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ABSTRACT

This study reports the development and testing of a computer simulation model of the
fate of Persistent Organic Pollutants (POPs) in Burrard Inlet. POPs are introduced into
Burrard Inlet by a number of sources including both, point sources (e.g., industrial and
municipal effluent discharges) and non-point sources such as storm water runoff. Once
introduced to the inlet, contaminants are subject to physical, chemical and biological
processes that lead to dispersion and accumulation in different matrices of the marine
environment.

The main purpose of the model is to provide a comprehensive ecosystem-level
assessment of the fate of contaminants in Burrard Inlet to characterize the relationship
between concentrations of POPs in sediments and organisms of the Burrard Inlet food-
web. The results provided significant evidence of bioaccumulation of a PCB mixture in
some key biological receptors in the food web and also include recommendations for the
development of sediment target levels and loading for PCBs in support management

decisions regarding POPs in Burrard Inlet.

Keywords: Food web model, Biomagnification, PCBs, Burrard Inlet.
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1. INTRODUCTION

1.1. Purpose

The purpose of this project is to develop, test and apply a computer simulation model that
can predict the dynamics and distribution of PCBs in the aquatic food web of Burrard
Inlet.

Contaminants are introduced into Burrard Inlet by a number of sources including point
sources (e.g., industrial and municipal effluent discharges) and non-point sources such as
storm water runoff. Once introduced to the inlet, contaminants are subject to physical,
chemical and biological processes that lead to dispersion and accumulation in different
matrices of the marine environment.

The main purpose of the model is to provide a comprehensive ecosystem-level
assessment of the fate of PCBs in Burrard Inlet aquatic ecosystems with a focus on the
relationship between chemical emissions and resulting concentrations in biota as a
function of observed elevated concentrations of Persistent Organic Pollutants (POPs) in
sediments.

In addition, the multi-media compartment modeling approach, summarized the dynamics
and mechanisms of uptake and elimination of chemicals under conditions of spatial and
temporal variability, and predicts a range of possible environmental trends, to meet the
objective of better evaluating the partitioning and fate of some Persistent Organic

Pollutants (POPs) into the ecosystem.



Finally, this research produces recommendations for the development of sediment target
levels to facilitate management decisions in regulating chemical discharges in Burrard

Inlet.

1.1.1. Background

Burrard Inlet is one of the most recognizable features in Greater Vancouver. The Inlet is
an 11,300 hectare marine-tidal water body, contained by 190 kilometers of shoreline. The
surrounding natural drainage basin is home to several municipalities and comprises an
additional 98,000 hectares of land (BIEAP, 1997). As part of the larger Georgia Basin
region, Burrard Inlet is a significant component of one of Canada’s most productive
marine and terrestrial ecosystems.

Several monitoring studies in the past, have observed elevated concentrations of
Persistent Organic Pollutants in sediments and biota of Vancouver Harbour and other

areas of Burrard Inlet (i.e Gobas et al. 1997, Maldonado 2003, Mackintosh et al. 2004).

Understanding the relationships between contaminant emissions and ambient
concentrations is crucial for achieving environmental quality objectives.

The characterization of local and regional relationships between chemical loadings and
resulting concentrations in biota is an important component of environmental quality
management because toxicological impacts are ultimately determined by the control of

chemical emissions.



For some substances, e.g. PCBs, observed sediment concentrations in Burrard Inlet are
close to, or in excess of, the sediment quality guidelines (Maldonado 2003). The
ecological significance of these current contaminant-concentrations remains difficult to
assess because laboratory toxicity- tests and benthic studies only provide information
about the effects of contaminants on small benthic organisms. However, the impact of
current contaminants on organisms at higher trophic levels, such as harbor seals, herons
and other waterfowl, are not addressed by these tests. The latter is particularly important
for persistent and bioaccumulative contaminants, which biomagnify in the food-web and
cause organisms in higher trophic levels to be exposed to contaminant concentrations that
are much greater than those experienced by organisms at lower trophic levels. For these
bioaccumulative substances, toxicological effects appear in higher trophic level
organisms such as birds, mammals and upper-trophic level fish before they are
manifested in species from lower trophic levels. Since it is not possible to conduct
toxicity tests that directly relate pollution level effects to particular contaminants in
ecosystems, it is important to develop other means of interpreting contaminant levels in

terms of effects in higher trophic level organisms.

1.1.2. Objective

In this study, a model is developed that describes the trophodynamics of contaminants in
the Vancouver harbor food-web. It is a time—dependent, ecosystem-level simulation
model of the environmental distribution and bioaccumulation of organic contaminants in
aquatic ecosystems. The main purpose of the model is to provide a comprehensive

ecosystem-level assessment of the fate of contaminants in aquatic ecosystems. The model



is focused on the relationships between chemical emissions and resulting concentrations
in biota as a function of observed elevated concentrations of Persistent Organic Pollutants

in sediments.



