncertainty exists as to whether experiments with primarily freshwater fish 

species also apply to marine invertebrates. In addition, laboratory studies with spiked 

food may not accurately represent natural conditions. Therefore, the relationship between 

Ed and &, was not specified a priori. Rather, the Ed relationship was varied as part of 

model calibration. 

Food Web Structure 

The feeding matrix for the BSAF model is provided in Table 2-10. The diet composition 

for trophic guilds was estimated from the dietary fractions presented in Table 2-1. For 

zooplankton, the weighted-average proportion of each food item was calculated from the 

relative biomass of microzooplankton, herbivores, omnivores and carnivores (refer to 

Table 2-1). For False Creek, feeding preferences for small infauna and epifauna, and 

large infauna, were based on the "shallow" class (refer to Table 2-1) whereas for Kitimat 

Arm they were based on the "deep" class (refer to Table 2-l), in order to account for 

differences in depth between the systems. Small fish were represented by Pacific 

sandlance, an important prey species for benthic predators. Diet composition for 

Dungeness crabs in Kitimat Arm corresponded to the data reported by Stevens et a]. 

(1982) for crabs with a 120 mm carapace (refer to Table 2-1). T o  reflect the smaller size 

of False Creek Dungeness crab, diet composition there was based on the average of the 

80mm carapace and 120 mm carapace data reported by Stevens et al. (1982; refer to 

Table 2-1). Because of their close association with sediments when feeding, incidental 

sediment ingestion was assumed to comprise a small dietary proportion for upper trophic 

guilds (small forage fish, juvenile flatfish and Dungeness crab). 

Ecosystem Properties 

Ecosystem properties for Kitimat Arm and False Creek are summarized in Table 2-1 1. 

Estimates of sediment deposition (Qss), water temperature (Tw) and the organic carbon 

fractions of suspended sediment (&,,) and bottom sediment (4,) were based on the 

study of Kitimat Arm by Harris (1999). Dissolved oxygen (DO) was estimated from the 
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Table 2-1 1 : Ecosystem parameters including primary productivity (Q,,), sediment deposition 
rate (Q,,), organic carbon fraction of suspended sediment (Q,), organic carbon 
fraction of bottom sediment ($,), dissolved oxygen in seawater (DO) and average 
water temperature (T,). 

Parameter 

Qpoc 

Qss 

Csoc 

Qoc 

DO 

Tw 

Description 

phytoplankton primary 
productivity ( k g ~ / m ~ / d a ~ )  

sediment deposition rate 
(kg/m2/day) 

organic carbon fraction of 
suspended sediment 

organic carbon fraction of 
bottom sediments 

dissolved oxygen in 
seawater (mg/L) 

average water 
temperature (OC) 

- 

Value 

0.00033 

(Kitimat Arm) 

0.00095 

(False Creek) 

0.0047 

1.4% 

(Kitimat Arm) 

2.8% 

(False Creek) 

1.3% 

(Kitimat Arm) 

2.8% 

(False Creek) 

7.5 

Source 

Estimated from data quoted in Pauly 
and Kristensen (1 996) and Oakey and 
'auly (1 999) 

Harris (1 999) 

Harris (1 999) 

assumed 

Harris (1 999) 

Mackintosh (2002) 

BCMELP (1 997), assuming 75% 
saturation 

Average of values quoted by Harris 
(1 9991 



temperature- and salinity-dependent values quoted in BCMELP (1997), while the 

sorptive capacity of OC, relative to lipid, was based on the study by Seth et al. (1999). 

The sorptive capacity of non-lipid-organic matter is expected to be lower than that of 

lipid; therefore a factor of 0.035 was applied based on the findings of Gobas et al. (1999). 

The organic carbon content of detritus was assumed to equal that of suspended sediment. 

Estimates of phytoplankton primary productivity (Qp,) in coastal areas of the Northeast 

Pacific Ocean include a range from 120 to 345 g~/m2/year  for the Georgia Strait, BC, 

(quoted by Pauly and Kristensen, 1996) and a value of 114 g~/m2/year for Port Valdez, 

AK (quoted by Oakey and Pauly, 1999). Kitimat Arm has a similar physical setting to 

Port Valdez (i.e., both are narrow inlets with significant river inputs of freshwater and 

silt) but is situated at a lower latitude where primary productivity may be higher. 

Therefore, primary productivity for Kitimat Arm was set at 120 g~/m2/year (0.00033 

kgc/m2/day). 

For predicting BSAFs in False Creek, both the organic carbon content of sediment 

particles and the primary productivity were adjusted to reflect the different conditions 

there. Mackintosh (2002) found that False Creek bottom sediments contained 2.8% 

organic carbon. The organic carbon content of suspended sediment was also set at this 

value. The higher organic carbon in False Creek suggests higher overall productivity than 

Kitimat Arm, which is likely due to the lower latitude and higher nutrient inputs from 

anthropogenic sources. Thus, primary productivity was set at 345 g~/m2/year (0.00095 

kgc/m2/day), the highest value found for the Georgia Strait, which is located nearby. 

Measured concentrations of PCBs dissolved in overlying water were not available for 

Kitimat Arm or False Creek. Therefore, dissolved overlying water concentrations were 

calculated using Equation 28. Figure 2-5 depicts the relationship of DFss with &, that is 

predicted by the model, in Ktimat Arm and False Creek. Sediment porewater was 

assumed to be in equilibrium with bottom sediments (i.e., calculated using EQP). 

Because they inhabit the sediment surface, benthic organisms are potentially exposed to a 

combination of overlying water and sediment porewater. Sediment porewater is often low 



Figure 2-5: Relationship between predicted sediment-water disequilibrium (DF,,) and log kw for 
overlying water in Kitimat Arm (-) and False Creek (---). 

0 1 I 

3 4 5 6 7 8 
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in oxygen meaning that benthic organisms are generally reliant on overlying water for 

respiration. Infaunal invertebrates (e.g., polychaetes and bivalves) are expected to pump 

overlying water into their burrows as a source of both oxygen and food (Aller, 1983; 

Winsor, 1990). In addition, the expected disequilibrium in overlying water may also be 

present in porewater from the sediment surface, resulting in a depth gradient from 

overlying water concentrations to porewater concentrations. Given this uncertainty, the 

relative proportions of overlying water and porewater were not specific a priori, but were 

evaluated further during model calibration. 

2.3.4 Model Calibration 

The purpose of this phase was to calibrate the model so that it accurately represented 

sediment-to-biota transfer for both Kitimat Arm and False Creek. Model calibration 

involves sensitivity analysis to obtain the set of conditions that (i) provide an accurate 

representation of the system being modelled and (ii) are scientifically defensible based on 

mechanistic considerations and empirical data. (Jackson et al. 2000; Connolly, 1991). 

The two model parameters with the highest uncertainty were Ed and the proportion of 

sediment porewater ventilated by benthic organisms. Sensitivity analysis was conducted 

for these parameters to determine the parameter set that resulted in the best representation 

of BSAF for PCBs in Dungeness crab, in both Kitimat Arm and False Creek. 

Ed 

Model calibration for Ed involved systematically changing the values for A and B in 

Equation 12 (repeated below) to test varying forms of the relationship for Ed: 

As an initial set of conditions, the values for A and B proposed by Gobas et al. (1988) 

were chosen to represent Ed for upper trophic guilds (Dungeness crab, fish and large 

epifauna). Lower trophic guilds (large infauna, small infauna and epifauna, and 

zooplankton) were assumed to have a lower Ed than upper trophic guilds because they 

feed primarily on organic carbon (i.e., with a lower digestibility than lipid) and have 

lesser developed digestive systems (i.e., with a lower gut surface area and lower food 

residence times). These characteristics are expected to lessen the surface area and time 



for diffusion of chemical from food into the organism, reducing chemical transfer 

efficiency. Ed was set lower for these trophic guilds by increasing A and B by 25% over 

the values for higher trophic guilds and varying them in proportion to A and B for upper 

trophic guilds. The proportion of porewater ventilated by benthic organisms was set at 

5% based on the concurrent sensitivity analysis for this parameter (discussed below). 

Two quantitative criteria were used to evaluate how well the model represented BSAFs 

for PCBs in Dungeness crab with the different values for A and B: a modified sum-of- 

squares criterion (SSQIn) and model bias (MB). The modified sum-of-squares criterion 

(SSQIn) was calculated from the deviation between the predicted and average observed 

BSAF for each PCB congener. SSQ was calculated as: 

n 
SSQ = x (BSAF,,~-BSAF,~)' [30] 

i= 1 

Where B S A F j  is the model predicted BSAF for congener i, B S A F j  is the observed 

average BSAF for PCB congener i, and n is the number of PCB congeners. SSQIn is then 

calculated by dividing SSQ by n. 

SSQIn was used to select a range of values for A and B that resulted in reasonably 

accurate representations of Dungeness crab BSAFs for both systems. Because the False 

Creek data set was based on more PCB congeners, SSQ for each data set was normalized 

to the sample size (i.e., SSQIn, where n = the number of chemicals) in order to prevent a 

bias towards the False Creek system. Parameter combinations which resulted in low 

results for SSQIn were then further evaluated based on MB in order to finalize the 

calibration. 

MB for each chemical in a given trophic guild can be determined by comparing predicted 

and observed BSAFs according to the following equation: 

n BSAF, 
logMB = ( x log 

B S AF, ,  >In [311 
i= 1 



Where BSAF, is the model-predicted BSAF for the chemical, BSAF,i is an observed 

BSAF for the chemical, and n is the number of BSAF observations for the chemical. 

Expressing logMB in arithmetic form yields the model bias (MB). MB>1 indicates 

overprediction and MBc1 indicates underprediction, for each specific trophic guild and 

chemical. For example, MB=0.5 indicates underprediction by a factor of 2 whereas 

MB=2 indicates overprediction by a factor 2. Thus, an observed range in MB of 0.5 to 2 

(i.e., for several chemicals in a specific trophic guild) indicates that model predictions are 

within a factor of 2 of observed values, for all chemicals. As part of the calibration 

process, the range in MB for Dungeness crab (i.e., for all chemicals) was examined. 

The final values of A and B were selected by considering both SSQIn and the range in 

MB for Dungeness crab, along with a visual evaluation of the representation of the 

overall trend in observed BSAFs. While SSQIn resulted in the best "fit" to the data, it did 

not result in the best balance of underprediction and overprediction for the model. Hence, 

inclusion of MB ensured that the model was a reasonably accurate fit to the data but also 

was not overly biased toward overprediction or underprediction. 

Proportion of Porewater in Ventilated Water 

Sensitivity analysis for the proportion of porewater in ventilated water involved 

systemically varying this parameter from 0% to 20%. Model calibration for this 

parameter was less rigorous, and a final value was chosen based on a visual evaluation of 

the fit to observed data. 

2.3.5 Model Performance Evaluation 

MB was the primary criterion for evaluating the performance of the model for predicting 

the BSAFs of PCBs in trophic guilds from Kitimat Arm and False Creek. By plotting MB 

vs. log I?,, for a given trophic guild, it is possible detect systematic bias, if any, and 

evaluate model performance at representing BSAFs over a range of chemicals with 

varying hydrophobicity. For each trophic guild, the average model bias (MB,,,), based on 

the pooled values of MB for all chemicals, can also be calculated according to the 

following formula: 



where n is the number of chemicals with observed BSAFs for a given trophic guild. This 

statistic is interpreted the same as MB and provides a general indication of overprediction 

or underprediction for a trophic guild, independent of chemical L , .  For example, 

MBavg=2 indicates that, on average, independent of chemical log K,,,, model predictions 

are two times higher than observed values. 

By considering both MB vs. log K,,, and MB,,, it is possible to determine the overall 

performance of the model. A slope of zero for MB vs. log L, (i.e., no 

incremental change in MB for an increase or decrease in log K,,,) and MBavg of 1 (i.e., 

roughly equal distribution of MB about 1) indicates a very accurate representation of the 

observed BSAFs. Deviations from these values indicate some systematic bias, either 

dependent on, or independent of log Id,. 

2.4 RESULTS AND DISCUSSION 

2.4.1 Model Calibration 

Dietary Uptake EfSiciency 

As demonstrated by Figure 2-4, the empirical data for Ed are highly variable and a range 

of values for A and B in the empirical model for Ed may represent the true condition for 

each organism. With the Gobas et al. (1988) parameters the predicted log BSAFs for 

Dungeness crab were biased toward overprediction above log L, of approximately 6.5. 

Figure 2-6 presents SSQ/n for a range of values of A and B. The lowest SSQ/n was 

obtained for values of A ranging from approximately 2.5x10-~ to 3 . 2 5 ~ 1 0 - ~ ,  depending on 

the value for B. These parameter ranges were further evaluated considering both model 

bias and the subjectivefit to the observed BSAFs in Kitimat Arm and False Creek. Model 

bias ranges for representative parameter combinations are presented in Table 2-12. Based 

on this final evaluation, the following equations were selected to represent Ed for trophic 

guilds in the BSAF model: 

Dungeness crab, juvenile fla@sh, small fish and large eiifauna: 



Large infauna, small infauna and epifauna, zooplankton: 

Although other combinations produced slightly smaller SSQ/n and ranges in MB, these 

other combinations did not match the general trend in observed BSAFs with I?,, as well 

as the selected values. 

Figures 2-7 and 2-8 compare model predictions with representative parameter pairs to 

observed BSAFs for Kitimat Arm and False Creek. In general, alternative parameter pairs 

(i.e., other than the chosen values) resulted in either systematic overprediction or 

underprediction across all chemicals, or good model performance in one system but poor 

performance in the other. For example, with ~ = 2 * 1 0 - ~  and B=1.7, BSAFs appeared to be 

overpredicted in both system. As another example, the parameter group of ~ = 2 * 1 0 - ~  and 

B=2.2, provided a more accurate representation of the observed BSAFs for False Creek, 

but model predictions for Kitimat Arm exhibited a systematic bias from underprediction 

to overprediction as log I?,, increased. 

With the exception of juvenile flatfish, the final Ed relationship obtained in this sensitivity 

analysis resulted in relatively accurate prediction of BSAFs for the trophic guilds below 

Dungeness crab (see Model Performance, below). For juvenile flatfish, BSAFs appear to 

be underpredicted at higher &,, suggesting that, for this trophic guild, the decline in Ed 

may occur at higher K,,, than in marine invertebrates or smaller forage fish. 

Figure 2-9 depicts the Ed/&, relationship for upper trophic guilds and lower trophic 

guilds determined here, along with the relationship proposed by Gobas et al. (1988). The 

model calibration suggests that the estimated Ed is consistent with experimental data up 

to log I?,, of 6.0 but declines more rapidly than experimental values above this threshold. 

A similar result was obtained by Connolly (1991) when calibrating a model for PCB 

BSAFs in the benthic food web of New Bedford Harbour, USA. In addition, the Ed 



Figure 2-6: Ed sensitivity analysis results - SSQIn for various combinations of A and 6. SSQfn,  - 
A and 6 a& defined in the text. 

Table 2-12: Ed sensitivity analysis results - MB and SSQIn for selected combinations of A and 
B. SSQIn and MB are defined in the text. Boldlshaded numbers indicate chosen 
values. 

Range in MB 

Kitimat Arm False Creek 
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Figure 2-9: Comparison of the calibrated Ed relationship for upper trophic guilds ( )  and lower 
trophic guilds (- -) to observed data for invertebrates (A) and fish (O), and the Ed 
relationship reported by Gobas et al. (1988; -). 
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relationship determined here is similar to calibration results for a new bioaccumulation 

model for the Great Lakes (Amot, 2003). Laboratory studies can potentially overestimate 

dietary absorption in natural diets because the spiking process may not accurately 

represent the sorption of hydrophobic substances into stable lipid or organic carbon 

compartments, especially at higher I&. Based on this discussion, the results obtained in 

this model calibration are deemed to accurately predict dietary uptake in benthic 

organisms. 

Proportion of Porewater in Ventilated Water 

Figures 2-10 and 2-1 1 depict the range of model predictions determined by sensitivity 

analysis for the proportion of porewater ventilated by benthic organisms. For both 

systems, model predictions did not appear to be highly sensitive to the porewater 

proportion. The results of the sensitivity analysis for each system appeared to be 

contradictory with a value of 0% resulting in the best model fit  for False Creek and 

higher values (e.g., up to 20%) resulting the in the best model fit for Kitimat Arm. 

Consequently, an intermediate value of 5% was chosen to represent both systems. 

This low porewater exposure for benthic organisms is supported by literature studies. 

Kaag et al. (1996) compared contaminant accumulation in Arenicola marina (a deep 

deposit feeding worm), Macoma balthica (a facultative deposit feeding bivalve) and 

Mytilus edulis (a filter feeding bivalve) and hypothesized that uptake was primarily from 

sediment particles or overlying water. Aller (1983) reported that the lugworm lines its 

burrow with mucus and ventilates overlying water, limiting exposure to porewater. 

Finally, Winsor et al. (1990) reported that porewater comprises only 4% of the water 

ventilated by Macoma nasuta, a deposit-feeding clam. 

It is also hypothesized that the disequilibrium in overlying water may persist in surface 

sediments with a gradient of low to high concentration with increasing depth. This would 

cause sediment porewater concentrations near the sediment-water interface to be lower 

than those predicted by equilibrium partitioning. Thus, the low porewater exposure 

indicated by model calibration appears to be reasonable. 



