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1. INTRODUCTION

1.1 Purpose

The purpose of this report is to describe the basic theory and underlying
assumptions and provide results from the uptake and depuration algorithm
(FEDOIL) of the Biological Impact of an 0il Spill model, BI0S. The B10S model
is a multispecies ecosystem simulation that analyzes the expected impact of
hypothetical oil spill scenarios on fishery resources in the eastern Bering Sea.
It was developed at the request of the Outer Continental Shelf Environmental
Assessment Program (OCSEAP), and is a part of their eastern Bering Sea oil
impact study. A full description of the OCSEAP study of which this report is
a part is given in Laevastu and Fukuhara (198La).

As general background, BI0S is a gridded model that simulates the uptake
and depuration of oil contaminants in selected marine species (Table 1) resulting
from exposure to oil contaminated water and sediments and the consumption of oil
contaminated food (submodel FEDOIL). BIOS also simulates the migration of these
species over time and space (Swan 1984a, 1984b), studies the expected impact
of two hypothetical scenarios (Table 2) (see Laevastu and Fukuhara 1984a, for
details), and is applied to three locations in the Bristol Bay area of the eastern
Bering Sea: Port Moller, Port Heiden, and Cape Newenham (Figure 1). (The results
from Pt. Heiden are emphasized in this report.) Figure 2 provides a diagram of
the general sequence of BI0S model computations. Although details are given in
Gallagher (1984) and Swan (198Lka), the theory and methods described here combine
and update the uptake and depuration algorithms described in those preliminary
formulations.

Input data for the hydrocarbon concentrations of the water soluable fraction
(WSF) of each oil spill scenario were provided by the Rand Corporation in
conjunction with Science Applications, Inc. (SAl) (details are given in Laevastu

and Fukuhara (1984a)). Hydrocarbon concentration data for the fraction of oil
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Table 1.--List of species and input biomass data (by location) used in Bl0S—.

Species Input Biomass Data (kg/kmz) &

No Name Port Moller Port Heiden Cape Newenham
1 Herring juveniles 1409 521 1551
2 Herring adults 1121 L1y 1234
3 Pollock juveniles 3708 2322 3261
L Pollock adults 11007 6893 9679
5 Pacific cod juveniles Lok 279 307
6 Halibut juveniles 730 330 240
7 Yellowfin sole juveniles 722 482 711
8 Other flatfish juveniles 2004 1472 1650
9 Yellowfin sole adults 800 534 789
10 Other flatfish adults 2004 1472 1650
11 Pacific cod adults 861 461 681
12 King and Bairdi crab juveniles 664 222 432
13 King and Bairdi crab adults 1654 553 1078
14 Mobile epifauna 5970 4995 6075
15 Sessile epifauna 13930 11655 14175
16

Infauna 19150 13750 19250

The DYNUMES model (Laevastu and Larkins, 1981) was used to get initial estimates
of input biomass data for the three model locations of the BI10S model.

IZ

N
~

The following assumptions were used to convert the data obtained from the

DYNUMES model to biomass fields for use in the BI0S model.

a) Unless noted differently below, the breakdown of species biomass data
into juvenile and adult fractions was based on Niggol (1982).

b) DYNUMES species group 5 (halibut) was assumed to be 100% juvenile (i.e.,
in these shallow waters during this season).

c) Yellowfin sole data were assumed to comprise 75% of DYNUMES species group
7 (yellowfin and rock sole).

d) DYNUMES species group 13 (Pacific and saffron cod) was assumed to be
100% Pacific cod.

e) DYNUMES species groups 7 (rock sole-25%), 6 (flathead sole, flounder),
and 8 (other flatfish) were combined to make up the other flatfish group
(species 8 and 9) for the BI0S model. These groups were assumed to be
equally divided between juveniles and adults.

f) DYNUMES species groups 19 (king crab) and 20 (Tanner crab) were combined,
and using available survey data, assumed to be comprised of 71.4% adults
and 28.6% juveniles.

g) DYNUMES species group 24 (epifauna) was assumed to be 30% mobile and
70% sessile.



Table 2.--Hypothetical oil spill scenarios.