2. THEORY

2.1. Modeling background:

Since the 1950’s, large quantities of organic pesticides such as DDT,
hexachlorocyclohexanes (HCHs), hexachlorobenzene (HCB), dieldrin and industrial
based chemicals such a PCBs have been discharged into the environment. As a result,
observed reproductive disruptions in the 1970’s were attributed to exposure to
organochlorines contaminants (1-3). It is also well documented that persistent
hydrophobic organic chemicals such as polychlorinated biphenyls (PCB’s) and DDT can
biomagnify, causing chemical concentrations to increase with every step in ecological
food chains (4-6). Various studies have demonstrated that organochlorine chemicals with
high octanol-water partition coefficients (Kow), usually expressed as Log Kow>6, can
biomagnify, which means that the fugacity of the chemical in the organism reaches a
level that exceeds that in the diet of the organism. In other words, a chemical
biomagnifies when the concentration of that chemical (on a lipid normalized basis) in an
organism (Cg) exceeds the concentration in the consumed prey (Cp) . Many of these
compounds are also resistant to chemical degradation, showing long resident times in the
environment. Organic compounds with long resident times and the ability to biomagnify
in the food chain have been classified as persistent organic pollutants (POPs) and they are
likely to trigger toxic effects on higher trophic organisms.

Different regulatory agencies in Canada, the United States and Europe have attempted to

control the use of first generation POPs (e.g. PCBs, DDT, dioxins) by banning or



reducing their emission into the environment. For example, Canada adopted a Toxic
Substances Management Policy (TSMP) under the Canadian Environmental Protection
Act (CEPA) and the United Nations Environmental Program (UNEP). Also, long range
transboundary air pollution protocol (LRTAP) on POPs, have adopted a policy that
considers the virtual elimination of those chemical substances that meet a criteria based
on chemical persistence (P), Bioaccumulation (B), and toxicity (T). The above mentioned
regulatory agencies identified chemicals as bioaccumulative if they have bioaccumulation
or bioconcentration factors (BAF or BCF) greater than 5000 in aquatic ecosystems. In the
absence of BAFs or BCFs data, bioaccumulative substances are defined as those
compounds with octanol-water partition coefficients (Kow) greater than 10°. This
criterion is based on the concept that chemicals with Kow <10° may biocconcentrate in
aquatic organisms, but not necessarily biomagnify in the food chain (7-10). Some nations
involved in the UNEP’s LRTAP treaty, proposed an even more sensitive Kow threshold
value of 10" to be used for bioaccumulation assessments rather than 10°. Relatively recent
developments in the area of environmental toxicology (11-14), have demonstrated that
chemicals with a Kow less than 10* or 10° could still shows the same ability to
biomagnify in terrestrial food chains. Therefore, the substances categorization and
screening level of risk criteria used by the Canadian Environmental Protection Act
(CEPA) are known to inadequately represent bioaccumulation in real food-webs in

Canada.



2.1.1. Basic Definitions

We follow the definitions set out by Gobas and Morrison (2000) and also used later on by
Mackay and Fraser (2000) in an effort to standardize nomenclature in the existing

literature (15-16).

Bioconcentration:

Bioconcentration in fish involves the uptake of chemical by absorption from the water
only (usually under laboratory conditions), can occur via the respiratory surface and/or
the skin, and results in the chemical concentration in an aquatic organism being greater
than that in water. The bioconcentration factor (BCF) is defined as the ratio of the
chemical concentration in an organism CB, to the total chemical concentration in the
water Cwr, or to Cwp, the freely dissolved chemical concentration in water and is

expressed as follows:

BCF = Cg/Cwp (2.1.1)

The use of Cwp is preferred because it only takes into account the fraction of the

chemical in the water that is biologically available for uptake.

Bioaccumulation:

Bioaccumulation is the process which causes an increased chemical concentration in an
aquatic organism compared to that in water, due to uptake by all exposure routes
including dietary absorption, transport across respiratory surfaces and dermal absorption.

Bioaccumulation can thus be viewed as a combination of bioconcentration and food



uptake. The bioaccumulation factor (BAF) in fish is the ratio of the concentration of the

chemical in the organism Cg to that in the water, similarly to that of BCF.

BAF = CB / CWD (212)

Biomagnification:

Biomagnification occurs if dietary uptake causes the chemical concentration in the
organism exceeds that in the organism's diet due to dietary absorption. A
biomagnification factor (BMF) can be defined as the ratio of the concentration of

chemical in the organism Cg to that in the organism's diet Cp and can be expressed as:

2.2. Model Development

2.2.1. Steady-State assumptions

The development of the Burrard Inlet Food web bioaccumulation model follow a steady-
state approach to calculate and predict the PCB concentration in the Inlet. Such Steady
State approach is based on the rational that the PCB transfer between media, has time
enough to reach a dynamic equilibrium where the PCB concentrations in each separate
media or compartments remain constant over time. Under steady-state condition, the
relationship between the emission of contaminants discharges (e.g. PCBs) and changes in
concentration over time in water, sediment and fish remain constant. Under steady-state
approach, seasonal changes in the model, can be represented by adjusting parameters to

reflect specific seasonal conditions. However, the steady-state assumption does imply



that throughout that seasonal period, PCB concentrations in water, sediment and biota
achieve a dynamic equilibrium where PCB concentrations no longer change over time.
The assumption of steady-state is most appropiate for modeling small aquatic organisms,
like phytoplankton, plankton, benthic species and small fish, which reach the dynamic
equilibrium between uptake and elimination of chemicals faster than larger organisms. In
larger organisms like seals, large fish and birds, the exchange of chemicals (ie large PCBs
congeners) with the environment can be very slow too reflect the changing environmental
conditions. Therefore, larger species typically take long periods of time to reach steady-
state (28) and the PCB concentrations may deviate to some degree from the dynamic
equilibrium that the model predicts. In an attempt to keep the simulation modeling simple
and practical, we avoided using time dependent equations that can reflect seasonal
changes in the environment and adopted the steady-state approach. Time dependent
equations are more complicated, computing intensive and require extra input data that is
in most cases not available. However, we did capture the effects of seasonal variations in
PCB concentrations by using a Monte Carlo Simulation (MCS) during the sensitivity
analysis. When using MCS to incorporate cyclic fluctuations such us seasonal changes in
parameter values, the PCB concentrations in biota are usually expressed as a range of
concentrations that can be expected as a result of a variation in seasonal conditions. The
range of concentrations expressed in the calculations are a function of a range of possible
values in the model parameters and state variables. This range of concentrations in the
model outputs, can be considered as a reasonable estimate of the concentration of PCBs
observed in the Inlet for those organisms that reach steady-state fairly quickly. For those

large organisms and PCB congeners that reach steady-state slowly, the range of



calculated concentrations in the model output are expected to be an overestimate of the
real values, since the upper and lower levels observed in the plots, are not likely to be
reached in the period of time the model calculations apply. To capture the differences in
uptake and elimination of PCBs in different age groups, the model includes four different
age stages for key biological receptors in higher throphic levels (i.e. mammals and birds)
and two age stages for some fish species (i.e. juveniles and adults).

We believed that the adoption of steady-state approach used in the model is justified for
two reasons: Firstly, as a computer modeler, it is of paramount importance to keep
models as simple as possible. Secondly, the time-response effect in sediments to the
changes in loading and chemical discharges into the ecosystem, is relatively slow
compare with the time-response effect observed in biota. Davis et al. 2004(29), estimated
that the half-life time of PCBs in similar ecosystems is approximately 20 years, while a
comparable half- life time of PCBs in adult White croaker is approximately 100 days.
Therefore it is justified to assume that the changes observed in PCB concentrations in
biota will reflect the changes in sediments concentrations as a result of elevated chemical
discharges in the Inlet. In this case, the sediments are acting as the slowest compartment
and controlling PCBs changes in biota over time. As a result, the main output of the
model are Biota Sediment Accumulation Factors (BSAFs) used to calculate the
concentration in biota (Cg) from the observed consentration in sediments (Cs) in a simple

multiplication (Cg =BSAF. Cs).

The food-web bioaccumulation model consists of a number of mathematical expressions
describing the uptake and elimination dynamics of PCBs in biota for an specific site, in

our case, the pre-parameterized site is Burrard Inlet. The expressions for air-breathing
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(seals, cormorants, terns) and water-breathing organisms (fish, benthic invertebrates,
plankton) are fundamentally different. For this reason we have described the architecture
of the model in three sections. The first section is for water breathing organisms and
includes phytoplankton, zooplankton, aquatic invertebrates and fish. The second section
describes the model for marine mammals that is used to derive the BSAF for Harbor
seals. The third section lays out the model for birds, which is used to assess the BSAF in

cormorants and terns.

2.2.2. Abiotic Model development and Parameterization

The development of the abiotic model it is not within the scope of work of this research
project, for that reason, a simple abiotic model has been included as an optional feature
within the food web model. Results for the abiotic model will not be discussed on this
paper, but model’s equations will be briefly described and documented in Appendix B.
The abiotic model simply predict changes in sediment and water concentration over time
based on point and non point sources discharges into the Inlet and can use those outputs

to feed the food web model making it also time dependent.
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2.3. Food-Web Model development and Parameterization

2.3.1. Model Description: Phytoplankton, Zooplankton, Aquatic Invertebrates,
Fish

Figure 2.3.1:  Conceptual diagram of the major uptake and elimination processes of PCBs in fish

Uptake via respiratory
surface . Metabolism

Elimination via Excretion
respiratory surface

Figure 2.3.1 shows an overview of major routes of chemical uptake and elimination in
aquatic organisms. In this case, uptake and elimination processes of PCBs in fish rely on
dietary intake and gas exchange with the water for respiration.