Figure 2-10: 
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Comparison of sensitivity analysis results for % porewater to observed (A) and 
mean observed (0) BSAFs for PCBs in Dungeness crab from Kitimat Arm. Lines 
represent model results for 0% (-), 5% ( ) ,  and 20% (---) porewater, 
respectively. Error bars represent 1 standard deviation. 

log Kow 

Figure 1 : Comparison of sensitivity analysis results for O h  porewater to mean observed 
BSAFs (0) for PCBs in Dungeness crab from False Creek. Lines represent model 
results for 0% (-), 5% ( ) ,  and 20% (---) porewater, respectively. Error bars not 
included for clarity. 
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2.4.2 Model Performance Evaluation 

Dungeness Crab 

Figures 2- 12 and 2- 13 present the respective comparisons between predicted and 

observed BSAFs for Dungeness crab in Kitimat Arm and False Creek. For Kitimat Arm, 

predicted BSAFs were within one standard deviation of observed values for PCB-105, 

PCB- 118 and PCB-156. For PCB-66 the model prediction is within the range of observed 

BSAFs but generally appears to underpredict the BSAF for this congener. The cause of 

this apparent underprediction is uncertain since the model predictions for other congeners 

appear to accurately represent observed data for &timat Arm and False Creek. For False 

Creek, the model predictions appear to mimic the general trend of observed log BSAFs 

with log &,, with some over-prediction in the middle of the range. 

MB results for Kitimat Arm and False Creek are plotted vs. log L, in Figure 2-14. MB 

ranged from 0.29 to 3.42 in Kitimat Arm indicating BSAF prediction within a factor of 

3.5. For False Creek, MB ranged from 0.30 to 3.58 and model predictions were within a 

factor of approximately 3 for all but one PCB congener. MBaVg for both systems 

combined was 0.98 suggesting that while there is some observed underprediction and 

overprediction, on average, the model predictions match observed data. Figures 2-12 and 

2-13 demonstrate that model predictions are in general agreement with the trend in 

observed BSAFs. Based on these results, it can be concluded that the calibrated model 

provides reasonable representations of PCB bioaccumulation by Dungeness crab, in both 

Kitimat Arm and False Creek. 

False Creek Fish 

Figure 2-15 depicts the comparison of predicted and observed BSAFs for fish in False 

Creek. While the model predictions for small fish appear to match the BSAFs for the 

minnow composite, predictions for juvenile sole are lower than observed BSAFs for the 

flatfish composite, especially at higher &,. 

Model bias results for False Creek fish is summarized in Figure 2-16. MB for juvenile 

flatfish ranged from 0.20 to 1.10 (i.e., prediction within a factor of five) with an average 



Figure 2-12: Comparison of model-predicted BSAFs ( )  to observed (A) and mean observed 
(0) BSAFs for PCBs in Dungeness crab from Kitimat Arm. Error bars represent 1 
standard deviation. 

log Kow 

Figure 2-13: PCBs in Dungeness crab from False Creek - comparison of predicted BSAFs to 
mean observed BSAFs (0). Error bars represent 1 standard deviation. 
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Figure 2-14: Model bias (MB) vs. log KO, for Dungeness crab in Kitimat Arm (0) and False 
Creek (O).Upper and lower dashed lines indicate MB of 4 and 0.25, respectively. 
MB results between the dashed lines indicate BSAF predictions within a factor of 4 
of observed average BSAFs. 
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Figure 2-1 5: PCBs in fish species in False Creek - comparison of model-predicted BSAFs for 
juvenile flatfish (-) and small fish (---) to observed BSAFs for juvenile flatfish (0) 
and small fish (0). 
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Figure 2-16: Model bias (MB) vs. log Kow for juvenile flatfish (0) and small fish (0) in False reek. 
Upper and lower dashed lines indicate MB of 4 and 0.25, respectively. 
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model bias (MB,,,) of 0.52 confirming the under-prediction described above. It is 

possible that the calibrated Ed relationship determined here may not accurately represent 

juvenile flatfish, due to a more developed digestive system in flatfish, relative to other 

trophic guilds, which could increase chemical absorption. This would cause BSAFs for 

higher &, PCBs to be underpredicted if the "true" Ed relationship for flatfish exhibits a 

less pronounced decline with increasing &,. While a higher proportion of ventilated 

porewater would increase predicted BSAFs for lower &, PCBs (i.e., below log &, of 

approximately 6.5), it is not expected to improve model performance above this value, 

where model BSAFs show incrementally more underprediction with an increase in log 

&,. Notwithstanding, this underprediction for juvenile flatfish does not have a large 

impact on the accuracy of model predictions for Dungeness crab because of the relatively 

low proportion of flatfish in the diet of this trophic guild. 

For small fish, MB ranged from 0.43 to 3.3 indicating prediction of BSAFs within a 

factor of 3.3. MBavg in small fish was 0.87 indicating a generally accurate representation 

of small forage fish in False Creek. 

Large Epifauna 

Predicted BSAFs for large epifauna were compared to observed BSAFs for brittle stars 

(AphiurajZiliformis and A. chiajei) in the Baltic Sea (based on data presented in 

Gunnarsson and Skold, 1999; refer to Figure 2-17). While the model predictions are not 

directly applicable to the Baltic Sea, comparison to these data provides a "ballpark" 

indication of prediction accuracy. 

In the Gunnarson and Skold study, sediments from coastal areas contained 3.24% organic 

carbon, roughly corresponding to that in False Creek, while offshore sediments contained 

1.88% organic carbon, roughly corresponding to that in to Kitimat Arm. 

In general, predicted BSAFs were within the range of those observed for brittle stars. MB 

ranged from 0.14 to 8.6 and MB,,, was 1.55, indicating some overprediction (refer to 

Figure 2-1 8). The larger range in MB, relative to fish and Dungeness crab is likely due to 

differing site-specific conditions for Baltic Sea brittle stars compared to Kitimat Arm and 



Figure 2-17: PCBs in large epifauna -comparisons of model-predicted BSAFs for Kitimat Arm 
(-) and False Creek (---) to observed BSAFs for brittle stars from offshore ( 0 )  and 
coastal ( 0 )  areas of the Baltic Sea. Observed BSAFs for offshore specimens 
correspond to Kitimat Arm whereas observed BSAFs for coastal specimens 
correspond to False Creek. Data source: Gunnarsson and Skold (1 999) 
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Figure 2-18: Model bias for large epifauna in Kitimat Arm ( 0 )  and False Creek (0) .  
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False Creek. Despite this larger range, the model predictions were considered to be 

reasonable for this trophic guild especially since it is meant to represent several 

organisms, and higher trophic levels will consume a variety of large epifauna, averaging 

out the uncertainty in predictions. 

Large Znfauna 

Predicted BSAFs for large infauna in False Creek were compared to observed site- 

specific BSAFs for Manila clams and geoduck clams. Both are filter feeders, consuming 

a combination of phytoplankton and detritus. Kitimat Arm predictions were compared to 

data reported by Boese et al. (1995) for BSAFs in Macoma nasuta, a sediment-dwelling 

deposit feeder (refer to Figure 2-19). Predicted BSAFs for both False Creek and Kitimat 

Arm were intermediate between those observed for Manila clam and geoduck clam in 

False Creek, and Macoma nasuta in the study by Boese et al. (1995). Note that BSAFs 

predicted in False Creek were lower than those predicted in Kitimat Arm due to 

differences in sediment organic carbon content and a higher proportion of phytoplankton 

in the diet of large infauna. 

The large infauna trophic guild in the model is intended represent a "composite" of both 

filter feeders and deposit feeders. Because of phytoplankton uptake kinetics and the 

expected sediment-water disequilibrium in aquatic systems, deposit feeders (i.e., 

consuming primarily sediment rather than phytoplankton) are expected to have higher 

dietary exposure to PCBs, potentially resulting in higher BSAFs than for filter feeders 

consuming primarily phytoplankton. Therefore, the model predictions that are 

intermediate between observed BSAFs for deposit feeders and filter feeders provide a 

reasonably accurate representation of this trophic guild, especially since Dungeness crab 

are likely to feed on a combination of deposit feeding and filter feeding bivalve mollusks. 

MB for large infauna ranged from 0.39 to 7.6 (refer to Figure 2-20) indicating that model 

predictions were generally within an order of magnitude of observed values. MBav, of 2.5 

suggested over-prediction for large infauna. However, the calculation of MB,,, does not 

account for differences in sample size between organisms. Therefore, the larger data sets 



Figure 2-19: PCBs in large infauna - comparison of model-predicted BSAFs for Kitimat Arm to 
laboratory-observed BSAFs for Macoma nasuta ( 0 ;  data from Boese et al., 1995) 
and comparison of model-predicted BSAFs for False Creek to observed BSAFs for 
Manila clams ( A )  and geoduck clams (0) from False Creek. 
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Figure 2-20: Model bias for large infauna in Kitimat Arm ( 0 ,  corresponding to Macoma nasuta; 
Boese et al., 1995) and False Creek ( A ,  corresponding to Manila clams, 0, 
corresponding to geoduck clams; Mackintosh and Maldonado, unpublished data). 
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for Manila clam and geoduck clam, which are both filter feeders with BSAFs 

overpredicted by the model, may have caused MBaVg to be overestimated. 

Small Infauna and Epifauna 

BSAFs for small infauna and epifauna have not been determined in Kitimat Arm or False 

Creek. As a result, it was not possible to directly compare model predictions to observed 

data for this trophic guild. Tracey and Hansen (1996) compiled literature data for PCB 

BSAFs in benthic invertebrates. They found a median BSAF of 2.36 for the estuarine 

amphipod, Hyallela azteca and a range in median BSAFs of 1.37 to 3.71 for marine 

polychaetes. These values were based on a log &, range from 5.99 to 7.27. The model 

predicted maximum BSAFs of PCBs in small infauna and epifauna of 7.1 for Kitimat 

Arm and 3.6 for False Creek at log &, of 6.5. Thus, it appears that for False Creek 

BSAF predictions were within the range reported by Tracey and Hansen (1996) but for 

Kitimat Arm, BSAF predictions were higher than the reported range. In the absence of 

site specific data for small infauna and epifauna, it was not possible to confirm whether 

the model actually overpredicted BSAFs in Kitimat Arm. A small overprediction for 

Kitimat Arm would not have a large impact on BSAF predictions in higher trophic guilds 

since they feed on a range of lower trophic guilds, decreasing the effect of model 

uncertainty in any single trophic guild. 

Phytoplankton and Zooplankton 

There were no data to verify predicted concentrations in phytoplankton and zooplankton. 

Because of their association with the water column, bioaccumulation factors (BAFs) 

rather than BSAFs are most relevant for describing chemical accumulation in these 

organisms. Figure 2-21 presents predicted BAFs for these species. In general, the model 

predicts equilibrium with the water column for lower &, substances due to fast uptake 

and elimination kinetics. At higher &,, BAFs are lower than equilibrium predictions 

because slower kinetics increase the relative effect of growth dilution. 



Figure 2-21: Comparison of predicted bioaccumulation factors (BAFs) for phytoplankton and 
zooplankton to the BAF predicted using equilibrium partitioning. 
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2.5 CONCLUSION 

The preceding model development and calibration represents the application of 

mechanistic bioaccumulation modelling to important marine ecosystems of British 

Columbia. Testing of the model in two distinct systems lends support to the generality of 

the model. Further model testing in coastal ecosystems of the Northeast Pacific Ocean 

would verify its performance. While there are several published studies where researchers 

have validated the mechanistic approach in freshwater ecosystems (e.g., Gobas, 1993, 

Morrison et a]., 1997, Thomann, 1989) it has had only limited application to marine 

benthic food webs (e.g., Connolly, 1991; Linkov et al., 2002). In addition, there are few, 

if any, published bioaccumulation models for ecosystems of the Northeast Pacific Ocean. 

The calibrated model provides a reasonably accurate representation of PCB 

bioaccumulation in benthic organisms with model-predicted BSAFs within a factor of 

four of observed values for Dungeness crab, the upper trophic-level receptor of interest. 

The current model for predicting bioaccumulation in aquatic systems augments past 

modelling approaches (e.g., Thomann, 1989; Gobas, 1993 and Morrison et al., 1996; 

Morrison et al., 1997) by including additional mechanistic components that better 

represent processes at the organism and ecosystem level. The matrix approach to 

modelling steady state bioaccumulation is consistent with a currently proposed 

standardized methodology for food web modelling (Sharpe and Mackay 2002) It 

distinguishes between chemical accumulation from water, sediments and primary 

producers, and chemical accumulation due to predator-prey interactions, and also 

accounts for cannibalism within trophic levels. Thus, aggregation of species at lower 

trophic levels is possible, reducing the quantity of detailed species information and 

computational intensity that is necessary for representing each species individually. 

One of the most significant obstacles to assessing bioaccurnulation is the estimation of 

dissolved water concentrations of potentially bioaccumulative chemicals. The approach 

used here addresses this critical data gap by applying the sediment diagenesis model 

proposed by Gobas and Maclean (2003). The data inputs necessary for applying this 

model in two coastal ecosystems of BC were readily available from literature sources and 



site-specific research of Kitimat Arm by Hams (1999). While Gobas and Maclean (2003) 

validated their model for large lake ecosystems, further research is necessary to validate 

this model in marine systems. Nevertheless, this approach is considered an improvement 

over the equilibrium partitioning model given the sediment-water disequilibrium that is 

observed in many systems. 

The model developed here also includes revised methods for characterizing feeding and 

dietary uptake processes at the organism level. Studies by Gobas et al. (1999) and Gobas 

et al. (1993b) suggest that a thermodynamic gradient caused by digestion is the primary 

cause of food chain biomagnification. The digestion model uses current knowledge of 

dietary absorption efficiencies to quantitatively predict biomagnification factors that are 

specific to the dietary composition and digestive processes of modelled species. This is 

an improvement over Gobas (1993) who assumed a standard BMF of four for fish. The 

model calibration results highlight the need for further research in the area of dietary 

uptake efficiency. The calibration results suggest that a decline in Ed should occur at a log 

K,,, lower than that observed in laboratory studies with spiked food. This observation is 

supported by calibration results for bioaccumulation models in other systems. Thus, it is 

possible that either the current modelling approach needs refinement, or that the methods 

for measuring Ed do not accurately represent the "natural" situation; these are both 

potential areas of further study. 

The current model applies the equations described by Connolly (1991) to link food 

quality, food assimilation efficiency and organism bioenergetics to food intake rates. To 

my knowledge, the Connolly (1991) equations have not been applied to derivatives of the 

Gobas (1993) model, which provided the basis for the model developed here. In higher 

aquatic trophic levels such as predatory fish, the energetic content of food is expected to 

remain relatively constant among different systems, and generalizations about feeding 

rates can be based solely on environmental factors such as temperature. In contrast, food 

quality for aquatic detritivores is highly dependent on the productivity of the system and 

resulting organic-carbon content of sediments. In benthic food chains, detritivores 

provide the initial link between the biotic food web and abiotic sediments. Accurate 



representation of the dietary flux for detritivores is therefore essential for developing a 

model which is applicable in multiple systems with differing productivity. The model 

performance in both Kitimat Arm and False Creek, demonstrates the ability of the model 

to respond to differences in detrital organic carbon. 

This simple bioenergetic model should be considered a first step to incorporating 

organism ecology and bioenergetics into bioaccumulation models. Currently, the 

respiration rate in the feeding submodel (an indication of energy usage) is not directly 

linked to the oxygen consumption rate in the gill ventilation submodel (also an indication 

of energy usage for organisms that use primarily aerobic metabolism). Thus, the model 

could be improved by quantifying the degree of aerobic and anaerobic metabolism in the 

benthic species, facilitating the development of a bioenergetic model which integrates gill 

ventilation, feeding rates, and growth based on ecosystem conditions and organism 

bioenergetics. The compartmentalized approach to bioaccumulation modelling, which has 

been conducted to date, tends to ignore the interdependence of these processes. While 

these processes have been studied extensively in numerous aquatic species, to my 

knowledge there are few simple bioenergetic models with direct, easy application to the 

practice of bioaccumulation modelling. 

The result of adding these mechanistic components is a model that accurately represents 

BSAFs in two different systems of the BC Coast, without site-specific calibration. The 

applicability of the model to different systems suggests that ecosystem factors affecting 

BSAFs are accurately described by the model. 

Despite these improvements, it is important to consider the limitations of the modelling 

approach. Because of the steady-state assumption, the BSAF model does not capture the 

dynamic nature of natural systems but rather provides an average representation of 

chemical bioaccumulation. Microscale processes affect chemical concentrations in 

sediments, and mobile organisms such as fish and crustaceans are expected to have 

variable exposure as they move and forage throughout their range. Therefore, in natural 



systems, BSAFs will vary in time and space according to the habits of organisms and 

spatial and temporal variability in the abiotic environment. 

There is generally higher uncertainty in model predictions at lower trophic levels. 

Potential causes of this uncertainty include the aggregation of species in lower trophic 

levels and less knowledge of organism processes in lower trophic levels, requiring more 

assumptions for model parameters. Thus, conclusions regarding PCB bioaccumulation 

for these lower levels may have less validity. However, BSAFs predictions for 

Dungeness crab are still relatively accurate because their consumption of multiple trophic 

levels and on multiple organisms within a trophic level averages out this uncertainty. 

Thus, the observed under-prediction and over-prediction for individual species at lower 

trophic levels does not appear to prevent accurate predictions at higher trophic levels. 