Simulation

Locations in

Scenario 0il type Volume Duration Temperature grid Bristol Bay

Well Prudhoe Bay crude 20,000 bbl/day 15 days 9.3°C (50 x 50) Port Moller

blowout Port Heiden
Cape Newenham

Tanker Automotive diesel 200,000 bbi 10 days 9.3°C (32 x 34) Port Moller

accident (instantaneous) Port Heiden

Cape Newenham
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Figure 1.--locations of hypothetical oil spills, and computational grids
in Bristol Bay.
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Figure 2.--Sequence of B10S model calculations.



reaching the bottom and entering the sediments (referred to here as TARS), were
obtained from a simulation model developed by Laevastu and Fukuhara (1984b) .

1.2 Selected review of the literature on uptake and depuration of

petroleum hydrocarbons.

An extensive literature exists on the fate and effects of petroleum hydro-
carbons on marine organisms. Since a variety of authors have recently reviewed
this literature (Malins 1977; Wolfe 1977; Connell and Miller 1981a, 1981b;
National Academy of Science 1982), this discussion will not attempt to repeat
those earlier works. Instead, it will confine itself to reviewing those studies
pertinent to the modelling approach used in the BIOS model to simulate the
processes of uptake and depuration.

For purposes of this discussion, uptake is defined as the acquisition of
petroleum hydrocarbons by an organism either from exposure to oil contaminated
water and sediments or from consumption of oil contaminated food. Depuration
is defined as the purging of those hydrocarbons from the organisms, both during
the uptake process and when the organism is no longer exposed to petroleum
contaminants. For a variety of reasons discussed below, no attempt has been
made to simulate the disposition of petroleum compounds after uptake; disposition
being ''what the organism does with a compound (e.g., their conversion to various
metabolities)" (Malins and Hodgins 1981).

1.2.1 Uptake

Petroleum hydrocarbons have been shown to accumulate in the tissues and body
fluids of many, if not all, marine organisms (Moore and Dwyer 1974, Malins and
Hodgins 1981). Although the routes through which hydrocarbons enter marine
organisms vary depending on species, life-history stage, and environmental

conditions, they can be grouped into two general categories: 1) uptake directly



from contaminated water and sediments; and 2) accumulation through consumption
of contaminated food (Connell and Miller 1981a; Thomann and Connolly 1984).

The relative importance of each route also varies considerably, both by species
group and by the actual biocavailability of the petroleum hydrocarbons involved;
e.g., chemical compound, concentration, length of exposure, and medium (i.e.,
whether the compound is dissolved in the water column, adsorbed on particulate
sediments, or bound up in food) .

1.2.1.1 Benthic Invertebrates

Benthic invertebrates have been shown to readily uptake petroleum hydrocarbons.
Bivalves, which filter large volumes of water when feeding, can uptake and
concentrate petroleum hydrocarbons from water, whether in solution or absorbed
on suspended particles (see Lee 1977, for review). They have also been shown
to bioaccumulate hydrocarbons to a level several orders of magnitude above the
external concentration (Stegman and Teal 1973, Fossato and Canzonier 1976).
Although bivalves tend to accumulate petroleum hydrocarbons more slowly than fish
or crustacea (Neff et al., 1976), several studies show that they continue to do
so for as long as they are exposed to oil-contaminated seawater (Stegman and Teal
1973; Neff et al., 1976).

As reviewed by both Connell and Miller (1981a) and the National Academy of
Science Report (1982), several uptake experiments with the oyster, Crassostrea
virginica demonstrate that oysters tend to accumulate higher concentrations of
aromatic hydrocarbons than saturated hydrocarbons relative to their respective
concentrations in exposure water during the initial uptake phase. Although

similar results have been reported for the clam, Rangia cuneata (Neff et al., 1976),

rates of uptake differ between species and appear to be related to differences in



filtering rates and amounts of lipids in the organisms (Lee 1977), and the water
solubilities and molecular weights of the specific hydrocarbon pollutants (Lee
1977; Varanasi and Malins 1977). As will be discussed later, however, it is
rather difficult to compare data obtained from different studies because of the
considerable variability in experimental technique and type and composition of
petroleum compounds used. In fact, the review by Varanasi and Malins (1977)

is one of the few studies that divides the experiments reviewed into categories
reflecting field studies, laboratory studies using oil-in-water dispersions
(OWD) and water-soluble fractions (WSF) of oil, and feeding studies involving
petroleum contaminated food.