Our model has been based on the equations and assumptions already presented and tested
by Arnot and Gobas for the San Francisco Bay ecosystem (30). The major presumption
for the model is that the exchange of PCB congeners between the organism and its
ambient environment can be described by a single equation for a large number of aquatic

organisms:

12



dMg/dt= {WB.(kl.[mo.d).CWT,o + mP.CWD’s] + kD.Z(Pi.CD,i))} - (kz +kg+ kM)MB (2411)

where Mg is the mass (g) of the PCB congener in the organism, dMp/dt is the net flux of

PCB congener being absorbed or depurated by the organism at any point in time t (d), Wp
is the weight of the organism (kg) at time t, k; is the clearance rate constant (L/kg . d) for

uptake via the respiratory area (i.e. gills and skin), mo is the fraction of the respiratory
ventilation that involves overlying water, mp is the fraction of the respiratory ventilation
that involves sediment associated pore water, ¢ (unitless) is the fraction of the total
chemical concentration in the overlying water that is freely dissolved and can be
absorbed via membrane diffusion, Cwr,o is the total concentration of the PCB congener in
the water column above the sediments (g/L), Cwb,s is the freely dissolved PCB congener

concentration in the sediment associated pore (or interstitial) water (g/L), kp is the
clearance rate constant (kg/kg . d) for chemical uptake via ingestion of food and water, Pi

is the fraction of the diet consisting of prey item i, Cp is the concentration of PCB
congener (g/kg) in prey item i, k; is the rate constant (d") for elimination of PCBs via the
respiratory area (i.e. gills and skin), kg is the rate constant (d) for the elimination of the
PCB congener via excretion into egested feces and ky is the rate constant (d) for
metabolic transformation of the PCB congener. For phytoplankton, algae and

macrophytes, kp,i is zero and kg is considered to be insignificant.

The model is based on several key assumptions. First, it is assumed that the pollutant or
PCB congener is homogeneously distributed within the organism as long as differences in

tissue composition and phase partitioning are taken into account. There is enough
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evidence that supports this assumption (31). Afterward, concentrations in specific fish
tissues can therefore be estimated based on the partition coefficients between the fish
tissues of interest. This first assumption is of paramount importance in characterizing the
risk experienced by fishermen who eat fish caught from the Inlet. Secondly, it is assumed
that the organism can be described as a single compartment in its exchange with its
surrounding environment. Many studies can be quoted to support this (32). The one-
compartment model for an organism is best applied in situations where variations in PCB
concentrations in water and sediment are relatively slow over time. To better understand
the uptake and elimination dynamics of PCBs in fish, the abiotic part of the model, also
includes the equations for a two compartment pharmacokinetics model in fish (see abiotic
model development and parametrization). A third assumption of the model concerns the
PCB congener elimination via sperm ejection or egg deposition.

Many studies have shown that the lipid normalized concentration of many POPs in adult
female fish, and PCBs in particular, are approximately equal to the observed
concentration in eggs (33). Consequently, even though the adult female fish can transfer a
significant fraction of the body burden through the eggs deposition process, the lipid
normalized concentration in tissue of that female fish remains the same.

In the model, we assumed that the key mechanisms by which an organism lowers its
internal PCBs concentration is through growth dilution. Growth dilution it is a process
associated with the formation of extra tissue where the PCBs congeners could reside,
therefore reducing the organism PCBs concentration. In the case of an adult female fish,
eggs formation produce that extra tissue where PCBs can move and potentially be

eliminated from the organism through eggs deposition. Nevertheless, the main model
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(equation 2.4.1) illustrates that growth dilution effect is always counteracted by uptake of
PCB congener from water and the diet. Therefore, the ultimate internal concentration in
the organism is controlled by the balance of those multiple uptake and elimination
processes.

As it was explained above, equation 2.4.1 can be simplified by applying a steady- state

assumption (dMg/dt = 0), resulting in:

Cg= {kl . (mo . (1) . CWT,o‘f‘ mp. CWD,S) +kp. > Pi. CD’i} /(k2+ kg + kg+ kM) (2312)

where Cg is the PCB congener concentration in the organism (g/kg wet weight) (i.e.
MgB/WB). The steady-state assumption applies very well for organisms in the Inlet which
have been exposed to the PCB congener over a long period of time or throughout their
entire life. One of the implications of applying a steady-state assumption is that the

growth of the organism needs to be expressed as a growth rate constant kg, which is
dWg/(Wg. dt).

The growth rate constant assumes that over the period of time the model applies, the
growth of the organism can be represented by a constant fraction of the organism’s body
weight.

The model’s bioaccumulation factor (BAF) is Cp/Cwr,0 and the wet weight based biota-
sediment accumulation factor (BSAF) is Cg/Cs, where Cs is the concentration (g/kg dry

sediment) in the bottom sediment:

BSAF = Cp/Cs (2.3.1.3)
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The BSAF is the key outcome of the Burrard inlet food web bioaccumulation model.
BSAFs provides the means to predict the concentrations of PCBs in biota from the PCB
concentration in the sediments of the inlet. The different sub-models and complementary

equations for ki, ks, kg, km, kg and ¢, used to estimate the BSAF are described below.