An increase in mechanistic components also increases the inputs necessary to 

parameterize the model. This is the primary limitation of an increase in model 

complexity. As the number of parameters increase, the potential for error propagation 

through the model also increases. The digestion and feeding models require accurate 

estimates of food absorption efficiencies and respiration rates. Where species-specific 

data do not exist it is necessary to extrapolate from other species, increasing the 

uncertainty in chosen parameters. In addition, more parameters generally require more 

time and resources for model development. 

Consequently, the detailed approach used here is most appropriate when there is adequate 

knowledge of the system and organisms being modelled, and the potential benefits of the 

research offset the large cost of doing so. The development of detailed models is 

especially important for examining how specific processes, such as the biotransfonnation 

of persistent organic pollutants, affect their bioaccumulation. 



3 DEVELOPMENT OF A BIOACCUMULATION MODEL FOR PAHS AND 
PAH METABOLITES IN THE BENTHIC FOOD WEB OF KlTlMAT ARM. 

3.1 INTRODUCTION 

A significant challenge to assessing the ecologjcal and human health risks posed by 

persistent organic pollutants in marine systems is the quantification of food chain 

bioaccumulation and resultant ecological effects for chemicals that are metabolized in 

various ways and at variable rates by marine organisms. Bioaccumulation models such as 

the one developed in the previous chapter have had success at demonstrating the 

mechanisms leading to the food web biomagnification of persistent hydrophobic 

chemicals such as PCBs (e.g., Connolly, 1991, Morrison et al., 1997). For PAHs, an 

important factor that can modulate bioaccumulation in aquatic organisms is metabolism 

and subsequent metabolite elimination (James, 1989; Varanasi et al., 1989a; Meador et 

al., 1995). In addition, there is growing evidence suggesting that pyrogenic PAHs (i.e., 

those originating from smelting processes) have decreased bioavailability due to slow 

desorption from, and sequestering in, soot carbon (Gustaffson et al., 1997; Jonker and 

Koelmans, 2002) 

Both of these processes are expected to reduce bioaccumulation and resultant BSAFs for 

parent PAHs, relative to non-metabolized substances that are not soot-associated. Tracey 

and Hansen (1996) summarized BSAFs for hydrophobic chemicals and found mean 

BSAFs of 0.29 for PAHs in benthic invertebrates, as opposed to 2.1 for PCBs in benthic 

invertebrates and fish, and 2.69 for pesticides in benthic invertebrates in fish. Gewurtz et 

al. (2000) compared the dynamics of PAHs and PCBs in benthic invertebrates of Lake 

Erie and found that BSAFs for PAHs were inversely related to &,, suggesting 

metabolism at higher &,. BSAFs for higher &, PAH congeners were generally one to 

two orders of magnitude lower than PCB congeners with a similar &,. Parkerton (1993) 

compiled BSAF data for several hydrophobic compounds and found a similar decrease in 

BSAFs with increasing &,, for high &, compounds. He also suggested that BSAFs for 

PAHs in fish have generally not been reported in the literature due to very low 

bioaccumulation in fish. 



Harris (1999) reported BSAFs for PCBs and PAHs in Dungeness crab from Kitimat Arm. 

Although highly variable, BSAFs for PAHs were approximately 3 to 4 orders of 

magnitude lower than BSAFs for PCBs, and lower than literature-reported PAH BSAFs. 

PAHs in Kitimat Arm are smelter-derived and exhibit lower BSAFs relative to PCBs, and 

relative to PAHs in other literature studies. The lower BSAFs are likely due to a 

combination of metabolism and low bioavailability. 

Lower contaminant bioavailability is expected to reduce organism exposure and 

bioaccumulation, lowering the potential for ecological and human-health risks. In 

contrast, metabolism occurs only as an elimination process once a chemical has been 

absorbed into the organism. Thus, the influx of chemical into the organism, and outflux 

of chemical and metabolites will affect the likelihood of adverse effects from chemical 

exposure and the accumulation of parent chemical and metabolites in tissues. While 

metabolism is an important detoxification and elimination route, metabolic 

transformation of PAH often creates reactive metabolic intermediates that are more toxic 

than the parent compounds, causing hepatic disease, carcinogenesis and biochemical 

stress in fish and invertebrates (Fossi et al., 1997; Baumann, 1989). In addition, studies in 

laboratory mesocosms indicate that slow elimination and dietary uptake of Phase I PAH 

metabolites can potentially cause trophic transfer of biotransformed compounds (Kane- 

Driscoll and McElroy, 1997). 

Thus, while PAH metabolism results in lower measured body burdens of parent 

congeners, it produces the reactive intermediates that cause the toxicity of PAH 

compounds. Accumulation of metabolites via parent PAH transformation and trophic 

transfer may result in a potential for a toxic effect that is independent of the body burden 

of parent chemical in higher trophic level organisms. An understanding of the processes 

of accumulation and metabolism of PAH in the marine benthic food web is important to 

more accurately assess ecological and human health risks from PAH-contaminated 

sediments in Kitimat Arm. The development of a mechanistic model for these processes 

can serve to integrate the current knowledge of PAH metabolism and highlight important 

uncertainties. While Van der Linde et al., (2001) examined PAH metabolism using a 



bioconcentration model and laboratory data, few studies have quantitatively examined 

metabolism in natural situations using a food web bioaccumulation model and field data. 

In this chapter, I apply the model developed in Chapter 2 to explore how soot association 

and metabolic transformation affect the bioaccumulation and food web dynamics of 

seven PAH congeners - phenanthrene, anthracene, pyrene, fluoranthene, chrysene, 

benz(a)anthracene, and benzo(a)pyrene. First, I develop a conceptual model for 

organism-level metabolism and develop a metabolism sub-model for each organism. I 

then parameterize the sub-model equations and discuss important uncertainties regarding 

the processes of PAH metabolism and elimination. By comparing the field-measured 

dynamics of PCBs and PAHs in Kitimat Arm, it is possible to evaluate the performance 

of the model which has been modified to include soot-carbon partitioning and literature 

derived metabolic rates for PAHs. Once the Phase I metabolic rates are known, the model 

is useful as an evaluative tool to examine the mass balance of PAH metabolites and 

explore the implications for ecological and human health risk assessment. 

3.2.1 Overview of Processes Affecting Bioaccumulation of Parent PAHs and PAH 
Metabolites 

PAH Bioavailability 

An important factor that may limit the bioavailability of PAHs in Kitimat Arm is their 

association with smelter-derived soot carbon. PAH compounds and soot carbon are 

produced simultaneously as byproducts of the high-temperature smelting process, 

resulting in strong associations (i.e., sorption and encapsulation) between them. Once 

associated with soot carbon, the smelter-derived PAHs may be less available for 

equilibrium desorption than PAHs sorbed in amorphous organic carbon, especially at the 

much lower temperature in the environment, relative to that during pyrogenesis. 

Gustaffson et al. (1997) hypothesized that the net effect of this strong association would 

be an increase in the partitioning coefficient from soot carbon to water, to a level higher 

than that for octanol to water (i.e., K,). The higher partition coefficient for PAHs in soot 



carbon provides a reasonable approximation of the expected slower desorption behaviour 

in water because of the strong associations formed at high temperature. Higher partition 

coefficients for desorption processes will lower the expected dissolved water 

concentrations, reducing the amount of chemical available for uptake from this medium. 

Although there have been no studies of the dietary bioavailability of soot-associated 

PAH, the uptake of chemical from the soot carbon is expected to be very low, because 

detritivores are unlikely to digest this matrix in ingested sediments. 

These processes affecting the bioavailability of PAHs in water and in the diet have 

important impacts on the exposure of benthic organisms to PAHs. 

PAH Metabolism 

Bioaccumulation of hydrophobic chemicals depends on the chemical mass balance that 

results from uptake and elimination processes, as discussed for PCBs in Chapter 2. Once 

absorbed, metabolic transformation is the most important route of elimination for most 

PAH compounds since their chemical properties (i.e., log &, > 4) cause these 

compounds to be eliminated slowly through other routes. The mass balance of PAH 

metabolites is also potentially important because these metabolic products have the 

potential to cause toxic effects. Figure 3-1 presents a conceptual diagram of the 

organism-level processes of parent PAH uptake and depuration, and PAH metabolite 

formation, uptake and depuration. 

Figure 3-2 describes how biotransformation of PAH compounds occurs through two 

primary stages: Phase I (functionalization) and Phase I1 (conjugation). (Livingstone 199 1, 

Livingstone,l992, James, 1989). Phase I metabolism involves the action of a Cytochrome 

P-450 mixed function oxidase (MFO). MFO is generally universally distributed among 

higher organisms (Livingstone 1992) with its activity paralleling the overall metabolic 

activity of a particular organism. The primary action of Phase I metabolism is the 

introduction of functional groups (i.e., -OH, -NH2, -COOH) into the PAH compound. For 
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example, two common products of MFO action on benzo(a)pyrene are 3-hydroxy- 

benzo(a)pyrene (substituted with -OH in the "3" position) and the proximate carcinogen 

trans 7,8 dihydrodiol-benzo(a)pyrene (substituted with -OH in the "7" and "8" position) 

(Livingstone, 1991). Introduction of the functional group prepares the molecule for 

conjugation reactions involved in Phase I1 metabolism. 

Alternatively, unstable products of Phase I metabolism may undergo secondary oxidation 

to diol-epoxides or phenol-oxides, both of which are the ultimate carcinogenic products 

of PAH metabolism. These electrophilic compounds can potentially form covalent 

adducts with cellular macromolecules such as DNA, a process that may lead to 

carcinogenesis (Reichert et al., 1998). Carcinogenesis is the first step in hepatic disease in 

fish and marine invertebrates, potentially leading to neoplasia, tumours, and ecological 

impairment (for a review see multiple chapters in Varanasi, 1989). 

Phase I1 metabolism involves the conjugation of the reactive intermediate with 

endogenous molecules to form water soluble products that are more easily excreted. For 

example, activated PAH compounds are often conjugated with glutathione via 

glutathione-S-transferases (Livingstone, 1991). Overall, Phase I metabolism produces 

most of the carcinogenic metabolic products of PAH whereas Phase I1 metabolism is the 

primary detoxification mechanism for PAH compounds. The key factor affecting the 

likelihood of DNA adduct formation is the relative rates of conjugation by Phase I1 

enzymes and secondary oxidation by MFO (Varanasi et al., 1989a). Thus, if Phase I1 

processes are absent or ineffective, Phase I processes can lead to high body burdens of 

reactive, Phase I metabolites and a high potential for toxic effects in marine organisms 

(James, 1989). 

An important limiting factor for PAH metabolism may be the potential for high &,, 

PAHs to partition into a more stable lipid compartment over long term exposures (Boehm 

and Quinn 1977). Partitioning to the lipid compartment could limit the availability of 

PAH substrates for Phase I metabolism. Therefore, a more accurate representation of the 

chain of events in metabolism is: (i) substrate availability, (ii) Phase I metabolism 



(addition of a functional group) and (iii) Phase I1 metabolism (conjugation) (Livingstone 

1991). Given that MFO acts on the "bay" region of PAH molecules (McElroy et al. 2000) 

and that the affinity of MFO for PAH substrates is believed to depend on the presence or 

absence of this region, Phase I metabolic rates for PAH with similar structures may also 

be comparable. However, factors affecting the availability of PAHs such as the chemical 

fugacity (i.e., thermodynamic pressure or escaping tendency) within the lipid 

compartment may also be a key limiting factor for Phase I metabolism. 

Substrate availability may have larger relative effect in more developed organisms with 

high metabolic capacity, because lack of available PAH substrates limit the rate of PAH 

biotransformation by the MFO system. Limitation of substrate availability would have a 

normalizing effect on realized rates of metabolism, reducing the range of in vivo PAH 

biotransformation rates between organism with high and low activities of metabolizing 

enzymes. 

Trophic Transfer of PAH Metabolites 

In two recent reviews of PAH biotransformation in marine invertebrates, Meador et al. 

(1 995) and Livingstone (1991) both suggest that the elimination rate of polar metabolites 

of PAH compounds will be slower than the rate for parent compounds. Potential 

explanations for slower elimination include covalent binding to cellular macromolecules 

or a decreased ability of conjugated polar compounds to diffuse through lipid 

membranes. In addition, Meador et al. (1995) suggests that the primary elimination route 

for PAH metabolites is via excretion to bile or excretion through the kidneys and this is 

generally made possible by Phase I1 conjugation. Thus, Phase IT metabolism is the key 

process for initiating metabolite elimination. 

Kane-Driscoll and McElroy (1 997) examined elimination of benzo(a)pyrene and 

metabolites in two species of marine polychaete, Marenzellaria viridis and Nereis 

diversicolor. The results of this study showed that aqueous (i.e., conjugated) and residual 

(i.e. covalently bound) metabolites were eliminated very slowly by these species. For 

polar metabolites (i.e., from Phase I reactions), M. viridis showed very little elimination 

whereas in N. diversicolor, polar metabolites were eliminated at a rate similar to that of 



parent compound. The authors concluded that slow elimination of PAH metabolites may 

result in higher steady state body burdens along with a higher potential for trophic 

transfer. 

McElroy et al., (1991) conducted both oral and intramuscular exposures of winter 

flounder to parent benzo(a)pyrene and metabolite mixtures produced by polychaete 

worms, and benzo(a)pyrene-7,8 4ihydrodiol (a proximate carcinogen of 

benzo(a)pyrene). The results of this study indicated that the measured uptake of Phase I 

metabolites from a dietary source was lower than that of parent benzo(a)pyrene and may 

have been reduced by rapid conjugation reactions (i.e., detoxification) during absorption. 

Normalization of DNA adduct formation to the dose reaching target organs indicated that 

metabolites were equally active as parent compound. Thus, the authors concluded that 

benzo(a)pyrene metabolites were also able to enter metabolic cycles and initiate 

carcinogenesis in winter flounder. 

While there is some uncertainty in the factors affecting absorption and elimination of 

PAH metabolites, trophic transfer of metabolites is a potentially important process for 

PAHs. Therefore, marine food web models for PAH should also account for the mass 

balance of metabolites within organisms and potential metabolite transfer among trophic 

levels. Although metabolism will reduce the concentration of parent compound in prey 

items, it may not reduce the total load of PAH + metabolites. Given that metabolites 

initiate carcinogenesis in marine organisms, it is possible that the potential for a toxic 

effect transfers through successive trophic levels, even if parent compound does not. The 

model development and application that follows is intended to evaluate this possibility. 

3.2.2 Model of Parent PAH Bioaccumulation 

Bioaccumulation of parent PAH compounds in individual organisms is expected to 

follow a process similar to PCBs, as described by the following general equation: 



Where CB.P (gkg) is the concentration of the parent PAH congener in the organism (other 

terms are defined in Chapter 2). Because PAHs are metabolized by marine organism, kM 

plays a significant role in elimination of parent PAHs, resulting in lower steady state 

body burdens of parent chemical relative to non-metabolized chemicals with similar 

properties. For PAHs, kM is assumed to represent the Phase I metabolic pathway only. 

Thus, biotransformation and the resultant reduction in the concentration of parent PAHs 

is dependent only on the rate of Phase I metabolism, and is independent of Phase I1 

conjugation or secondary activation. 

3.2.3 Mass Balance Model for Phase I Metabolites of PAH 

Given that Phase I metabolites are implicated in carcinogenesis, characterizing the mass 

balance of Phase I metabolites is useful for assessing the risk of metabolite-induced toxic 

effects. Total accumulation of Phase I metabolites will depend on processes which 

increase the metabolite concentration in the organism (metabolism of parent compound 

and dietary uptake) and processes which decrease the chemical concentration in the 

organism (i.e., excretion of chemical from tissues, increase in the mass/volume of tissues, 

and Phase I1 conjugation of metabolites; refer to Figure 3-1). Thus, the mass balance of 

Phase I metabolites can be represented as: 

where dCB,~/dt  is the rate of change (increase or decrease) of the Phase I metabolite 

concentration in the organism (gkglday), M1 represents the Phase I production of 

metabolites via biotransformation of parent chemical (glkglday) and is equal to DM in 

Equation 2; U D ( ~ )  represents the uptake of Phase I metabolites from the diet (glkglday), 

D W ( ~ )  is the elimination of Phase I metabolites to water (gkglday), DE(M) is the 

elimination of Phase I metabolites via fecal egestion (gkglday), DG is the depuration via 

growth dilution (gkglday) and M2 is the elimination of Phase I metabolites via Phase I1 

conjugation (glkglday). Conjugation changes the nature of metabolites so that they will 

no longer react to form DNA adducts, assuming that de-conjugation and re-entry into 

Phase I pathways is negligible. Thus, Phase I1 metabolism was assumed to represent 

elimination of potentially toxic Phase I metabolite. 



Figure 3-1 demonstrates how metabolite accumulation and elimination processes can be 

represented as the product of a 1"-order rate constants and the concentrations in relevant 

media. Under steady state conditions where dCBYM/dt = 0, and with substitution of the 

terms from Figure 3-1, Equation 36 rearranges to: 

where CBPM (gkg) is the steady-state concentration of Phase I metabolites in the 

organism, kM is the rate constant for Phase I metabolism; C B , ~  is the concentration of 

parent chemical in the organism (gkg); k D ( ~ )  is the rate constant for uptake of Phase I 

metabolites from the diet, Epici represents the weighted average concentration of Phase I 

metabolites in food (i.e., Ci weighted by the proportion of that prey item in the diet, pi); 

and k 2 ( ~ ) ;  k E ( ~ ) ,  kphase2 and kG are rate constants for metabolite elimination via gill 

excretion, faecal egestion, Phase I1 conjugation and growth dilution, respectively. 