Benthic crustaceans have been shown to rapidly take up petroleum hydrocarbons
from either their food or water (Lee et al., 1976, Neff et al., 1976, Rice et al.,
1976, Rice et al., 1983). As with bivalves, the rate and amount of petroleum
hydrocarbons accumulated appears to be related to internal lipid content and the
different solubilities of the individual petroleum constituents (see Connell
and Miller 1981a, for review). The present data, however, do not allow for a
clear quantitative partitioning of the uptake process between the routes of
feeding and exposure to oil-contaminated water or sediments. For example, Rossi.
et al. (1978), as reported in Connell and Miller (1981a), indicated that it was

impossible to establish whether sand crabs, Emerita analoga, incorporated

petroleum hydrocarbons into their tissue or superficially entrained contaminated
particulate matter. In addition, Lee et al. (1976) have shown that in the case

of the blue crab, Callinectes sapidus, most of the hydrocarbons in the food were

not assimilated by the tissues, but instead were immediately eliminated from
the animal.
The data for benthic worms are no less confusing. Although benthic worms have

clearly been shown to uptake petroleum hydrocarbons, the amount and rate of uptake
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can vary depending on hydrocarbon constituent and sediment type (Lee 1977, for
review). In addition, the actual route of uptake of the hydrocarbons {s unclear.
Rossi (1977) has reported that most of the aromatic hydrocarbons accumulated by

the polycheate, Neanthes arenaceodentata, were derived from water and not sediments,

while Prouse and Gordon (1976) indicated that the burrowing activities of the

deposit feeding polycheate, Arenicola marina, in sediments may result in uptake

from either ingestion of contaminated sediments or through absorption from
solution. A variety of other studies indicate that polycheate annelids also vary
in sensitivity to fuel-oil soluble fractions at different life stages according
to lipid content (e.g., Rossi and Anderson 1976). Moreover, and depending
on the study, certain aromatic hydrocarbons (e.g., naphthalenes), have been shown
both to accumulate rapidly (Rossi 1977) and not to accumulate to significant levels
at all (Anderson et al., 1977).

1.2.1.2 Fish

The principal processes for the uptake of hydrocarbons in fish appear to
involve either direct absorption of dissolved and particulate forms via gills or
drinking water, or indirect uptake through the ingestion of contaminated food
(Connell and Miller 1981a, for review). As in the case of benthic invertebrates,
however, the data on uptake in fish are rather contradictory. For example,
uptake has been shown to be selective within and between hydrocarbon classes
(Connell and Miller 1981a, for review), and within and between species depending
on life history stage and ecological niche (i.e., pelagic or demersal) (Korn
et al., 1976, Lee 1977; Connell and Miller 1981a, and National Academy of Science
1982, for reviews). In addition, although a variety of authors have concluded

that there is a greater storage and persistence of aromatics and polynuclear
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aromatic hydrocarbons in lipid-rich than in lipid-poor fish species (Whittle
et al., 1977, Connell and Miller 1981a, for review), a study by Roubal et al.,
(1978) indicates that, for aromatic hydrocarbons, factors other than lipid
content may be more influential in determining hydrocarbon accumulation in
certain species. Roubal et al., 1978 also indicate that because of the great
differences in bioconcentration factors observed for individual aromatic hydro-

carbons in both of the species they studied (coho salmon, Oncorhynchus kisutch,

and starry flounder, Platichthys stellatus),''these differences may complicate

attempts to relate tissue hydrocarbon profiles to hydrocarbon profiles of
specific sources of petroleum pollution'.

The problem of relating tissue hydrocarbon profiles to sources of hydrocarbon
contamination in fish is further complicated by the conflicting reports regarding
the relative importance of the uptake routes of feeding and exposure to oil
(see Lee 1977 and Connell and Miller 1981a, for reviews). For example, feeding
behavior and the presence of oil may be interdependent, as shown by the enhanced
weight loss and distinct reduction in food intake by oil exposed flatfish
(McCain et al., 1978, Fletcher et al., 1981). Additionally, and with respect
to specific feeding studies, Mehrle et al. (1977) have shown that the type and
quality of diet fed during chronic toxicity testing can strongly influence the
results of the biological parameters being measured (e.g., mortality, growth,
development, etc.). Finally, not only is it impossible to compare oil toxicities
and animal sensitivities in different studies done prior to 1973 because of the
lack of data on the chemical analyses of oil-water solutions (Rice et al., 1979),
but results from many of the effects studies have been obtained from experiments
using relatively high concentrations that probably would not be encountered in

the marine environment (Malins and Hodgins 1981).
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1.2.1.3 Summary of uptake studies