¢: Is simply the ratio of the freely dissolved water concentration Cwp (g/L) to the total
water concentration Cwr (g/L). PCBs have shown high affinity for organic matter, such as
particulate organic carbon (POC) and dissolved organic carbon (DOC) in the water
column (34-35). If associated with particulate or dissolved organic matter, the PCB
congener is believed to be unavailable for uptake via diffusion into organisms. Therefore

¢ was estimated for non-ionizing PCBs as:

¢=Cwp/Cwr=1/(1+ yproc. Droc. aroc . Kowt %poc . Dpoc . apoc . Kow) (2.3.1.4)

where ypoc and ypoc are the concentrations of POC and DOC in the water (kg/L),
respectively. Dpoc and Dpoc are the disequilibrium factors for POC and DOC
partitioning. They represent the degree to which POC-water and DOC-water distribution
coefficients vary from POC-water and DOC-water equilibrium partition coefficients.
Dpoc or Dpoc values greater than 1.0 indicate distribution coefficients in excess of
equilibrium partition coefficients, while values less than 1.0 represent conditions where
equilibrium has not been reached. Dpoc and Dpoc values equal to 1.0 represent
equilibrium partitioning. Disequilibria between OC and water have been observed for a
range of organic chemicals, including PCBs, in several ecosystems (36) but their values

remain difficult to predict at this point. In this study, we have used empirical water and
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sediment concentration data from the Inlet to characterize Dpoc and Dpoc in the model. In
equation 2.8, apoc and apoc are proportionality constants describing the similarity in
phase partitioning of POC and DOC in relation to that of octanol. These proportionality
constants can vary substantially among different types of organic carbon. Based on a
study by Seth et al. [1999] (37), we have assumed that apoc can be estimated as 0.35 with
error bars equivalent to a factor of 2.5. Following Burkhard et al. [2000](38) we have

estimated apoc to be 0.08 with error bars equivalent to a factor of 2.5.

kiand ko: The rate at which chemicals are absorbed from the water via the respiratory

surface (e.g. gills and skin) is expressed by the aqueous uptake clearance rate constant k;

(L/kg . d). In fish, invertebrates and zooplankton, it is viewed as a function of the

ventilation rate Gy (L/d) and the diffusion rate of the chemical across the respiratory

surface area (39, 22):

k] = EW . Gv / WB (2315)
where Ew is the gill chemical uptake efficiency and Wp is the wet weight of the organism
(kg). Ew 1s a function of the Kow of the PCB congener and is approximated based on

observations in fish by (40):

Ew=(1.85 + (155 / Kow))" (2.3.1.6)
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Gv was calculated based on an allometric relationship between wet weight and oxygen
consumption for 200 different fish species (41) ranging in weight between 2.0 . 10~ and

60 kg under routine metabolic test conditions as well as Gv data for zooplankton and

aquatic invertebrate species:

Gy = 1400 . W5 "%/ Cox (2.3.1.7)

where Cox is the dissolved oxygen concentration in the water (mg O2/L) and were
available from empirical measurements of dissolved oxygen concentration made at RMP
stations.

For algae, phytoplankton and aquatic macrophytes, we used a biphasic relationship for k;

and k, based on a water-organic carbon two-phase resistance model:

ki = (A + (B /Kow))" (2.3.1.8)

where A and B are constants (with units of time) describing the resistance to PCB uptake
through respectively the aqueous and organic phases of the algae, phytoplankton or
macrophytes. To obtain reasonable values for A and B for phytoplankton, we evaluated
several data sets. Constant B (default value = 5.5) is derived by calibration to empirical k;
values from various phytoplankton, algae and cyanobacteria species over a range of Kow

using data described in Koelmans et al. [1993, 1995, 1999](42-44) and Wang et al.

[1996].(45) Constant A (default value = 6.0 . 107) is derived from calibration to

phytoplankton field BCF data from the Great Lakes [Swackhamer and Skoglund 1993
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and Oliver and Niimi 1988](46,47). A mean annual kG value of 0.125 d' was selected
from based on the studies by Alpine and Cloern [1988 and 1992] (48.,49).
The elimination rate constant k2 (d') is closely related to ki as both ki and k2 involve the

same processes of water ventilation and membrane permeation:

k2 = kl/KBW (2319)

where Kpw (L/kg wet weight) is the biota-water partition coefficient. The partitioning of
PCBs between biota in the inlet and water is believed to occur into the lipids, non-lipid
organic matter (e.g. proteins and carbohydrates) and water. Each of these media has their
own capacity to sorb and “store” PCB congeners. Hence, for every PCB congener in each
organism of the Bay we define an organism-water partition coefficient KBW on a wet

weight basis (ww) as:

Kgw =kl /k2=vig. KOW + vng . B. Kow + vws  (2.3.1.10)

where vip is the lipid fraction (kg lipid/kg organism ww), vng is the non- lipid organic
matter (NLOM) fraction (kg NLOM/kg organism ww) and vwg is the water content (kg
water/kg organism ww) of the organism. § is a proportionality constant expressing the
sorption capacity of NLOM to that of octanol. Based on a previous work of Gobas et al.
[1999] (28), a value of approximately 0.035 +£0.010 was chosen. This implies that the
sorption affinity of NLOM for PCBs is approximately 3.5% that of octanol. While the

sorption affinity of NLOM is low compared to that of lipid, it can play an important role
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in controlling the partitioning of organic chemicals in organisms that have low lipid
contents (e.g. phytoplankton, algae, certain invertebrates). Good databases exist (50) to
parameterize the three phase partitioning model, especially for fish, crustaceans and
shellfish consumed by humans. For the calculation of the phytoplankton-water partition
coefficient (Kpw) NLOM in equation 2.3.10 is replaced by non-lipid organic carbon (kg

NLOC/kg organism ww) with a proportionality constant of 0.35 1.e.:

KPW = VLPpP . Kow + VNP . 0.35. KOW + Vwp (23111)

Since the BAF is a function of the ratio of k1 and k2, errors in the exact determination of
Gy and Ew typically have a minor effect on the BAF as errors in k1 will cancel out
similar errors in k2. This makes the model relatively insensitive to parameterization error
in Gy and Eyw and allows a single equation to represent ventilation rates and uptake
efficiencies in a range of species. The partitioning properties of the chemical, represented
by Kgw play a more important role. This is reasonable as the main roles of k1 and k2 are
to describe how quickly or slowly equilibrium partitioning in the organism will be
achieved. The model is most sensitive to k1 and k2 for substances that (i) are absorbed
from water and food in comparable amounts and/or (i1) eliminated by gill ventilation at
rates that are comparable to the combined elimination rate of feces egestion, metabolic

transformation and growth dilution.

mo, mp: Organisms that are in close contact with the bottom sediments, such as benthic

fish and invertebrates, can exchange PCB with sediment pore water. Freely dissolved
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chemical concentrations in pore water can exceed the overlying water concentrations as a
result of sediment-water disequilibria, which can be very large under certain conditions
(51). In many cases, benthic fish and invertebrates do not ventilate a large amount of pore
water because of poor oxygen concentrations and low food content. Although pore water
ventilation is likely small, it can have a significant effect on the BAF for PCBs that are at
large sediment-water column disequilibria. For organisms that have no direct contact with

the pore water, mp is 0. In all cases mp equals 1 - mp.

Cwop: Freely dissolved concentrations of PCBs in pore water are estimated from the
chemical concentration in the bottom-sediment as (Mackintosh et al. 2004) (77). Bottom
sediment-water distribution coefficients (Kws) are expressed based on a theoretically
relationship between the organic carbon normalized bottom sediment-water distribution

partition coefficient (Kwsoc) and Kow:

LogK gy0c = 0.826(£0.099).1og K,y + 2.04(£0.69) (2.3.1.12)

(n=13, R>=0.86, p=4.2x10"°)

0 Swoc C
Then K ggq = 1004 - (2.3.1.13)
CK)C
And finally G, = ¢ 2.3.1.14)
KSNOC
Cwpp = Csoc - docs / Koc (2.3.1.15)

where Cwpp is the freely concentration of the PCBs in the pore water (g/L), Csoc is the

PCB concentration in the sediment normalized for organic carbon content (g/kg OC),
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docs 1s the density of the organic carbon in sediment (kg/L) and Koc is the organic
carbon-water partition coefficient. Apparently, when suspended matter is incorporated
into the bottom sediments of False Creek (77) the concentSrations of very hydrophobic
PCBs (e.g. 73/52, 110, 149, 132/153, 187/182, 180 and 194) in organic particulate matter
increase. Also hight sorption coefficients imply that freely dissolved chemical
concentrations in the water phase can reach very low levels , hence reducing exposure of

aquatic organisms via the respiratory route.

Ko and kg: The rate at which PCBs are absorbed from the diet via the GIT is expressed by
the dietary uptake clearance rate constant kp (kg-food/kg-organism . d) and is a function
of the dietary chemical transfer efficiency Ep, the feeding rate Gp (kg/d) and the weight

of the organism W5 (kg) (22):

kD:ED.GD/WB (23116)

Empirical Ep observations are highly variable in aquatic invertebrates, ranging between 0
and 100% in amphipods, molluscs, oligochaetes, snails, clams and bivalves (52-57,45,58)
and between 0 and 90% in fish (24,59,18,22,60). Explanations have been proposed for
the variations in Ep, including differences among the sorption coefficient of chemicals in
dietary matrices, the composition of dietary matrices (e.g. organic carbon and soot carbon
content), the digestibility of the dietary matrix, metabolic transformation, hindrance in

gut membrane permeation, experimental artifacts, differences in gut morphology and
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variability in food digestion between different species. Because of the large variability in
the empirical data it is difficult to develop accurate models for the dietary uptake rate.
However, there are some notable trends in the Ep data that can provide guidance in model
development. First, several authors have observed a reduction in dietary uptake efficiency
with increasing Kow for high Kow chemicals in invertebrates (59,56) and fish (59,18).
Secondly, the average dietary chemical transfer efficiency (Ep) for chemicals with a log
Kow 4 - 6 is approximately 50% in aquatic invertebrates and fish that were fed
continuously. These trends are consistent with a two-phase resistance model for gut-
organism exchange which is further documented in Gobas et al. 1988 (18). The following
equation based on the lipid-water two- phase resistance model was selected to calculate

the dietary absorption efficiencies of the PCB congeners:

Ep=(8.5.10%. Kow +2.0)" (2.3.1.17)

We applied a general bioenergetic relationship, based on studies in trout byWeininger

1978 (61), for estimating feeding rates in Burrard Inlet fish species and aquatic

invertebrate species:

Gp=0.022 . Wg"*. ¢ ©%-D(2.31.18)

Filter feeding species have a distinct mechanism of dietary uptake that was represented

as:
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GD:GV-CSS-G (23119)

where the feeding rate is a product of gill ventilation rate Gy (L/d), the concentration of
suspended solids Css (kg/L) and the scavenging efficiency y of particles G (%) absorbed

from the water.
The rate at which PCBs are eliminated by the egestion of fecal matter is expressed by the

fecal elimination rate constant kg (d) (22) and was estimates as:

kE = GF . ED . KGB / WB (23120)

where Gr (kg-feces/kg-organism . d) is the fecal egestion rate and Kgg is the partition
coefficient of the chemical between the GIT and the organism. Gg is a function of the
feeding rate and the digestibility of the diet, which in turn is a function of the

composition of the diet according to:

Gr = {(I‘SL) . VLD) + (I‘SN) .VND T (l-Sw) . VWD} . Gp (2.3.1.21)

where g1, ex and ew are the dietary absorption efficiencies of lipid, NLOM and water,
respectively. vip, vnp, and vyp are the overall lipid, NLOM and water contents of the
diet, respectively. In fish, the absorption efficiencies of lipid and NLOM are
approximately 90% and 55%, respectively (28,62). Absorption and assimilation
efficiencies for invertebrates range from 15 to 96% (55,63,64,65). In general, these

efficiencies are a reflection of the dietary preferences (e.g. organic matter quantity and
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quality) and the digestive physiology of the organism (e.g. feeding rates and gut retention
time). Species with low absorption efficiencies (e.g. worms) typically feed on poor
quality substrate (e.g. sediment or detritus) but maintain high feeding rates to obtain
required nutrients for energy budgets and survival. A value of 75% is used for lipid and

non- lipid organic matter absorption efficiencies in aquatic invertebrates.

In zooplankton, assimilation efficiencies for organic matter range from 55 to 85% (66),
while carbon and phosphorus assimilation are measured at approximately 85% (67). A
value of 72% is assumed for lipid and non-lipid organic matter absorption efficiencies in
zooplankton. Water absorption varies between freshwater and marine organisms as a
result of their distinct requirements for osmoregulatory balance. Since water is not a
significant contributor to the storage capacity of PCBs its value has a negligible impact
on the mechanism of bio magnification for these chemicals. The water absorption

efficiency for all zooplankton, invertebrate and fish species was assumed to be 55%.

Kcg: The partition coefficient of the PCBs between the contents of the GIT and the
organism, expresses the change in phase partitioning properties that occur as a result of

the digestion of the diet after ingestion. It is estimated as:

KGB = (VLG . Kow + VNG - B Kow + VWG) / (VLB . Kow + VNB . B . Kow + VWB) (23122)

where vig, VNG,, and vyg are the lipid (kg lipid/kg digesta ww), NLOM (kg NLOM/kg

digesta ww) and water (kg water/kg digesta ww) contents in the gut, respectively. The
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sum of these fractions (i.e. total digesta) approach 1 and are dependent on the absorption

efficiency for each component of the diet as:

VLG = (1—8L) . VLD/ {(I—SL) . VLD+ (I—SN) . VND+ (1—8w) . VWD} (23123)
vnG = (1-ex) . vap/ {(1-€L) . vip+ (1-ex) . vip + (1-€w) . Vwp} (2.3.1.24)

VwG = (l-Sw) . VWD/ {(I-SL) . Vipt (I-SN) . Vnp T (l-Sw) . VWD} (23125)

Because the bioaccumulation model (equation 2.3.1) is based on the ratio of kp and kg,
which is Gp/(Gr . Kgp), the model parameterization errors for the feeding rate Gp (and
hence Gy, eq. (2.3.18) and the dietary uptake efficiency Ep tend to cancel out to a
significant extent. Hence, the model can be expected to provide reasonable estimates of
the BAF and BSAF of PCBs in organisms even if Gp and Ep are poorly characterized.
This is an attractive feature of the model since the variability and error in Gp and Ep are

often large.