Equation 37 is analogous to Equation 4 except that metabolic production of Phase I 

metabolites (kMCB,p) replaces the term for uptake from water. 

Again, a steady state approach is employed based on the discussion in Chapter 2. 

Metabolism of PAH and PAH metabolites will cause faster elimination of these 

chemicals, decreasing the time needed to achieve steady state. Hence, the steady state 

assumption is appropriate for PAHs in the same fashion as that for PCBs. 

As with the food web bioaccumulation of PCBs and parent PAHs, the steady state 

dynamics of Phase I metabolites can be represented as a system of equations, with one 

equation for each trophic guild in the food web. These equations can then be rearranged 

to matrix form and solved according to the method described in Chapter 2. 



Phase I Metabolism (kM) 

A 1"-order rate constant is used to characterize metabolism of parent PAHs resulting in 

production of Phase I metabolites. kM in Equation 37 is equal to kM in Equation 4 since 

they both refer to the conversion of parent chemical to metabolites. 

Enzyme catalyzed reactions in organisms are often described by Michaelis-Menten 

kinetics with maximum rate constants for metabolite production occurring at low 

substrate concentrations but a saturation effect decreasing the rate constants at higher 

substrate concentrations. For PAH, substrate availability (i.e., of parent chemical) is 

expected to be rate limiting for in vivo biotransformation rather than the enzyme 

concentration in the in vitro situation (De Maagd et al. 1998a). At environmental doses, 

PAHs are expected to be present at much lower concentrations than endogenous 

molecules that are metabolized by MFO. In addition, the lipophilic nature of parent PAHs 

means that diffusion from lipid may further limit substrate availability. Therefore, a 1"- 

order rate constant, where the metabolic rate is a linear function of the parent PAH 

concentration, is assumed to adequately represent biotransformation of PAH at 

environmental doses. 

Dietary Uptake ( k ~ ( ~ ) )  

Phase I metabolites are expected to be available for dietary uptake as prey are digested. 

Therefore, k D ( ~ )  can be characterized by as a lS'-order rate constant similar to that for 

other hydrophobic chemicals such as PCBs. 

A few authors (Livingstone, 1991; Meador et al., 1995) have suggested that polar PAH 

metabolites may exhibit slower diffusion from water into lipid, resulting in lower dietary 

uptake efficiencies (Ed) for these chemicals. In contrast, the addition of hydroxyl groups 

in Phase I metabolism lowers metabolite K,,,, and is expected to facilitate faster diffusion 

out of the gut contents into the gastrointestinal juices. The lipid-to-water desorption 

process is expected to be the rate limiting step for Ed, resulting in lower Ed as K,,, 

increases because higher K,,, substances exhibit slower diffusion into aqueous phases 

(Gobas et al., 1988). Thus, the calibrated Ed-&, relationship from Chapter 2 was 

assumed to also apply to Phase I metabolites of PAHs. 



Elimination to Water (k2(M)) 

Metabolite elimination to water is assumed to occur via diffusion, similar to the parent 

chemical, and is represented by a 1"-order rate constant. However, the BCF is expected 

to change because of the lower k, of PAH metabolites. Gobas (1987) describes how E, 

involves diffusion via both aqueous and lipid phases. At log K,,, greater than 

approximately 3, Ew is limited by resistance in water phases and remains constant with 

K,,,. Below this threshold, limitation by the lipid phase becomes more significant, 

lowering E,. Assuming that resistance at the water-lipid interface is negligible, the lower 

K,,, of Phase I PAH metabolites will result in an E, that is either equal to (if metabolite 

log K,,, is still above 3), or lower than that for parent compound (if metabolite log K,,, is 

below 3). 

Faecal Egestion 

Faecal egestion for Phase I metabolites is expected to occur via a similar process to 

parent compounds with kE(M) depending on Gf, Ed and KBF. Note that Ed and KBF are 

expected to be different for metabolites relative to parent compounds as a result of the 

lower metabolite Id,. 

Phase II Metabolism (kphnse2) 

As with Phase I metabolism, Phase I1 metabolism is also described by a 1"-order rate 

constant. Enzyme activities for Phase I1 reactions are generally higher than for Phase I 

reactions. These faster rates should keep substrate concentrations (i.e., of Phase I 

metabolites) at levels below which enzyme saturation begins to occur. Therefore, a 1"- 

order rate constant provides an accurate representation of the rate of Phase I1 metabolism 

under these conditions. 

kphase2 is treated as an elimination term for the metabolite mass balance because Phase I1 

metabolism converts the metabolites to non-toxic conjugates. Thus, kphase2 represents a 

reduction in the body burden of the toxic Phase I metabolites which are of interest for 

ecological risk assessment. 



Growth Dilution (kc) 

The process of growth dilution is independent of the chemical species because it 

represents a volume increase rather than chemical removal or transformation. Therefore, 

kG for PAH metabolites is the same as kG for parent compound and other chemicals. 

3.2.4 Soot Carbon Partitioning and Bioavailability 

SedimentNater Disequilibrium 

When soot carbon is not present in sediments, the steady-state sediment-to-water 

distribution coefficient (&) for overlying water can be represented through a 

rearrangement of Equation 28 as: 

Where & is the sediment-to-water distribution coefficient (unitless), C, is the chemical 

concentration in bottom sediments or suspended sediments (glkg), Cwd is the dissolved 

chemical concentration in water (gkg), QOc is the fraction of organic carbon in bottom 

sediments or suspended sediments and DFss is the sediment-water disequilibrium factor 

(unitless, described in Chapter 2). Likewise, for sediment porewater which is assumed to 

be in equilibrium with bottom sediments DF,, is omitted such that: 

These equations represent either steady state partitioning (i.e., accounting for plankton 

dynamics) or equilibrium partitioning to organic carbon in bottom sediments. In order to 

account for the stronger binding of pyrogenic PAHs within soot carbon, Gustaffson et al. 

(1997) proposed that a second term, representing soot carbon partitioning, be added 

resulting in the following equation for the case of equilibrium partitioning: 

Where @,, is the fraction of soot carbon in bottom sediments or suspended sediments. For 

overlying water where the steady-state disequilibrium factor is applied to account for 

plankton dynamics, & is then calculated as: 



Equations 40 and 41 can be rearranged (i.e., to obtain CwdZCs/I(d) to estimate the 

concentrations of chemical in sediment porewater and overlying water, respectively. 

Dietary Bioavailability 

Given the expected association of PAHs with both organic carbon and soot carbon in 

Kitimat Arm sediments, it is also reasonable to expect that the dietary bioavailability of 

PAHs may be decreased due to sequestering in soot carbon. As sediment is digested by 

detritivores, organic carbon in broken down and absorbed, resulting in uptake of chemical 

from the organic carbon matrix. Conversely, soot carbon is not expected to be broken 

down and absorbed from the food resulting in minimal uptake of chemical from this 

matrix. Therefore, only the fraction of chemical associated with organic carbon was 

assumed to be bioavailable. The fraction of chemical associated with soot carbon (FS,) 

was calculated using mass balance principles, assuming that partitioning of the chemical 

between soot carbon and organic carbon is dependent on Ksc, LW, $,,, $,, such that: 

The remainder represented the fraction of chemical associated with organic carbon and 

bioavailable in the diet. 

3.3.1 Overview 

The model was applied to predict food web bioaccumulation of PAHs in Kitimat Arm, 

BC. As described in Chapter 2, the calibrated model for Kitimat Arm provides a 

reasonable representation of PCB BSAFs for Dungeness crab in this system. Application 

of the PCB-BSAF model to PAHs involved adding additional model components to 

account for both the lower bioavailability of soot-associated PAH and the metabolism of 

PAH. By making broad estimates of kM, derived from literature studies, and evaluating 

these estimates through model performance analysis, it was possible to characterize a 

mass balance of parent PAHs and Phase I metabolites. Because the initial model 



development was based on PCBs with log K,,, greater than 5.24, model application was 

limited to PAH congeners with log Lw near to this range (i.e., log Kw 4.6 or greater). 

The general approach to model analysis for parent PAHs and Phase I PAH metabolites 

involved site-specific parameterization followed by sensitivity analysis and evaluation of 

model predictions and results. For parent PAHs, the availability of BSAF data allowed 

for model performance evaluation. For Phase I metabolites of PAH, concentration data 

were not available for Dungeness crab in Kitimat Arm. Therefore, an evaluative analysis 

of model predictions was conducted. It was also possible to calculate chemical fluxes for 

both parent PAHs and Phase I metabolites. 

3.3.2 BSAF Data for PAHs 

BSAFs for PCBs and PAH in Dungeness crab were determined from data presented in 

studies by Hams (1999) and Eickhoff et al. (2003). Hams (1999) collected sediment and 

crab PCB data and sediment PAH data for Kitimat Arm whereas Eickhoff et al. (2003) 

collected crab PAH data for Kitimat Arm. The sampling locations of Hams (1999) and 

Eickhoff et al. (2003) corresponded with three areas of Kitimat Arm: the inner harbour 

and portion of Kitimat Arm, Kitimaat Village and the middle portion of Kitimat Arm, and 

the outer portion of Kitimat Arm. 

Harris (1999) reported seasonal and area-specific estimates of BSAFs for PCBs and 

PAHs in Dungeness crab from Kitimat Arm. In order to obtain a data set of BSAFs for 

the current study which uses a steady state model that characterizes time-independent 

(i.e., non-seasonal) conditions, the raw data for crab and sediment concentrations were re- 

analyzed. For each box, the averages of OC-normalized sediment PCB and PAH 

concentrations from 1995 and 1996 were assumed to represent the average exposure to 

Dungeness crab within that box. A distribution of observed BSAFs for each PCB and 

PAH congener was then obtained by dividing lipid normalized tissue concentrations for 

individual crabs by their corresponding average sediment-OC concentrations. Given that 

PAH emission rates during the 1990s have remained relatively constant, variations in the 

BSAFs were assumed to be related to differences in sampling location, rather than actual 



changes in environmental conditions in Kitimat Arm. Dungeness crabs are highly mobile, 

and individuals captured within a certain area are expected to have been moving and 

foraging throughout a large area of Kitimat Arm. Hence, the variability in observed 

BSAFs will reflect the variability in behaviour and exposure by individual crabs. This 

data analysis method was assumed to account for this variability. 

Observed BSAFs were log-transformed prior to calculating descriptive statistics. 

Environmental concentration data and ratios are typically expected to follow log-normal 

distributions. Average log BSAFs and standard deviations were calculated for the log- 

transformed data sets. These statistics are presented in Table 3- 1 and summarized in 

Figure 3-3. 

3.3.3 Model Parameterization 

Chemical Properties of PAHs and Phase I Metabolites of PAH 

To account for different partitioning behaviour in saltwater, the &, of each chemical was 

adjusted according to the method described in Xie et al. (1997; refer to Equation 29). 

&,, adjusted &, and the Le Bas molar volume for PAHs are presented in Table 3-2. 

The products of Phase I metabolism PAH are primarily phenols or diols of the parent 

molecule (i.e., substituted with one or two hydroxyl groups; James, 1989; Livingstone 

1991) but more highly substituted molecules are also possible. While &, values for PAH 

metabolites have not been determined, Bodor and Buchwald (1997) propose a simple 

method for estimating the &, of substituted organic compounds. According to their 

model, substitution of an aromatic ring with a simple oxygen containing group (e.g., -OH, 

-0-)  results in a reduction of log &, by 0.723, per added functional group. Thus, on 

average (i.e., assuming that a Phase I metabolite substituted with two oxygen-containing 

groups represents the average case), a Phase I metabolite should have a log &, that is 

2-0.723=1.44 lower than the log &, of the parent compound. The log &, values 

obtained for Phase I metabolites using this method are summarized in Table 3-2. 



Ksc: 

Studies by Gustaffson et a1 (1997) and Jonker and Koelmans (2002) indicate that 

partitioning to, and sequestration within soot carbon has a significant impact on the 

bioavailability of pyrogenic PAHs. Gustaffson (1997) proposed that partitioning 

coefficients for soot carbon-to-water (K,,) could be approximated by studies of the 

partitioning between activated carbon and water. Jonker and Koelmans (2002) conducted 

experiments to determine Ksc for various types of carbon including coal soot, wood soot, 

coal and charcoal. Figure 3-4 summarizes the values for Ksc that were experimentally 

estimated in each of these studies for various PAH compounds, in relation to I&,. 

Using linear regression on the combined data set, I determined the following empirical 

relationship between log Ksc and log &,(coefficients f one standard error): 

The higher partition coefficient for PAHs in soot carbon provides a reasonable 

approximation of the expected slower desorption behaviour because of the strong 

associations formed at high temperature. Equation 43 was considered a simple, 

reasonably accurate approximation of soot carbon partition coefficients for PAHs in 

Kitimat Arm. 

k~ and kphase2: 

The primary gap in knowledge for modelling PAH bioaccumulation is the rates of Phase I 

metabolism of parent chemicals and Phase I1 metabolism of reactive metabolites. kM is 

often set to zero for non-metabolized chemicals such as PCBs. Because PAHs are 

metabolized extensively by many marine organisms, estimates of kM are necessary for 

accurate model prediction of BSAFs. 

For aquatic organisms, rates of metabolism of PAH generally increase with increasing 

level of organization. James (1989), Buhler and Williams (1989), Foureman (1989) and 



Table 3-1: Observed log BSAFs for PAHs in Dungeness crab from Kitimat Arm. Table headings 
include number of observations (n), minimum (min), maximum (max), mean observed 
BSAF (mean) and standard deviation (SD). 

Chemical 

Phenanthrene 

Anthracene 

Fluoranthene 

Pyrene 

Benz(a)anthracene 

Chrysene 

Benzo(a)pyrene 

Observed Log BSAFs 

min 

Figure 3-3: 

2.0 7 

1.0 - 

max 

Average observed BSAFs for PCBs (0) and PAHs (0)  in Dungeness crab from 
Kitimat Arm, BC. Error bars represent 1 standard deviation. 66-PCB-66, 105-PCB- 
105, 11 8-PCB-1 18, 156-PCB1 56, Anth-anthracene, B(a)A-benz(a)anthracene, 
B(a)P-benzo(a)pyrene, Chrys-chrysene, Fluor-fluoranthene, Phen-phenanthrene, 
Pyr-pyrene. 

Chrys 1 

mean 

log Kow 

SD 



Table 3-2: Log &,, molar volume and saltwater-adjusted log &, for PCBs and co-eluting 
congener groups. log Kow and molar volume based on Mackay et al. (1 999) and de 
Maagd et al. (1 998b); log kW adjusted for saltwater using the method described by 
Xie et al. (1997). Log Kow of Phase I metabolites estimated using the method 
described by Bodor and Buchwald (1 997). 

Chemical Name 

phenanthrene 

anthracene 

Pyrene 

Fluoranthene 

Chrysene 

Benz(a)anthracene 

Benzo(a)pyrene 

Figure 3-4: 

10.0 - 

9.0 - 

8.0 - 
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7.0 - 
0) 
0 - 

6.0 - 

5.0 - 

Log KOW Adjustef Log 
Kow 

Molar Volume 
(cm3/mol)' 

Metabolite log 
k W 4  

Relationship between log K,, and log &, for PAHs. Ksc values compiled from 
Jonker and Koelmans (2002, 0) and Gustafsson et al. (1997; 0) 

y = 0 . 6 8 ~  + 3.43 
0 (Linear Regression) 

log Kow 



Livingstone (1998) each provide summaries of enzyme activities that have been 

measured on cellular preparations in vitro for marine species (refer to Tables 3-3, and 3- 

4). Based on these in vitro studies, metabolic activity is expected to be relatively low in 

small infauna and epifauna (e.g., amphipods and annelids), and large infauna (e.g., 

bivalve mollusks), intermediate in large epifauna ( e g ,  crabs and shrimp) and highest in 

fish and larger crustaceans. In addition, Phase I1 enzyme activities appear to be higher 

than the activities of Phase I enzymes. 

Unfortunately, very few studies allow correlation of in vitro enzyme activities with in 

vivo biotransformation rates, because of a lack of quantitative data and the ways in which 

in vitro rates are reported (Sijm and Opperhuizen, 1989). Authors of in vitro studies most 

often report enzyme rates in terms amount of substrate converted per amount of 

microsomal protein per unit time. Without an estimate of the rate per mass of organism, 

or the amount of enzyme protein per mass of organism, it is difficult to extrapolate these 

measured values to live organisms. 

Where the data are adequate, laboratory measured enzyme activities may not accurately 

represent metabolic rates in vivo because chemical substrates in organism tissues may not 

be as available for enzymatic action as chemical substrates in microsomal preparations. 

This condition is likely to result in overestimates of actual in vivo rates of PAH 

metabolism (James, 1989; Livingstone, 1992). For example, James and Little (1 984) 

measured metabolic rates of 14.16 nmol/min/g hepatopancreas for benzo(a)pyrene in 

microsomal preparations from the hepatopancreas of male spiny lobsters. The 

benzo(a)pyrene concentration which yielded this activity was approximately 80 nmollg, 

yielding a rate constant for microsomal metabolic transformation of 0.177/min, or 

255/day. This in vitro rate constant is much higher than in vivo rate constants estimated 

for fish in bioconcentration experiments (De Maagd et al. 1998a; van der Linde et al. , 

2001) and those estimated here from radiolabel studies (see below). 