The available data on uptake rates and accumulation of petroleum hydrocarbons
in marine organisms are confusing, contradictory, and in the case of some studies,
provide results that may not be representative of events that occur in the
natural, multifaceted conditions found in the marine environment (Malins and
Hodgins 1981). Consistent data have been presented, however, that demonstrate
the importance of lipid content and petroleum water solubilities in the bio-
accumulation of hydrocarbons in both benthic invertebrates and fish. These
topics and the general subject of estimating uptake rates will be considered in
more detail in Section 2.

1.2.2 Depuration

Depuration of petroleum hydrocarbons from marine organisms is a complex
process that varies within and between species and hydrocarbon compounds and
with environmental conditions. The actual pathways of depuration are unclear,
but seem to be related to the mode of uptake (e.g., absorption from solution,
feeding, etc.). Any understanding of the depuration processes is considerably
confounded, however, by the degree to which acquired hydrocarbons are accumulated
and retained as conversion byproducts. |In addition, as in the case of uptake
rates, conflicting information on depuration rates seems, oftentimes, to be as
much a function of differences in experimental design as it is a function of
differences in either hydrocarbon or species specific biochemical processes.

1.2.2.1 Benthic invertebrates

As reviewed by Lee (1977) and Connell and Miller (1981a), most depuration
studies indicate that bivalves release accumulated petroleum hydrocarbons when

placed in clean or oil-free seawater. After an initial phase of rapid discharge,
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there is an extended period of residual hydrocarbon retention. The initial

rapid discharge usually results in the calculated short half-lives for accumulated
hydrocarbons (Lee 1977). For example, Stegman and Teal (1973) report a 90% loss
of petroleum hydrocarbons from high-fat-content oysters (C. virginica) after 14
days of depuration in clean seawater. Stored petroleum hydrocarbon concentration
levels, however, were still above the background levels of 1 ppm after 4 weeks.
Although several other studies reviewed by Connell and Miller (1981a) also report
depuration clearance after 14 days in clean seawater, Fossato and Canzonier's

(1976) study of the mussel, Mytilus edulis, indicated that mussels still retained

petroleum hydrocarbon concentrations of 30 ppm after 56 days of depuration.

The major difficulty in using depuration rates of petroleum hydrocarbons from
bivalves obtained under experimental conditions is the fact that bivalves in oil
spill areas generally depurate more slowly. This is due, in part, to the continued
input of oil from the sediment. Lee (1977) reports that for oysters, the longer
the period of uptake, the slower the depuration of the accumulated petroleum
hydrocarbons. |In addition, while many calculated biological half-lives from
laboratory experiments range between 1 and 7 days, results from field experiments
suggest considerably longer half-lives (i.e., 48-60 days; DiSalvo et al., 1975)
for aromatic hydrocarbons in particular. Although this increased retention time
for aromatic hydrocarbons may be related to passive diffusion between lipids
and the aqueous phase, as expressed by lipid/water partition coefficients
(Stegman and Teal 1973, Neff et al., 1976), an additional hypothesis has been
proposed by Stegman and Teal (1973) that suggests that for chronically exposed
bivalves the same accumulated hydrocarbons enter a stable tissue compartment

where they are retained and released slowly during depuration in clean seawater.
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Connell and Miller (1981a) reviewed studies by several other workers (e.g.,
Neff et al., 1976) that also suggest this latter explanation for the rapid
initial loss of hydrocarbons and retention of a small persistent fraction in
depuration studies.

The more important factor in the storage of aromatic hydrocarbons in bivalves,
however, is probably the absence of detectable aryl hydrocarbon hydroxylases
(AHH) activity. Asreviewed in Varanasi and Malins (1977), it is generally
accepted that the metabolism of aromatic hydrocarbons is mediated by cytochrome
PhSo-dependent enzyme systems (mixed-function oxidases; MF0), and that these
oxygenases, or drug-metabolizing enzymes, are believed to account for the
formation of virtually all of the primary metabolic products of aromatic hydro-
carbon degradation. Since it appears that mollusks do not possess the systems
necessary for the metabolism of aromatic hydrocarbons and their subsequent
excretion as the more water-soluble hydroxylation products, the ability of
bivalves to store and retain petroleum hydrocarbons for considerable periods
of time is probably directly related to this apparent lack of MFO activity.