Ks: In many cases, reliable data for the growth rate of organisms are available. Growth
rates vary considerably among species and even within species as a function of size,
temperature, prey availability and quality and other factors. For the majority of species
included in the Burrard Inlet model, reliable growth rate data are not available. We
therefore used the following generalized growth equations, based on (68), to provide a
reasonable approximation for the growth rate constant k¢ (d-1) of the aquatic species in
the Inlet. For invertebrates, we used: representative for temperatures around 10°C, while

for fish species we used
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ko= 0.00035 . W2 (2.3.1.26)

k=10.0007 . Wg? (2.3.1.27)

based on an average water temperatures of approximately 150C.

Km: The rate at which a parent compound can be eliminated via metabolic transformation
is represented by the metabolic transformation rate constant ky (d™). This process is
dependent on the PCB congener and the species in question. The majority of PCB
congeners are very poorly metabolized by aquatic micro- and macrophytes, invertebrates
and fish. In this study, we have therefore assumed that for the PCB congeners considered
in this model, ky is negligible in these species. Table 2.1 provides a summary of other

model variables.
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Table 2.4.1:

A summary of recently mentioned model variables, units and their definitions

Definition Parameter Units
Chemical concentration in biota Cs ag/kg
Chemical concentration in diet Cob ag/kg
Chemical concentration in pore water Cew g/L
Bioavailable solute fraction [0} Unitless
Gill uptake rate constant k1 d
Dietary uptake rate constant Kd d
Gill elimination, fecal egestion, growth dilution, and

metabolic transformation rate constants, respectively k2, Kg, Ka, Km d-1
Biota-water partition coefficient Kaw Unitless
Phytoplankton-water partition coefficient Kpw Unitless
Gut-biota partition coefficient Kes Unitless
Gill ventilation rate Gv L/d
Feeding and fecal egestion rates, respectively Gp, Gr kg/d
Chemical transfer efficiency for gill and diet,

respectively Ew, Ep %
Non-lipid organic matter — octanol proportionality

constant B Unitless
Lipid fraction in diet (D) and gut (G) VLD, VLG ka/kg
Non-lipid organic matter fraction in diet (D) and gut

(G) VND, VNG kg/kg
Water fraction in biota (B), diet (D), gut (G) and

phytoplankton (P) Ve, YWD, VWG, VWP kg/kg
Dietary absorption efficiency of lipid &L %
Dietary absorption efficiency of non-lipid organic

matter EN %
Dietary absorption efficiency of water ew %
Particle scavenging efficiency (default = 100) (¢ %
Density of organic carbon in sediment (0.9) docs kg/L
Organic carbon-water partition coefficient Koc Unitless
Dissolved oxygen concentration Cox 02/L
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2.3.2. Detailed Bioaccumulation Model Description for Harbor Seals

Figure 2.3.2:  Conceptual diagram of the major uptake and elimination processes of PCBs in
Harbor seals
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Figure 2.3 provides a conceptual overview of major routes of PCB uptake and
elimination in harbor seals. PCB uptake is due to dietary uptake and inhalation of air.
Dietary uptake is expected to be the most important source of PCBs in the Harbor seal.
Elimination of PCBs from the seals is due to several processes. They include elimination
of PCBs in exhaled air, PCB excreted in fecal matter, and elimination in urine. In
addition, there is evidence that certain PCB congeners can be metabolized in harbor seals
(69,70). In addition, female seals can transfer PCBs into their off spring by giving birth to
pups and by lactation. Molting and growth periods can also affect PCB concentrations.
Several of these uptake and elimination processes occur at particular times of the year
and are non-continuous. Harbor seals are known to go through fasting periods and molt at

particular times of the year and female animals give birth and nurse their pups for a
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period of approximately 4 weeks. To represent these processes in a relatively simple
model, it is important to consider some key characteristics of PCBs. First, PCBs are
lipophilic chemicals that build up high concentrations in the lipids of organisms. In seals,
which contain large amounts of fat in their blubber (i.e. the lipid content of healthy
harbor seals in the Inlet varies between 36 to 50%). This means that the great majority of
PCBs are found in the lipid tissues. Secondly, PCBs show a natural tendency to establish
a chemical equilibrium. Within an organism like a seal this means that PCBs distribute
themselves between various parts of the organism in a way that the concentrations in
lipids of any part of the organism is approximately equal. In other words, the lipid
normalized concentration is approximately the same. This behavior of PCBs is of
particular relevance to transfer PCBs from female seals into their pups. If it can be
assumed that PCBs in mother and pup achieve an internal equilibrium, then the lipid
normalized concentration in female seals will not change upon parturition. In essence, the
reduction in the mass of PCBs in the mother upon parturition (due to transfer to the pup)
is associated with a proportional drop in lipid mass, causing the lipid normalized
concentration to remain approximately the same. The same principle is at work during
lactation. Assuming that PCB is equally distributed among fats in the nursing female,
transfer of PCB in milk does not cause a change in concentration as proportional declines

in PCB mass and lipid mass occur during lactation.

The same philosophy applies to molting. While production of off-spring, lactation and
molting are not expected to have an immediate effect on the lipid normalized
concentration in the seal, th