There are a limited number of studies that have estimated rate constants for Phase I 

biotransformation of PAHs in aquatic organisms through the use of experimental data and 



Table 3-3: Summary of benzo(a)pyrene hydroxylase (BPH; a Phase I reaction) activities 
measured in vitro for marine organisms. Min-minimum observed rate; Max-maximum 
observed rate; SE-standard error of the mean. 

Organism Class 

Fish 

Crustaceans 

Mollusks 

Annelids 

Fish 

Echinoderms 

Crustaceans 

Mollusks 

BPH Activity (nmoVminlmg 
protein) 

MIN MAX MEAN (f SE) 

0.587 + 0.305 

0.437 -1: 0.1 72 

0.038 + 0.01 0 

0.01 5 + 0.009 

0.307 + 0.208 
0.0084 + 0.0055 
0.04 + 0.0031 
0.0212 + 0.0034 

Number of 
Studies 

Source 

James (1 989); Buhler 
and Williams (1989) 

James (1 989); Buhler 
and Williams (1 989) 

James (1 989); Buhler 
and Williams (1 989) 

James (1 989); Buhler 
and Williams (1 989) 

Livingstone (1 998) 

Livingstone (1 998) 

Livingstone (1 998) 

Livingstone (1 998) 

Table 3-4: Summary of glutathione S transferase (GST) and epoxide hydroxylase (EH; both 
Phase II reactions) activities measured in vitro for marine organisms. Min-minimum 
observed rate; Max-maximum observed rate; n-number of studies. Source: 
Foureman (1 989) 

I min I max I mean I n 

Organism 
Class 

Fish 1 2  I 1 3 1  1 27 ( 8 

GST Activity 
(nmol/min/mg protein) 

Crustaceans I cl / 3 1 1.67 / 3 

EH Activity 
(nmollmin/mg protein) 

Mollusks 

min max mean n 
I 1 I 

c 1 2 



models. De Maagd et al. (1998a) conducted waterborne exposure of benz(a)anthracene to 

fathead minnow by applying a mechanistic model for elimination rate constants, 

they were able to deduce a kM of 1.33lday for benz(a)anthracene in fathead minnow. Van 

der Linde et al. (2001) compiled experimental data from bioconcentration experiments 

and deduced kM for several chemicals and organisms by comparing elimination rates 

predicted by a mechanistic model (i.e. in the absence eof metabolites) and actual 

elimination rates observed in the experiments. Their results indicated PAH 

biotransformation rates of 0.1 to 1 per day in both annelids and fish, although kM was 

generally lower in annelids than in fish, an observation consistent with the lower enzyme 

activity in annelids. 

In addition to these studies which explicitly determined rate constants for PAH 

biotransformation in aquatic species, it is also possible to make broad approximations of 

kM from experiments where organisms were exposed to radiolabelled chemicals. These 

experiments generally involve exposure of animals to radiolabelled PAH compounds in 

water or sediments. After a given exposure time, the animal tissue is analyzed to 

determine the proportions of accumulated radioactivity as parent compound or as polar 

and conjugated metabolites. The average rate of metabolism during the experiment is 

determined from experimental results as: 

Where R is the rate of metabolism (pmollglday), T is the total radioactivity measured in 

organism tissue (pmoVg), and b is the fraction of radioactivity associated with 

metabolites, and t is the exposure time (days). Thus, T-@M represents both the amount of 

parent chemical metabolized and the amount of metabolites produced during the 

exposure time. kM (llday) is estimated by normalizing the rate (pmollglday) to the body 

burden of parent compound (pmollg) during the exposure period. Landrum and Scavia 

(1983) applied this method to determine a kM of 0.6lday for anthracene accumulated from 

water and sediment in the amphipod, Hyallela azteca. The authors cautioned that this 

value was likely an underestimate because the analysis method did not account for parent 

compound or metabolite elimination. Livingstone (1991), also applied this method for 



estimating metabolic rates (but not rate constants) of several substituted and non- 

substituted hydrocarbons. 

Both Livingstone (1998) and Landrum and Scavia (1983) proposed normalizing the 

metabolic rate to the body burden of parent chemical at the end of the experiment in order 

to derive kM. However, in sediment or water exposures that begin with unexposed 

organisms, both the overall body burden (i.e., parent chemical and metabolites) and the 

parent compound body burden are expected to begin at zero and approach a steady state 

condition. Therefore, with exposure in environmental media, the average parent 

compound concentration during the experiment is likely to be lower than the 

concentration at the end of the experiment, and normalizing to the end body burden 

results in an underestimate of kM. A potentially more representative method for deriving 

kM is to normalize the metabolic rate to the median body burden of parent chemical (e.g., 

half way between zero and the end body burden), to account for the expected lower 

average parent compound concentration during the experiment. However, this method 

may underestimate the parent compound concentration and overestimate kM if uptake and 

elimination kinetics neared steady state during the exposure period. Thus, there are two 

potential equations for estimating kM, each with some uncertainty: 

Where kM(end) is based on the concentration of parent PAH congeners at the end of the 

experiment and is likely to underestimate the true k ~ ,  and k~(median) is based on the 

median concentration of parent PAH congeners during the experiment and is likely to 

overestimate true kM. The inclusion of T in both the calculation for R and the 

normalization to obtain kM causes a "canceling-out" effect such that the calculated kM 

depends only @M and t. The result is a simple relationship between @M and t and estimated 

kM that can be used to interpret the radiolabel studies. (refer to Figure 3-5). 

I applied both methods to estimate k~ values from radiolabel studies with annelids, 

crustaceans, mollusks and fish. Tables 3-5 to 3-7 present the calculation of kM for various 

studies while Table 3-8 provides a summary of the calculated kM values. Where multiple 



Figure 3-5: Relationship between exposure time (t), fraction of metabolites (0,) and estimated 
kM(median)'fOr interpretation of in vivo metabolism studies which used radiolabeled 
PAHs. 
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measurements were recorded over time, only the initial exposure period was included in 

order to minimize uncertainty due to metabolite elimination and other factors such as 

association of metabolites with non-extractable fractions (e.g., DNA adduct formation). 

The only exception was for studies where exposure was via injection (i.e., one time 

exposure) and the time course of elimination was observed. 

kM values derived from the experimental data followed the same general trend as the 

metabolic capacities for species groups indicated by enzyme activities measured in vitro, 

Marine mollusks appeared to have the lowest ability to metabolize PAHs with mean 

calculated kM of either 0.15 or 0.301day depending on the estimated body burden of 

parent compound (i.e., end vs. median concentration). This result is consistent with 

earlier researchers who found PAH metabolism in mollusks to be either low relative to 

other species or absent (James, 1989; Livingstone, 1991). Based on these data, 0.15 to 

0.301day is expected to be a reasonable range for average kM in marine mollusks. 

Calculated kM values for small benthic crustaceans (copepods and amphipods) were 

similarly low, averaging either 0.21 or 0.36 (end vs. median parent PAH concentration). 

In three studies with larger crustaceans (i.e., shrimp, crab and lobster), calculated kM 

values ranged from 0.54 to 4.7lday (kM(median)), or 0.5 1 to 3.75lday (kM(end), and 

averaged approximately 2lday using both methods. The lower end of these ranges 

exceeds the maximum observed in smaller crustaceans, suggesting a higher metabolic 

capacity in larger, more developed crustacean species. It is important to note that two of 

the studies reported metabolites in hepatopancreas only, and likely overestimated whole 

body metabolism given the higher metabolic capacity in this organ relative to other 

tissues. Thus, the upper limit of these calculated ranges are likely higher than the actual 

in vivo metabolism for larger crustaceans. Livingstone (1998) reported a metabolic rate 

for crustaceans of 2.05 pmol/min/g at 10 nmollg benzo(a)pyrene which was based on a 

regression of a subset of the crustacean studies described here. The resulting kM of 0.3 is 

closer to the values determined here for smaller crustaceans, likely because of the 

predominance of studies on small amphipods in Livingstone's data set. Based on these 



data, reasonable estimates of average kM for PAHs are 0.2 to 0.4lday in small crustaceans 

(e.g., amphipods and copepods) and 1 to 2lday in larger crustaceans (e.g., shrimp, crabs 

and spiny lobster). 

Annelid worms appeared to have an intermediate metabolic capacity with kM values of 

OSOIday and 0.96/day, based on either end parent concentrations or median parent 

concentrations, respectively. These results are consistent with the range in k~ of 0.1 to 

llday reported by van der Linde et al. (2001) and moderately higher than calculated kM 

(0.1 llday) for Nereis virens metabolizing benz(a)anthracene, derived from data 

presented in Livingstone (1998). Based on these data, 0.5 to llday is a reasonable range 

for representing the average kM in annelids. 

The one radiolabel study with English sole exposed to benzo(a)pyrene via sediment 

suggested kM values of 2.24 and 4.48 (end body burden vs. median body burden) on a 

whole-body basis. Livingstone (1998) reports metabolic rates for benzo(a)pyrene of 0.49 

pmollminlg at a parent body burden of 0.6-0.7 nmollg in Lepomis macrochirus and 6.2 

pmollrninlg at a parent body burden of 3.1 nmollg. Application of the equation for 

kM(end) yielded respective kM values of 1.08 and 2.88. The values described for the three 

species above are higher than kM reported by de Maagd et al. (1998a) in fathead minnow 

for benz(a)anthracene and van der Linde et al. (2001) for several PAHs and fish species. 

Thus, based on studies with radiolabeled compounds, and combined experimental1 

modelling approaches, average kM ranging from 1 to 3, is expected to be reasonable for 

PAHs in fish species. 

The metabolic rate constants derived here should be considered estimates only. A large 

amount of uncertainty is associated with the calculations because they do not account for 

elimination of metabolites and parent compound via routes other than metabolism. In 

addition, several factors are expected to influence actual metabolic transformation rates in 

natural situations, including environmental temperature, intraspecies variability, 

interspecies variability for aggregated trophic guilds, and the presence of Cytochrome 

P450 inducers such as PCBs or dioxins. For example, Livingstone (1998) reported that 



the presence of inducing agents can increase enzyme activity by one to two orders of 

magnitude. 

Table 3-9 summarizes the expected ranges in average kM and a reasonable intermediate 

value for each trophic guild in the BSAF model. As a starting point, the intermediate k~ 

for each trophic guild was applied for all modelled PAHs. Although enzyme activity is 

likely to be congener-specific, availability of substrate is expected to be the primary 

limiting factor in metabolism. Thus, kM for more hydrophobic PAHs which partition 

strongly to lipid, may be limited by low substrate availability rather than enzyme affinity. 

Because of the uncertainty associated with these estimated k~ values, a model fitting 

analysis was also conducted to determine if other values for kM would better represent 

PAH bioaccumulation in Kitimat Arm. 

In order to estimate steady state concentrations of Phase I metabolites (i.e., the 

metabolites responsible for toxic effects), it was also necessary to estimate values for 

kphase2. Unfortunately, there were no known studies which reported data suitable for 

estimating Phase I1 rate constants. Based on the relative activity of BPH (Phase I) and 

GST and EH (Phase 11) in vitro, kphase2 is expected to be higher than kM. However, 

potential rate limiting factors for GST are the availability of Phase I metabolites and 

glutathione for conjugation. Under high exposure to PAHs or induction of Phase I 

enzymes, resulting in relatively large fluxes of Phase I metabolites, it is possible for 

glutathione stores to be depleted, limiting the rate of conjugation by GST. These 

conditions would result in higher body burdens of Phase I metabolites. This could 

possibly lead to a higher potential for DNA adduct formation and associated risk of 

carcinogenesis. There are no known studies that have determined the conditions under 

which this is likely to occur in marine fish and invertebrates. 

Given this lack of information regarding kphase2, it was not specified a priori. Instead, 

sensitivity analysis was conducted to examine the impact of uncertainty in this parameter 

on predicted metabolite body burdens. In addition, model application for Phase I 



Table 3-9: Estimated kM values for PAH congeners in trophic guilds from the BSAF model. kM 
relative to Dungeness crab is based on intermediate values of kM. 

Intermediate Value 
for kM 

Trophic Guild kM relative to Dungeness 
crab' 

Expected Range 
in kM 

zooplankton 

small infauna and 
epifauna 

large infauna 

large epifauna 

small fish 

juvenile flatfish 

Dungeness crab 



metabolites was conducted in an evaluative fashion which considered two potential 

scenarios for Phase I1 metabolism. 

Food Web Structure and Ecosystem Properties 

Food web structure and ecosystem properties were generally the same as those, used in 

the PCB BSAF model for Kitimat Arm. The soot carbon content of Kitimat Arm surface 

sediments is approximately 0.15% near Kitimat Village and range up to 0.7% in the inner 

and outer harbour (Walt Cretney, personal communication). A value of 0.4 % was chosen 

to represent the whole of Kitimat Arm. 

Sediment and Water Concentrations 

Sediment concentrations for individual PAH congeners were obtained from data 

presented in Hanis (1999). These measurements had corresponding data for Dungeness 

crabs and were used to calculate observed BSAFs. Suspended sediments were assumed to 

be in equilibrium with bottom sediments. Corresponding data for the concentration of 

PAHs dissolved in overlying water were not available for Kitimat Arm. Consequently, 

dissolved water concentrations in overlying water and sediment porewater were estimated 

using Equations 40 and 41, respectively. The application of soot carbon partitioning for 

estimating dissolved water concentrations and bioavailable fractions in detritus causes the 

overall modelled bioavailability (i.e., amount of chemical available for uptake from water 

and food) to be much lower than would be predicted for non-soot-associated chemicals 

such as PCBs. 

3.3.4 Sensitivity Analysis 

Parent PAHs 

The goal of sensitivity analysis for parent PAHs was to observe how variability in K,, 

and kM affected model-predicted BSAFs. 

For K,,, three log K,, vs. log K,,, relationships were used (High Ksc, Best-fit K,, and Low 

Ksc, refer to Figure 3-6). These three relationships represented the Best-fit to the K,, data 

and reasonable upper (i.e., High Ksc) and lower (i.e., Low K,,) extents for log K,, versus 

log L,. The upper and lower bounds were determined by respectively adding or 



Figure 3-6: 

10.0 - 

9.0 - 

8.0 - 

0 

7.0 - 
tS, 
0 - 

6.0 - 

5.0 - 

Three potential forms of the relationship for log K,, vs. log KO, 

, + y = 0.77~ + 3.92 
(H~gh Ksc) 

+ y = 0.68~ + 3.43 
(Best-f~t Ksc) 

y = 0.77~ + 3.92 
(Low Ksc) 

4.0 1 I I I I I 

3.0 4.0 5.0 6.0 7.0 8.0 
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subtracting one standard error from the regression coefficients (both slope and intercept). 

The sensitivity analysis for K,, was conducted under two conditions: once with kM=O for 

all organisms (to show the effect of Ksc in the absence of metabolism) and once with kM 

set at the intermediate values from Table 3-9 (to show the effect of K,, when metabolism 

is also accounted for). 

For kM, three sets of values for trophic guilds were used based on the ranges and 

intermediate values presented in Table 3-9. These three sets represented the most likely 

kM values for trophic guilds in Kitimat Arm (i.e., intermediate kM, based on the 

intermediate values from Table 3-9) and reasonable upper (i.e. high kM) and lower (i.e., 

low kM) bounds for kM. The high kM in each trophic guild was based on the upper limit of 

the expected range whereas low kM in each trophic guild was based on the lower limit of 

the expected range. The sensitivity analysis for kM was conducted under two conditions: 

once without soot carbon partitioning (to show the effect of kM with normal PAH 

bioavailability) and once with soot carbon partitioning based on the Best-fit relationship 

for Ksc (to show the effect of kM under the low bioavailability conditions in Kitimat Arm). 

Phase I Metabolites of PAH 

The main source of model uncertainty for predicting the mass balance of Phase I 

metabolites in benthic organisms was the rate of Phase I1 metabolism (kphase2). There is 

little information in the literature that allows estimation of rate constants for Phase I1 

metabolism. In order to evaluate the effect of this uncertainty on model predictions, I 

conducted a sensitivity analysis to determine the relationship between the predicted body 

burden of Phase I metabolites and the rate of Phase I1 metabolism (kphase2). kphase2 was 

assumed to be a constant proportion of kM for all trophic guilds. By varying this 

proportion, it was possible to determine the relationship between kphase2 and the Phase I 

metabolite concentration. The trend in kphase2 among trophic guilds was assumed to 

parallel the trend in k~ since both of these processes are expected to be a function of the 

overall metabolic capacity of the organism. For this sensitivity analysis, benzo(a)pyrene 

was chosen to represent intermediate to higher &, PAHs which have the potential to 

cause carcinogenesis following Phase I metabolic activation. 



3.3.5 Model Performance Evaluation 

Parent PA Hs 

To evaluate the performance of the model for parent PAHs, BSAF predictions were made 

for Dungeness crab using intermediate kM and Best-fit Ksc and then compared to observed 

BSAFs in Kitimat Arm. Initially, I assumed that one kM value could be applied for all 

PAH congeners, within a trophic guild. The quantitative criteria used to evaluate model 

performance was model bias, as discussed in Chapter 2. 

To determine if proportionally higher or lower kM values would better represent 

bioaccumulation of parent PAHs in Dungeness crab, I conducted a model fitting exercise 

where kM for Dungeness crab was varied and kM in other trophic guilds paralleled that in 

Dungeness crab according to the relative proportions in Table 3-9. The criterion for the 

model fitting was minimization of the sum-of-squared deviations (SSQ; refer to Equation 

30) between predicted and observed BSAFs for all PAH congeners. 

Phase I Metabolites of PAH 

Body burdens of Phase I Metabolites of PAH have not been analyzed in benthic 

organisms from Kitimat Arm. Consequently, it was not possible to evaluate the accuracy 

of the mass balance model for Phase I metabolites. However, it was still possible to apply 

the model in an evaluative fashion to see how different assumptions affected model 

predictions (see below). 

3.3.6 Model Application 

Once the performance of the model was tested, two model applications were conducted: 

model-fitting to infer kM values specific to each PAH congener; and exposure assessment 

for benzo(a)pyrene (both parent chemical and Phase I metabolites). 

Inference of Congener-specific kM values 

While the application of one kM value for all PAH congeners within a trophic guild 

provided a general estimate of PAH metabolism, it did not account for differences in 

metabolic transformation rates between congeners. In addition to organism-specific 

metabolic capacities, enzyme affinity and resultant in vivo metabolic transformation rates 



are expected depend on chemical structure. Therefore, a model-fitting exercise was 

conducted to determine kM values specific to each PAH congener and the expected 

variability in these congener-specific kM values. The criterion used for this analysis was 

minimization of the deviation (i.e., BSAFp,;-BSAF,,i) for each congener. 

Exposure Assessment for Benzo(a)pyrene 

The purpose of the exposure assessment was to examine how metabolism affects the 

trophic dynamics of parent PAHs and metabolites. Benzo(a)pyrene was chosen as a 

representative PAH congener since its &, is near the range where maximal 

bioaccumulation, but it is known to be rapidly metabolized in many aquatic organisms. In 

addition, its L, is similar to that of PCB-66, allowing comparison between non- 

metabolized PCBs and metabolized PAHs. 

The models were used to predict body burdens of parent benzo(a)pyrene and Phase I 

metabolites of benzo(a)pyrene based on the average sediment benzo(a)pyrene 

concentration in Kitimat Arm. Because the uncertainty in kphase2 and the lack of observed 

concentration data precluded absolute prediction of Phase I metabolite body burdens, the 

model was applied in an evaluative fashion to examine the implications of high or low 

values for kphase2. The evaluative analysis involved two representative scenarios: 

1 .  Rapid Phase II Metabolism: This scenario represents the "normal" case in natural 

systems where Phase I1 rates are expected to exceed Phase I rates. kphase2 was set at 

3*kM for this scenario. 

2 .  Slow Phase II Metabolism: This scenario represents the situation where Phase I 

induction or high PAH exposure levels could cause a high influx of Phase I 

metabolites which overwhelms the Phase I1 metabolic pathway (i.e., kphase2 lower than 

kM). kphase2 Was set at 0.3-kM for this scenario. 

To evaluate the exposure assessment predictions, flux calculations were made for 

benzo(a)pyrene and PCB-66. Benzo(a)pyrene and PCB-66 are chemicals of similar L, 
that are both present in bottom sediments of Kitimat Arm and, consequently, expected to 

be bioaccumulated by Dungeness crab. The log K,,, for these chemicals (i.e., 6.37 for 

benzo(a)pyrene, 6.44 for PCB-66) is within the range where maximal biomagnification is 



expected; however, parent benzo(a)pyrene undergoes metabolic transformation reducing 

its body burden. Because of the different environmental concentrations of these 

chemicals, the total flux of each chemical through a Dungeness crab was expected to be 

different, even in the absence of metabolic transformation. However, by examining the 

proportion of the total flux that is attributable to each uptake and depuration process it 

was possible to observe the driving processes for bioaccumulation of metabolized and 

non-metabolized chemicals. This comparison was also made for different trophic guilds 

in order to observe the impact of different life history characteristics and food sources. 

It was also possible to compare the fluxes of Phase I metabolites of benzo(a)pyrene under 

the two scenarios for kphase2 to examine the driving processes for the mass balance of 

PAH metabolites in trophic guilds of Kitimat Arm. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Sensitivity Analysis 

Ksc and kM 

The association of smelter-emitted PAHs with soot carbon is expected to lower 

bioavailable fractions in water and in consumed sediment, reducing exposure and 

resulting BSAFs for parent PAHs. Figures 3-7 and 3-8 demonstrate how the modelled 

lower bioavailability reduces the predicted BSAFs, in the absence of metabolism or with 

metabolism included, respectively. The predictions based on Low Ksc, Best-fit K,, and 

High Ksc demonstrate the inverse relationship between K,, and resultant BSAFs. This 

relationship is expected given that an increase in partitioning to soot carbon results in 

lower bioavailability. In 3-7, the model predictions for normal bioavailability (i.e., 

predictions for PCBs) and low bioavailability indicates that, based on the Best-fit 

relationship for Ksc, soot-association of chemicals is expected to lower BSAFs by 

approximately one order of magnitude. In both Figures 3-7 and 3-8, BSAF predictions 

with low Ksc were approximately half an order of magnitude higher (compared to 

predictions with Best-fit K,,) and with high Ksc, were one order of magnitude lower 

(compared to predictions with Best-fit Ksc). In general, the Best-fit relationship appeared 



Figure 3-7: 

2.0 

Sensitivity analysis results for K,,, in the absence of metabolism (kM=O). Symbols 
represent average observed for BSAFs PCBs (0) and PAHs (0). Lines represent 
model predictions for Best-fit Ksc (-), High Ksc (----) Low Ksc (- - -) and PCBs 
(-). Error bars represent 1 standard deviation. 

- - - - - 

log Kow 

Figure 3-8: Sensitivity analysis results for K,,, with intermediate kM. Symbols represent 
observed BSAFs for PCBs (0) and PAHs (0). Lines represent model predictions for 
Best-fit Ksc ( ) ,  High Ksc (----) Low Ksc (- - -) and PCBs (-). Error bars 
represent 1 standard deviation. 

log Kow 



Figure 3-9: Sensitivity analysis results for kM, in the absence of soot carbon partitioning (i.e., 
normal bioavailability). Symbols represent observed BSAFs for PCBs ( 0 )  and PAHs 
(0) .  Lines represent model predictions for intermediate kM ( ) ,  High kM (----) Low 
kM (- - -) and PCBs (-). Error bars represent 1 standard deviation. 

-6.0 log KOW 

Figure 3-10: Sensitivity analysis results for kM, with the Best-fit relationship for K,, (i.e., low 
bioavailability). Symbols represent observed BSAFs for PCBs ( 0 )  and PAHs (0).  
Lines represent model predictions for intermediate kM (-), High kM (----) Low kM 
(- - -) and PCBs (-). Error bars represent 1 standard deviation. 

-6.0 1 
log Kow 



to produce the most accurate representation of BSAFs for PAHs, when kM is set at 

intermediate values. 

Figures 3-9 and 3-10 depict respective model predictions for three sets of kM values (low 

kM, intermediate kM and high kM) with normal bioavailability or low bioavailability due 

to soot carbon partitioning. kM values within the ranges reported here result in a 2 to 3 

fold reduction in BSAFs for PAHs relative to non-metabolized PCBs. However, with 

normal bioavailability (i.e., Figure 3-9), the range of model-predicted BSAFs falls above 

the average observed BSAFs in Kitimat Arm for each PAH congener. Thus, without 

accounting for soot carbon association, it appears that the model would overpredict 

BSAFs in Kitimat Arm, even when kM for each trophic guild is set at the high end of its 

expected range. When Ksc is included in the model using the Best-fit relationship, the 

range of model predicted BSAFs generally falls about the observed BSAFs for 

Dungeness crab in Kitimat Arm (refer to Figure 3-10). Intermediate kM values appear to 

result in the most accurate representation of BSAFs, when Ksc is based on the Best fit 

relationship. 

These results demonstrate that neither soot carbon partitioning alone, nor Phase I 

metabolism alone, can account for the low magnitude of BSAFs for PAHs in Dungeness 

crab in Kitimat Arm. Both soot association and Phase I metabolism are instrumental in 

determining PAH BSAFs for this system. 

The dependence of BSAFs for parent PAHs in Kitimat Arm on both Phase I metabolism 

and soot carbon partitioning is consistent with field observations in Kitimat Arm. Harris 

(1999) demonstrated that PAH BSAFs for Kitimat Arm Dungeness crabs were three to 

four orders of magnitude lower than BSAFs for PCBs, compared to the 2-order-of- 

magnitude difference between PAH and PCBs that is generally reported in the literature. 

The model results with both these processes combined support this observation. With 

normal bioavailability, the difference in predicted BSAFs between PAHs and PCBs is 

more consistent with that reported in the literature (i.e., 2-3 orders of magnitude). The 

model behaviour also supports the conclusions of Paine et al. (1996) who proposed that 



low bioavailability of PAH in Kitimat Arm decreased impacts to the benthic community 

structure even though PAH concentrations were well above regulatory criteria.kphase2 

Figure 3-1 1 summarizes the results of the sensitivity analysis for kphase2. The model 

predicts that the body burden of Phase I metabolites is approximately inversely 

proportional to the rate of Phase 11 metabolism, especially if kphase2 is high relative to k ~ .  

For example, in Dungeness crab, an increase in kphase2 from 1 - k ~  to 10skM results in a 

predicted decrease in the Phase I metabolite concentration from 1.87 nglg to 0.183 nglg. 

For two lower trophic guilds (small infauna and epifauna; large infauna), the Phase 1 

metabolite concentration is less dependent on kphase2 when kphase2 is low relative to kM, 

because elimination via other routes (i.e., gill elimination) have a larger relative effect. 

For zooplankton, the Phase I metabolite concentrations were not as sensitive to kphase2, 

likely because gill elimination is the primary elimination route for parent compound and 

metabolites for this trophic guild (see flux calculations below). 

These results highlight the need for further information regarding in vivo rates of Phase I1 

metabolism to accurately characterize the body burdens of Phase I metabolites that result 

from PAH exposure, especially for higher trophic levels. 

3.4.2 Model Performance Evaluation 

Preliminary predictions of BSAFs for PAHs in Dungeness crab from Kitimat Arm were 

made by applying the Best-fit Ksc relationship and intermediate values for kM. Figure 3- 

12 compares model predictions to the observed BSAFs. With this parameter set, model 

predictions were within one standard deviation of the observed average BSAF for each 

congener. Model bias ranged from 0.46 to 2.84 with an average value of 0.99 (refer to 

Figure 3-13). This result indicates that accounting for soot carbon partitioning in Kitimat 

Arm, and applying non-congener-specific kM values derived from data available in the 

literature, resulted in model predictions within a factor of three of observed BSAFs for 

the PAH congeners examined here. 



Figure 3-11: Sensitivity analysis for kphase2 Lines and symbols represent results for Phase I 
metabolites of benzo(a)pyrene in individual trophic guilds (see Legend). 

Legend 

- - -e- - . Zooplankton & Pelagic Inwrts -+ Small lnfauna and Epifauna 
-+ Large lnfauna --G-- Large Epifauna 
+ Small Fish + Juwnile Flatfish 
--t-- Dungeness Crab 



Figure 3-12: Comparison of model-predicted BSAFs, based on intermediate kM and Best-fit K,,, 
to observed BSAFs in Kitimat Arm. Symbols represent observed BSAFs for PCBs 
(0) and PAHs (0). Lines represent model predictions for PAHs ( )  and PCBs 
(-1 

log Kow 

Figure 3-13: Model bias (MB) vs. log KO, for predicted BSAFs of PAHs in Dungeness crab from 
Kitimat Arm. 

log Kow 

114 



Following this initial model evaluation, the model-fitting exercise for k~ values across all 

PAH congeners was conducted, where the proportionality of kM values in trophic guilds, 

relative to Dungeness crab, was kept constant. The fitted kM values were virtually the 

same as the intermediate kM values deAved from literature studies, support;ng the val;dhy 

of the literature-derived values (refer to Table 3- 10). The literature values were based 

primarily on studies with benzo(a)pyrene plus a few additional congeners and are 

potentially representative of kM for this congener and other congeners with similar size 

and structure, assuming similar enzyme affinity. 

Tissue burdens of Phase I metabolites have not been determined in Dungeness crab from 

Kitimat Arm. Consequently, it was not possible to evaluate model performance for Phase 

I metabolites. 

3.4.3 Model Application 

Inference of Congener-Specific kM values 

Because there was uncertainty as to the applicability of the non-congener-specific kM 

values to PAH congeners with different size and structure, a separate, congener-specific 

model-fitting analysis was also conducted. Table 3-10 presents the results of this analysis. 

Fitted congener-specific kM values for Dungeness crab ranged from 0.68lday for 

anthracene to 4.31lday for phenanthrene compared to the non-specific value of 

approximately 1 Slday that was determined from literature data and combined calibration. 

As noted above, kM in other trophic guilds varied in proportion to the values for 

Dungeness crab. The congener- specific analysis demonstrates the range of variability 

expected for in vivo metabolic rates between the PAHs studied here. For example, in 

Dungeness crab, this model application suggests that metabolic transformation rates for 

the PAH congeners examined here would range from 0.68lday to 4.31lday. For other 

congeners of similar size and structure (i.e., with 3 or more rings), kM values are also 

likely to fall within this range. 
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Based primarily on in vitro studies, several authors have suggested that higher rates of 

metabolism are expected for higher molecular weight congeners (for reviews see James, 

1989; and Varanasi et al., 1989b). However, the congener-specific calibration results do 

not support this conclusion. For the seven PAH congeners examined here, there was no 

apparent increasing trend in kM with increasing L, or number of aromatic rings. 

Exposure Assessment for Benzo(a)pyrene 

Figure 3-14 presents the predicted body burdens of parent benzo(a)pyrene and Phase I 

metabolites of benzo(a)pyrene in trophic guilds from Kitimat Arm under the two 

scenarios for kphase2 (i.e., kphase2 = 3*kM and kphase2 = 0.3.k~). Note that only the predicted 

Phase I metabolite body burdens varied between scenarios because parent PAH 

concentrations are not dependent on the rate of Phase I1 metabolism. 

Under the first scenario (i.e., kphase2 = 3*kM), the model predicted generally low Phase I 

metabolite concentrations relative to parent compound. The second scenario (i.e., kphase2 = 

0.3.k~) resulted in much higher concentrations of Phase I metabolites with the metabolite 

concentration exceeding the parent concentration by up to three-fold. These trends were 

observed for all trophic guilds except zooplankton. For both scenarios, large infauna 

exhibited the highest body burdens of both benzo(a)pyrene and Phase I metabolites. 

The most important generalization that can be made for both scenarios is that, in 

predatory trophic guilds (i.e., those feeding primarily on other animals rather than 

phytoplankton and detritus), both parent benzo(a)pyrene concentrations and Phase I 

metabolite concentrations decrease with increasing trophic status. Based on this 

observation, neither parent benzo(a)pyrene nor benzo(a)pyrene Phase I metabolites 

appear likely to undergo food web biomagnification. For lower trophic guilds which feed 

primarily on phytoplankton and detritus, parent PAH and metabolite body burdens were 

much higher than for higher trophic guilds. 

Figure 3-15 compares the model-predicted fluxes for parent benzo(a)pyrene and PCB-66 

in Dungeness crab. For a non-metabolized hydrophobic chemical such as PCB-66, influx 

of chemical into the organism is dominated by dietary absorption. The low chemical 
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concentration in water (i.e., due to high K,,, and sediment-water disequilibrium), means 

that uptake at respiratory surfaces is low relative to the total chemical flux. The outward 

flux of chemical results from a combination of growth dilution, faecal egestion and gill 

elimination, with gill elimination being the most important route. In contrast, gill uptake 

is the primary route of benzo(a)pyrene accumulation in Dungeness crab, with dietary 

uptake only 10% of the total influx. Adult Dungeness crab are expected to be primarily 

predatory, with only incidental sediment ingestion. Thus, the relatively low dietary flux 

of parent benzo(a)pyrene can be attributed to PAH biotransformation in lower trophic 

guilds. Phase I metabolism is the predominant route of parent chemical elimination for 

benzo(a)pyrene, demonstrating the importance of metabolism for reducing body burdens 

of this chemical. The relatively large kM in Dungeness crab results in a predicted BSAF 

for benzo(a)pyrene of 0.00007, compared to a BSAF of 1 1.5 for PCB-66. 

Figure 3-1 6 summarizes parent compound fluxes for benzo(a)pyrene and PCB-66 in large 

epifauna. The uptake and elimination fluxes of PCB-66 for this trophic guild have similar 

proportions to Dungeness crab with the dietary route dominating uptake, and gill surfaces 

dominating elimination. Dietary uptake of parent benzo(a)pyrene plays a larger role in 

chemical influx relative to that predicted in Dungeness crab. Large epifauna are expected 

to feed lower in the food web than Dungeness crab, consuming a combination of detritus 

and smaller benthic invertebrates. Thus, the higher dietary influx of benzo(a)pyrene is 

due to its high concentration in detritus (i.e., where metabolism is not occurring), and 

lower rates biotransformation in lower trophic guilds. Again, Phase I metabolism is 

predicted to be the primary route of elimination for benzo(a)pyrene. 

Table 3-1 1 summarizes the estimated fluxes of benzo(a)pyrene for all trophic guilds in 

Kitimat Arm. In general, model predictions for these organisms exhibited similar trends 

in influx and outflux with the dietary route becoming progressively more significant in 

lower trophic guilds feeding on detritus. The highest total flux was observed for 

zooplankton, followed by large infauna. Both of these trophic guilds ventilate large 

volumes of water relative to their size and feed primarily on detritus (where 

biotransformation does not occur) resulting in significant benzo(a)pyrene uptake via 
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respiratory surfaces and the diet. In addition, for these two trophic guilds, benzo(a)pyrene 

elimination via biotransformation was less significant relative to other trophic guilds. The 

low kM values for these trophic guilds likely cause other elimination routes to be more 

significant. This combination of high exposure and lower metabolic transformation rates 

explains why zooplankton and large infauna have the highest predicted body burdens of 

parent benzo(a)pyrene. 

In contrast, for PCB-66, dietary uptake is the most important uptake route for all trophic 

guilds because PCB-66 is eliminated slowly by most organisms (refer to Table 3-12). 

Elimination of PCB-66 occurs via a combination of gill elimination, faecal egestion and 

growth dilution rather than metabolic transformation (kM is zero for this chemical). 

The fluxes of Phase I benzo(a)pyrene metabolites in Dungeness crab under the two 

scenarios are summarized in Figure 3-17. Under Scenario 1 where kphase2 is relatively 

high, the flux of Phase I metabolites into the organism is primarily via Phase I 

metabolism of parent chemical, with dietary uptake of Phase I metabolites comprising 

only a small percentage of the total influx. Phase I metabolites are eliminated primarily 

via Phase I1 metabolism due to the high rate constant for this pathway, compared to other 

elimination routes. As demonstrated above, under this scenario the body burden of Phase 

I metabolites is low relative to the parent chemical concentration. 

With Scenario 2 where kphase2 is low relative to kM, Phase I metabolite influx in 

Dungeness crab is still dominated by parent compound biotransformation but dietary 

uptake of metabolites is somewhat more significant. In addition, the rate of Phase I1 

metabolism is lower relative to other metabolism processes, meaning that gill elimination 

constitutes a higher proportion of the total outflux. 

Table 3-13 summarizes the Phase I metabolite fluxes for benzo(a)pyrene in each trophic 

guild, under the two scenarios. For Scenario 1, all trophic guilds except zooplankton 

displayed the same pattern as Dungeness crab with the influx of Phase I metabolites 

dominated by parent compound biotransformation within the organism and outflux 
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dominated by Phase I1 metabolism. This first scenario is most likely to represent the 

situation in many natural systems where relatively fast Phase 11 metabolism results in 

rapid elimination and very low dietary fluxes of Phase I metabolites. 

Under Scenario 2, dietary uptake of Phase I metabolites constitutes a larger proportion of 

the total metabolite influx in the higher trophic guilds which feed primarily on other 

organisms. As with Dungeness crab, gill elimination is a more significant flux out of the 

organisms. Scenario 2 represents a special-case in natural systems where the Phase I1 

pathway is potentially overwhelmed due to Phase I induction andlor very high exposure 

to PAHs. 

For zooplankton, the outflux of Phase I metabolites is dominated by gill elimination 

under both scenarios. This explains why the predicted metabolite body burden for this 

trophic guild is not as dependent on kphase2, relative to other trophic guilds (refer to 

Figures 3-1 1 and 3-14). Although large infauna have a small total flux of Phase I 

metabolites under both scenarios, gill elimination is less significant than for zooplankton. 

Combined with the high exposure to and body burdens of parent benzo(a)pyrene, this 

causes the higher metabolite body burdens that are predicted by the model (refer to 

Figure 3-14). 

It is noteworthy that for both scenarios the influx of Phase I metabolites (i.e., the potential 

cause of PAH carcinogenesis) is dominated by biotransformation of parent compound 

within an organism, rather than food web exposure and dietary uptake. This model 

behaviour suggests that in natural situations, metabolic transformation of parent PAHs 

will cause trophic dilution of parent PAHs and Phase I metabolites even under conditions 

of Phase I induction or Phase I1 limitation. 

3.5 CONCLUSION 

This analysis describes the application of mechanistic food web modelling to predict the 

bioaccumulation of PAHs in a representative benthic food web of the BC Coast. 

Incorporating soot-partitioning and PAH metabolism into the BSAF model results in a 

reasonably accurate representation of PAH BSAFs for Kitimat Arm. In addition, the 



evaluative application of the mass balance model for Phase I metabolites integrates 

knowledge of metabolic processes and highlights areas where further study is needed. By 

conducting sensitivity analysis it has been possible to determine important factors 

affecting exposure of benthic fish and invertebrates to PAH and PAH metabolites. 

While several studies describe models of bioaccumulation of non-metabolized substances 

such as PCBs, few authors have extended this approach to predict BSAFs for PAHs in 

organisms where significant PAH metabolism is expected. One notable exception is 

Thomann and Komlos (1 999), who developed a model for PAH BSAFs in a simple 

freshwater food chain and applied it in an evaluative fashion to explore how factors such 

as PAH bioavailability, uptake efficiency and metabolism affected resultant BSAFs. I 

know of no previous attempts at modelling the steady state mass balance of PAH 

metabolites in aquatic organisms. Therefore, this is an important first step for exposure 

assessment of both PAH and PAH metabolites. 

In general, the kM values based on literature studies and combined calibration (i.e., 

ignoring congener-specific factors) appear to provide a reasonable approximation of the 

metabolic transformation rates for PAHs in marine organisms. The ability of a non- 

specific k~ value to reasonably predict BSAFs in Dungeness crab lends support to the 

hypothesis that PAH metabolism in vivo is dependent not only on enzyme affinity for 

particular substrates, but also other factors such as the availability of chemical substrates 

which partition strongly to lipid phases. 

As expected from previous studies (Parkerton, 1993; Tracey and Hansen, 1996), the 

model predicts a decline in BSAFs for parent PAHs with increasing trophic status of 

predatory benthic organisms which feed primarily on other organisms rather than detritus 

(refer to Figure 3-16). Comparison of parent chemical flux for benzo(a)pyrene and PCB- 

66 demonstrates that parent PAHs is rapidly biotransformed by Phase I metabolism in all 

modelled organisms, reducing parent PAH concentrations and resulting food web transfer 

of parent chemical. The predicted parent PAH BSAF was highest in large infauna which 

are representative of detritus-feeding bivalve mollusks. Bivalve mollusks generally have 



low metabolic rates relative to other organisms resulting in slower PAH elimination via 

biotransformation and higher overall accumulation. This model result supports the 

continued use of bivalve mollusks such as mussels as sentinel species for biomonitoring 

of PAH contamination, since they are likely to accumulate the highest body burdens of 

these chemicals. 

The evaluative analysis for Phase I metabolites of benzo(a)pyrene was useful to evaluate 

the expected ecosystem behaviour under various conditions (i.e., rapid Phase I1 

metabolism and low Phase I1 metabolism). For both cases, the predicted lipid-normalized 

body burden of Phase I metabolites declined with increasing trophic level in the model 

food web, although predicted body burdens were much higher in all trophic guilds under 

the second scenario (refer to Figure 3- 16). The explanation for the lack of food web 

transfer of Phase I metabolites is that the influx of these constituents is generally 

dominated by Phase I metabolism of parent compound rather than dietary uptake of 

metabolites. For trophic guilds in the model, the Phase I pathway constituted over 90% of 

the metabolite influx under the rapid Phase I1 scenario and at least 66% of the metabolite 

influx under the Phase I1 limitation scenario. Thus, the body burden of Phase I 

metabolites is expected to depend primarily on uptake and subsequent biotransformation 

of parent chemical. The decline in parent chemical body burdens with increasing trophic 

status results in a parallel decline in Phase I metabolites. 

Although the flux calculations for both parent chemical and Phase I metabolites focussed 

on the food web dynamics of benzo(a)pyrene, the conclusions drawn from the analysis 

are expected to have general applicability to other PAHs, especially those with similar 

&, to benzo(a)pyrene. For lower &, PAHs, dietary uptake of parent chemical would be 

lower than for benzo(a)pyrene and gill absorption would therefore become more 

significant in lower trophic guilds. Likewise gill elimination may be a more significant 

route of depuration of parent chemical and Phase I metabolites, although the high rate of 

Phase I1 metabolism expected under normal conditions is still likely to dominate 

elimination kinetics. 



In addition to making predictions of BSAFs for PAHs and examining metabolite 

dynamics, this study integrates existing knowledge relating to bioaccumulation modelling 

of PAHs and highlights important uncertainties. While the addition of soot carbon 

partitioning and PAH metabolism resulted in accurate prediction of PAH BSAFs in 

Dungeness crab, there are significant uncertainties associated with the submodels for 

each of these processes. Due to a lack of data for PAHs dissolved in surface waters and 

porewaters of Kitimat Arm, it was not possible to directly validate the model-predicted 

bioavailability in these media. Thus, further field measurement would be necessary to test 

the accuracy of this submodel and potentially calibrate it to better represent the 

environmental condition in Kitimat Arm. 

The literature-derived kM values used in the BSAF model varied among trophic guilds. 

However, because, BSAF data for PAHs and PCBs were only available for Dungeness 

crab, model predictions and kM values could only be validated for this trophic guild. 

There were no data to test model predictions for lower trophic guilds and consequently 

there is high uncertainty in the validity of the kM values selected for these organisms. It is 

possible that alternate combinations of values for kM in the lower trophic guilds would 

still result in similar dietary PAH exposure in Dungeness crab, resulting in similar 

BSAFs. Collection of additional BSAF data for these trophic guilds would allow for 

complete validation of model predictions. 

It is also important to note that aside from enzyme activity and induction studies 

conducted primarily with benzo(a)pyrene, there is a paucity of studies that have 

examined the factors affecting realized rates of PAH Phase I metabolism, especially for 

other congeners. While the published radiolabel studies provide some information, these 

studies need to be augmented to include measurements of the time course of PAH uptake 

and metabolism, estimates of metabolite and parent compound elimination during the 

exposure period, and PAH congeners with a variety of structures. The combination of 

exposure studies and mechanistic modeling applied by van der Linde et al. (2001) and 

others is also a potentially effective approach. 



The evaluative analysis of metabolism highlights important uncertainties which preclude 

prediction of Phase I metabolite body burdens. Metabolite concentrations in tissues have 

generally not been measured in field collected marine organisms due to analytical 

constraints. While several researchers (e.g., Krahn et al., 1986; Collier and Varanasi, 

1991) have used bile fluorescence as a surrogate for PAH metabolite body burdens, the 

concentration of metabolites in bile is a function of the feeding status of the organism. 

Furthermore, the presence of metabolites in fish bile is an indicator of what is being 

eliminated from the fish rather than the internal concentration of potentially toxic Phase I 

metabolites. 

The laboratory studies with radiolabelled chemicals have provided useful "ballpark" 

estimates of kM for representative marine organisms. However, there are few in vivo 

studies that allow estimation of Phase I1 rate constants for PAHs. Because of the lack of 

body burden data for Phase I metabolites and lack of information for in vivo Phase I1 

metabolic rates, it is not currently possible to validate the mass balance model for Phase I 

metabolites. Further research is needed to improve understanding of the Phase I1 

metabolic pathway. 



4 CONCLUSION AND IMPLICATIONS FOR RISK ASSESSMENT 

This research has demonstrated the application of mechanistic environmental modelling 

to assess the exposure of benthic marine organisms to non-metabolized and metabolized 

persistent organic pollutants. Human health and ecological risk assessment methods 

involve the integration of an exposure profile and toxicological response relationship in 

order to characterize risks to receptors of concern (USEPA, 1998). For bioaccumulative 

chemicals, assessment of toxicological responses in ecological receptors is generally 

based on internal body residues, whereas for human receptors they are generally based on 

dietary consumption levels. The modelling approach applied here represents the exposure 

assessment phase of risk assessment and is a critical step to characterizing the human 

health and ecological risks of persistent organic pollutants such as PCBs and PAHs that 

are present in marine systems. 

4.1 KEY CONCLUSIONS 

The model developed for PCBs in Chapter 2 augments the current methods for predicting 

bioaccumulation of non-metabolized substances in aquatic systems (e.g., Gobas, 1993; 

Momson et a]., 1996; Connolly, 1991) by integrating a bioenergetic feeding model, 

quantitatively evaluating gastrointestinal magnification, and applying a strategy for 

estimating sediment-water disequilibrium (devised by Gobas and Maclean, 2003) in the 

absence of measured water concentrations. The calibrated model provides a reasonably 

accurate representation of PCB bioaccumulation in benthic organisms with model- 

predicted BSAFs within a factor of four of observed values for Dungeness crab, the upper 

trophic-level receptor of interest. Model calibration results indicate that the dietary 

transfer efficiency of neutral hydrophobic chemicals begins to decline at a lower &, than 

that indicated by laboratory studies, an observation also made by Connolly (1991). 

The model development and application for PAHs in Chapter 3 integrates strategies for 

quantifying reduced bioavailability due to soot carbon partitioning, metabolic 

transformation of parent chemicals and the mass balance of potentially toxic metabolites. 

By incorporating the soot carbon model of Gustaffson et a1 (1997) and kM values for 

PAHs that can be derived from laboratory studies reported in the literature, the model 



produces a reasonably accurate representation of PAH BSAFs for Kitimat Arm. A non- 

congener-specific kM value for PAHs in Dungeness crab of 1.48lday resulted in the best- 

fit to observed BSAF data in Kitimat Arm, and was also consistent with kM values 

derived from literature data. k~ values for other benthic organisms were expected to be 

higher for fish species and lower for lower level invertebrates. With these kM values, the 

model predicts a decline in BSAFs for parent PAHs with increasing trophic status of 

predatory benthic organisms which feed primarily on other organisms rather than detritus. 

The mass balance model for Phase I metabolites of PAHs is a novel approach to 

assessing the potential metabolic burden of PAH Phase I metabolites which cause toxic 

carcinogenesis and other toxic effects. Despite uncertainty in metabolite behaviour and 

rates of Phase I1 conjugation reactions, it was possible to draw general conclusions by 

applying the model in an evaluative fashion. Under two scenarios representing either 

rapid Phase I1 reactions or Phase I1 limitation, the predicted lipid-normalized body 

burden of Phase I metabolites declined with increasing trophic level in the model food 

web, although predicted body burdens were much higher in all trophic guilds under the 

second scenario. Thus, based on the model application for PAHs, it can be hypothesized 

that both parent PAHs and Phase I metabolites of PAH are expected to undergo trophic 

dilution, exhibiting a decrease in lipid-normalized concentrations with increasing trophic 

status. 

Despite some significant uncertainties in metabolic processes, the model development 

and application in Chapter 3 represents a viable assessment strategy for predicting food 

web bioaccumulation of parent PAHs, resultant exposure, and metabolite formation for 

marine benthic organisms. Accordingly, it has potential application in exposure 

assessment for human health risk assessment and ecological risk assessment. An 

important gap in knowledge that must be addressed to facilitate this application is the 

estimation of rate constants for the Phase I1 metabolic pathway. 

4.2 IMPLICATIONS FOR RISK ASSESSMENT 

The models developed here focus on exposure assessment of PAHs and Phase I 

metabolites. The next phase for risk assessment is to evaluate the toxicological 



significance of predicted body burdens of parent PAHs and metabolites. This is an area of 

uncertainty and ongoing research, especially for toxic effects in ecological receptors. The 

significance of PAH bioaccumulation and metabolism to ecological and human health 

risks is discussed briefly in the following sections. 

4.2.1 Ecological Significance 

Because they are rapidly metabolized, the more hydrophobic PAH congeners (i.e., those 

with three or more rings) are unlikely to cause acute toxicity at typical environmental 

concentrations (Eisler, 1987; CEPA, 1994). However, as discussed herein, metabolic 

pathways may lead to reactive intermediates which can cause toxic effects through 

binding to DNA or other cellular macromolecules. Studies with rodents suggest that 

benzo(a)pyrene and benz(a)anthracene exert carcinogenic effects only after metabolic 

activation (Varanasi et al., 1989b) 

For marine organisms, most studies of toxic effects due to PAH exposure have been with 

flatfish such as English sole displaying hepatic tumours and liver disease. The first 

reports of liver neoplasia in Puget Sound flatfish occurred in the 1970s (Baumann, 1989). 

Since then, a wealth of research has been conducted to (i) link liver disease to chemical 

contaminants in sediments (e.g., Malins et al, 1985; Reichert et al., 1998), (ii) determine 

that PAHs are one of the major causes of liver carcinogenesis in flatfish (e.g., Malins et 

al., 1985; Reichert et al., 1998); and (iii) develop biomarkers which indicate exposure to 

PAHs and probable metabolic stress (e.g., Krahn et al., 1986; Myers et al., 1998a). Krahn 

et al. (1986) developed methods to identify PAH metabolites in fish bile as an indicator 

of PAH exposure and found a significant correlation with liver lesions suggesting PAHs 

as a causative agent. Collier and Varanasi (1991) conducted laboratory exposures of 

English sole to PAHs and found that both bile metabolite concentrations and liver 

metabolic activity were related to PAH exposure suggesting a link between sediment 

PAHs and metabolic activation of accumulated PAH chemicals. In addition, French et al. 

(1996), Myers et al. (1998b) and Reichert et al. (1998) each described statistical 

associations between sediment PAH concentrations, metabolites in bile, liver metabolic 

activity, DNA adduct formation, and resulting liver lesion prevalence. 



In general these studies provide a weight of evidence supporting the mode of action for 

PAH carcinogenesis described by Varanasi et al. (1989a) whereby PAHs are taken up 

into fish and then transformed by Phase I metabolic processes. Reactive metabolites 

formed by Phase I processes which are not rapidly conjugated may form DNA adducts 

through covalent binding. The formation of DNA adducts leads to the formation of 

degenerativelnecrotic liver lesions which lead to lesion prevalence and advanced liver 

disease. Myers et al. (1998a) used stepwise logistic regression to formulate risk factors 

for lesion prevalence and found that the presence of DNA adducts was the strongest 

predictor of lesion occurrence. This conclusion is supported by Shaw and Connel (2001) 

who reported that for aquatic species, DNA adducts produce better correlation with PAH 

exposure than internal parent PAH residues. In addition, Myers et al, (1998b) 

demonstrated that the occurrence of liver lesions in juvenile fish was lower than that 

reported in adult fish. Liver lesions may result from long-term chronic exposure to PAH 

and the resulting presence of reactive metabolites. Over the longer time period, there is a 

higher probability that DNA repair mechanisms will be unable to repair all accumulated 

DNA adducts. 

While PAH-induced carcinogenesis in marine flatfish has been studied extensively there 

has been only limited study of PAH metabolite-related effects in marine invertebrates. 

Fossi et al, (1997) evaluated a multi-biomarker approach to assessing contaminant 

exposure and effects in the Mediterranean crab (Carcinus aestuarii) and found that 

benzo(a)pyrene exposure resulted in elevated mixed-function oxidase activity and DNA 

damage. Given that similar biomarker responses are known to be associated with liver 

lesions in flatfish, it is reasonable to presume a potential for hepatic disease in crabs 

resulting from PAH uptake and metabolism. This presumption is supported by the results 

of Shaw and Connell(2001) who found similar levels of DNA adducts in crabs and fish 

collected from a PAH-contaminated creek in Australia. 

Although there is strong statistical evidence linking carcinogenesis to PAH metabolism 

and DNA adduct formation in aquatic organisms, no authors have explicitly formulated a 



causative dose response relationship for either DNA adduct formation or lesion 

prevalence based on tissue burdens of parent PAHs and metabolites. Bile metabolites 

indicate PAH exposure and subsequent transformation, but bile metabolite concentrations 

depend on both exposure levels and the feeding status of the organism, and generally do 

not correlate with sediment PAH concentrations (Baumann, 1989). Furthermore, 

metabolites in bile are an indicator of effective Phase I1 metabolism and excretion of 

reactive Phase I metabolites and may not accurately reflect the body burden of Phase I 

metabolites. 

Finally, Bailey et a1 (1989) state that: "demonstration of cause and effect (for PAH 

exposure and hepatic disease) would require that the suspect etiological agents be show 

to induce tumors in the appropriate host organ under exposure protocols and doses which 

mimic environmental conditions ..." To date this research has not been conducted. 

Development of a dose-response for PAH metabolite carcinogenesis is further 

complicated by factors affecting tumor formation such as age at exposure, route of 

exposure, genetic variation nutrition, growth rate, nutrient and non-nutrient carcinogen 

modulators and water temperature (Bailey et al., 1989). 

Despite the lack of a dose-response relationship for PAH metabolites, it is possible to use 

the model results to make comparative predictions of risks between trophic levels. One of 

the central beliefs in toxicology is the idea that "the dose makes the poison" (Paracelsus, 

circa 1500). While there is some evidence to suggest that hormesis occurs for low level 

doses of a wide range of toxicants (Calabrese and Baldwin, 2003), above these levels, the 

degree of ecological impairment is generally related to toxicant concentration and 

availability at an active site (McCarty and Mackay, 1993). Accordingly, as PAH 

exposure increases, increased levels of DNA adducts and incidence of hepatic disease are 

expected. Given that these biomarker responses and biological effects are related to an 

increase in certain Phase I metabolites, such as the 7,8 diol of benzo(a)pyrene, the 

production and resultant tissue residue of Phase I metabolites can be used as an indicator 

of carcinogenic stress and resultant ecological risk. 



The predicted tissue residue of Phase I metabolites of benzo(a)pyrene in trophic guilds 

from Kitimat Arm are presented for two scenarios (i.e., rapid Phase I1 metabolism and 

slow Phase I1 metabolism) in Figure 4-1. Metabolite residues are highest in the lower 

trophic guilds which feed exclusively on phytoplankton and detritus, food resources in 

which parent PAHs are not biotransformed. Of the three lower trophic guilds, large 

infauna exhibit the highest tissue residues of Phase I metabolites of benzo(a)pyrene. For 

higher trophic guilds (i.e., those feeding primarily on other organisms rather than 

detritus), Phase I metabolite concentrations are lowest in the highest trophic levels 

(juvenile flatfish and Dungeness crab). 

Based on these predictions, the risk of carcinogenesis and other PAH-metabolite- 

mediated effects can generally be expected to be highest in large infauna (i.e., bivalve 

mollusks) but then decrease with increasing trophic status in higher trophic guilds. The 

model results therefore suggest that PAH metabolism not only prevents parent compound 

biomagnification but may also reduce the dose of PAH metabolites and resultant 

ecological risks to higher trophic levels such as Dungeness crab. It is important to note 

that this conclusion is a broad generalization and individual species sensitivity may have 

a large impact on actual risks to marine organisms. For example, English sole occupy the 

trophic guild just below adult Dungeness crab but have very high sensitivity to PAH 

carcinogenesis. 

4.2.2 Human Health Significance 

To protect human consumers of fish and shellfish in British Columbia from unacceptable 

cancer risks, interim tissue quality criteria have been developed for benzo(a)pyrene 

(Nagpal, 1993). The model developed for PAHs in Chapter 3 has utility in evaluating the 

potential effectiveness of the tissue criteria for benzo(a)pyrene. 

The tissue criteria are based on the model for cancer risk assessment used by US EPA. Its 

general form is: 





where R(d) is the excess (over background) lifetime risk of cancer at a given dose, d is 

the dose of chemical (mgkglday) and q is the cancer potency factor determined from a 

dose/tumour frequency relationship. By assuming an acceptable excess risk level (R(d)) 

of 7 in 1000000, and a cancer potency factor of 11.5 for benzo(a)pyrene (based on the 

range reported in IRIS (1994)), Nagpal (1993) calculated acceptable tissue concentrations 

for a 70 kg person under three seafood consumption levels (refer to Table 4-1). In 

general, these tissue criteria are intended to prevent excess cancer risks in the population 

of seafood consumers from exceeding 7 in 1000000. 

However, the presence of Phase I metabolites, in addition to parent benzo(a)pyrene, 

could potentially increase excess cancer risks in seafood consumers over the acceptable 

limit. Given that the mechanism of carcinogenesis for PAHs is the production of Phase I 

metabolites and subsequent DNA adduct formation by the metabolites, certain Phase I 

metabolites can be expected to be at least as potent at causing tumours as parent 

benzo(a)pyrene. Figure 4-2 presents expected tissue burdens of Phase I metabolites in 

Dungeness crab when parent benzo(a)pyrene tissue burdens meet the intermediate 

criterion (i.e., 2 pgkg,  based on consumption of 100g of crab tissue per week). Note that 

the two scenarios again refer to situations when Phase I1 metabolism is rapid relative to 

Phase I or when Phase I1 metabolism is overwhelmed by either Phase I induction or high 

PAH exposure. In general, these two scenarios represent the best- and worst-case 

scenarios for exposure to benzo(a)pyrene metabolites by consumers of Dungeness crab. 

With high Phase I1 metabolism, the tissue burden of Phase I metabolites is low relative to 

parent chemical, but their presence could still result in an elevation of the excess cancer 

risk over the acceptable limit of 7 in 1000000. With low Phase I1 metabolism, the tissue 

burden of Phase I metabolites is much higher relative to parent chemical and could 

potentially cause a significant increase in cancer risk. 

As a hypothetical example, if Phase I metabolites are assumed to have equal potency to 

parent benzo(a)pyrene, the predicted excess cancer risk under the high Phase I1 scenario 

from both parent compound and metabolites is 9 in 1,000,000. Under the low Phase I1 



Table 4-1: Interim tissue criteria for benzo(a)pyrene to protect human consumers of fish and 
shellfish. Source: Nagpal (1 993) 

Figure 4-2: Predicted tissue burdens of Phase I metabolites of benzo(a)pyrene (dark shading) in 

Tissue Criterion (&kg 
wet weight) 

4 

- 

Dungeness crab when parent benzo(a)pyrene (light shadind concentrations meet 
the tissue criterion of 2 pglkg. 

1 .OE-05 1 

Weekly Consumption Rate 
(g wet weighmeek) 

50 

Tissue Criterion 

(based on 1009 

weekly consumption) 

High Phase II Low Phase II 

Scenario 

High Phase II - Scenario where the rate of Phase II metabolism of Phase I metabolites exceeds the rate of 
Phase I metabolism by 3-fold. This is the "normal" case in natural systems. 

Low Phase II - Scenario where the rate of Phase II metabolism of Phase I metabolites is significantly lower 
than the rate of Phase I metabolism (i.e., 3-fold lower). This condition could be caused by Phase II limitation 
relative to Phase I due to Phase I induction or high PAH exposure levels. 



scenario, the predicted excess cancer risk is 24 in 1,00,0000. The calculated tissue 

residues of parent compound which result in the acceptable excess cancer risk of 7 in 

1,000,000 would be 1.46 p g k g  for the first scenario and 0.4 pglkg for the second 

scenario. 

It is important to note that this example is intended to illustrate the potential human 

health significance of PAH metabolism but shouldn't be interpreted to represent the 

actual case in Kitimat Arm. Phase I1 metabolism is generally expected to be rapid relative 

to Phase I metabolism, reducing tissue residues of metabolites for most situation. Under 

certain situations, Phase I1 metabolism may be limited but this condition would likely 

only persist in areas with relatively high PAH contamination and Phase I inducers 

present. In addition, the potencies of specific Phase I metabolites are likely to vary with 

some being non-carcinogenic (i.e., q = 0) and some potentially with higher potency, 

having already passed through the first stage of metabolic activation. Finally, fish and 

shellfish contaminated with parent benzo(a)pyrene and benzo(a)pyrene metabolites are 

likely to also contain other PAH and metabolites, and this mix of chemicals would 

potentially result in higher risk than benzo(a)pyrene alone. These factors require further 

study to accurately assess health risks from parent PAHs and PAH metabolites in human 

consumers of fish and shellfish. 

4.3 RECOMMENDATIONS 

By first developing and calibrating a model for non-metabolized PCBs and then applying 

it to PAHs, which undergo metabolic transformation in marine organisms, it has been 

possible to initiate the development of an assessment strategy for metabolized chemicals 

with potentially toxic metabolites. By integrating the current knowledge of the processes 

of bioaccumulation, metabolism and toxicity of parent PAHs and PAH metabolites, it has 

been possible to identify the following research needs and recommendations for 

management: 

1. The BSAF model and associated kM values should be tested in other systems. 

Application of the model in other systems would verify its ability to represent PAH 

dynamics, improving the confidence in model predictions and allowing for 



refinement of model parameters. In addition, application and testing of the kM values 

for all trophic guilds (i.e., by comparing model predictions to observed data) would 

validate the kM values for representative organism groups, lending support to their 

general applicability to marine organisms. Two systems where data (i.e., sediment 

and biota) may be adequate for further model application and testing include False 

Creek, BC and smelter-impacted fjords in Norway. 

2. Research and assessment of PAH-related impacts to marine organisms should be 

focussed on species with high exposure to parent PAHs and metabolites, and 

high sensitivity to metabolite-mediated effects. The results of model sensitivity 

analysis suggest that bivalve mollusks have the highest metabolite body burdens due 

to their high parent PAH exposure in food (i.e., sediment and detritus), and low 

metabolic rates. This prediction supports the continued use of bivalve mollusks as 

biomonitors of PAH pollution. Based on extensive research in Puget Sound, English 

sole are known to be highly sensitive to carcinogenesis caused by Phase I PAH 

metabolites. Thus, while the predicted exposure to Phase I metabolites is low relative 

to invertebrate detritivores, the risk to this species is may be relatively high because 

of its toxicological sensitivity. Further research is needed to determine other species 

high with sensitivity to PAH carcinogenesis. 

3. Environmental assessment and management of PAHs and other metabolized 

chemicals should consider the risks associated with exposure to both parent 

chemical and potentially toxic metabolites. The preceding discussion demonstrates 

both the links between metabolism and ecological effects, and the potential human 

exposure to parent PAHs and metabolites. It is important that environmental 

managers explicitly consider metabolite exposure and potential toxicity in setting 

environmental criteria and assessing ecological and human health risks. Although the 

current uncertainty in metabolic rates and the dose-response relationship for PAH 

metabolites precludes quantitative analysis, precautionary assumptions may be 

required to prevent metabolite-mediated effects even when parent PAH 

concentrations are observed to be low. In the future, improved methods for metabolite 



analysis, exposure studies to infer metabolic rate constants in live organisms, and 

toxicity studies to formulate dose-responses for multiple PAHs may all facilitate the 

finalization of a quantitative assessment strategy for parent PAHs and metabolites. 

4. Further research is necessary to support the development of a quantitative 

assessment strategy for PAHs and PAH metabolites. Methods for direct analysis of 

PAH metabolites in organism tissue are generally lacking, as is knowledge of the 

dose response-relationship for Phase I metabolites of individual PAH congeners. The 

inability to directly measure Phase I metabolites in representative organism tissues 

(i.e., the liver or hepatopancreas) prevents field validation of the model developed 

here for the mass balance of Phase I metabolites. New chemical analysis techniques 

would allow for this validation using field-collected organism from contaminated 

areas. However, while the validated model would allow for exposure assessment, 

knowledge of the dose-response relationship for PAH metabolites is currently 

inadequate for risk assessment. To formulate this dose response, long-term life cycle 

experiments are required to determine the likelihood of carcinogenesis in fish and 

invertebrates which experience significant PAH exposure during critical life stages or 

throughout their life cycle. Unfortunately, the cost and time requirements of this type 

of experimentation may be prohibitive; this is an emerging issue for the assessment of 

the long-term chronic effects of POPS in aquatic organisms. The kM values 

determined from radiolabel studies are first approximations of metabolic rates for 

PAHs. Additional laboratory experimentation with radiolabelled chemicals could 

yield valuable information. For example, estimates of kM and kphase2 could be made by 

fitting a mechanistic model to experimental data for a time course of uptake and 

elimination of parent PAHs, Phase I metabolites, and conjugated metabolites. By 

conducting these experiments with different species groups and multiple PAHs, more 

accurate, congener-specific estimates of kM and kphase2 could be made for broad 

organism classes. 

5. Further research is necessary regarding the bioavailability of soot-associated 

PAHs. Soot association appears to cause a significant reduction in exposure and 

resultant BSAFs for parent PAHs. While current research and theories allow for 



estimation of bioavailable fractions in water, there is little information regarding the 

dietary uptake of PAH from soot. 

The enactment of some or all of these recommendations would serve to improve the 

current assessment approaches for the impacts of PAHs in marine ecosystems. 
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APPENDIX A - Derivation of the Expression for Estimating Fsc (Equation 42) 



For PAH congeners, the fraction of chemical associated with soot carbon in sediments 

(Fsc) was calculated using Equation 42 (see text). Equation 42 was derived using mass 

balance principles according to the following series of equations. 

On a dry-weight basis, PAHs in sediments are expected to be present only in the sorptive 

phases of sediment. These include sediment organic carbon and soot carbon. Thus, the 

total mass of chemical in sediments, on a dry weight basis can be represented as: 

Ms= M, + Msc [46I 

where Ms is the total mass of a given PAH congener (g), M, is the mass of chemical 

associated with organic carbon (g) and Msc is the mass of chemical associated with soot 

carbon (g). Ms, M, and Msc will depend on the respective concentrations (C) in each 

phase (i.e., whole sediment, organic carbon or soot carbon) and the volume (V) of each 

phase. With substitution of these terms, Equation 46 becomes: 

where C,, C, and Csc are respective chemical concentrations in sediment (gkg sediment), 

organic carbon (gkg OC) and soot carbon (gkg SC), V, is the mass of sediment solids 

(kg) and @, and @,, are respective dry-weight fractions of organic carbon and soot carbon 

in sediments. 

Assuming equilibrium between sediment organic carbon and soot carbon, the expected 

chemical concentrations in organic carbon and soot carbon can be related based on the 

octanol-water partition coefficient (&,) and the soot-carbon-water partition coefficient 

(Ksc) such that: 

and, 

c o c  = 



where C, is the theoretical concentration of chemical in water at equilibrium with either 

octanol or soot carbon (gkg), and 0.35 represents the sorptive capacity of organic carbon 

relative to octanol (see Seth et al., 1999). Substitution of Equation 49 into Equation 47 

then yields: 

Finally, given that: 

it is possible to reduce and solve Equation 50  for Fsc such that: 

Thus, for each PAH congener it is possible to estimate the fraction of chemical associated 

with soot carbon in sediments (Fsc) using only chemical properties (&, and K,) and the 

dry-weight fractions of organic carbon (QOc) and soot carbon (QSc) in sediments. 