As discussed below, such biological and biochemical complexity only further
complicates the already difficult task of modelling the uptake and depuration
of petroleum hydrocarbons in marine organisms.

Benthic crustaceans have been generally shown to depurate petroleum hydro-
carbons rather rapidly when placed in clean seawater (i.e., in 2 to 10 days).
The information is not as clear, however, with respect to the depuration of
petroleum hydrocarbons in an oil-spill area. Lee et al. (1976) have suggested
that crabs should not retain petroleum hydrocarbons in an oil-spilled area, except

for very recent uptake, due to their high metabolic and excretion rates. This
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position is supported by results from their experiments with the blue crab,

Callinectes sapidus, in which they found no evidence of storage of hydrocarbons

by any crab tissue. Rice et al. (1983), however, report preliminary results

from their studies with king crab, Paralithodes camtschatica, exposed to water

soluble fractions (WSF) of crude oil that indicate site specific uptake and
retention of petroleum hydrocarbons; i.e., although the crabs had virtually no
naphthalene in their gill tissues, viscera concentrations of naphthalene were
1200 times the naphthalene concentrations in the WSF. In addition, Burns
(1976) , as reported in Lee (1977), noted that the fuel-oil hydrocarbon body
burden in intertidal fiddler crabs, Uca pugnax, lasted for up to four years in
an area where sediments were contaminated by an actual oil spill. This suggests
that the crabs continued to take up oil from either the contaminated sediments
or from oil released from the sediments. In either case, the complex nature
of hydrocarbon retention and depuration in crabs in the natural environment
makes it difficult to directly extrapolate experimental findings on depuration
rates to field situations.

The depuration of petroleum hydrocarbons in benthic worms is generally rapid.
Depending on species and hydrocarbon compound, tissue body burdens of petroleum
hydrocarbons have been shown to drop to background levels in 14 to 24 days when
benthic worms were placed in clean seawater (Lee 1977, Connell and Miller 1981a,
for reviews). Although neither reviewer provided information on depuration
rates in the presence of oil contaminated sediments, each indicated that benthic
worms have well developed enzyme systems that rapidly metabolize petroleum
hydrocarbons. One study by Anderson et al. (1977), however, reports that tissue

concentrations of naphthalenes in sediment-exposed sipunculid worms, Phascolosonia
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agassizii, were comparable to those found in the contaminated sediments. Thus,
despite the fact that both the water- and sediment-exposed worms from the
Anderson et al. (1978) study released accumulated naphthalenes to background
levels after 14 days depuration, the long term effects of continued hydrocarbon
exposure on depuration rates is left unclear.

1.2.2.2 Fish

The depuration of petroleum hydrocarbons from fish usually takes between 7
to 14 days when organisms are placed in clean seawater (Lee 1977). As in the
case of uptake, however, depuration has been shown to be selective within and
between species and hydrocarbon classes (Korn et al., 1976, Roubal et al., 1978) .
Korn et al. (1976), for example, reported that when fish were placed in clean
seawater substantial depuration occurred within 7 to 14 days but, for some
naphthalenes and higher-molecular-weight aromatics, a significant residual
fraction (about 1 to 10%) was retained for longer periods (see Connell and
Miller 1981a, for a review of this topic).

Fish have active enzyme systems (MFO) that can metabolize aromatic hydro-
carbons rather rapidly to water-soluble compounds. This process facilitates
the removal of toxic hydrocarbons from the body, and as Rice (1981) points out,
these already active enzyme systems have been shown to increase after exposure
to petroleum hydrocarbons. Several studies, however, have shown that some of
the resulting metabolities persist in tissues longer than the parent hydrocarbons
(Roubal et al., 1977, Varanasi etal., 1979). Varanasi et al. (1979) has shown
also that the extent of biotransformation of naphthalene and the types of
metabolities remaining in tissues of flatfish are greatly influenced by both mode

of exposure and the time elapsed after the exposure is initiated.
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In a follow-up study, Varanasi et al. (1981) further indicated that, in
general, lower water temperature increased tissue concentrations of both the
parent hydrocarbon (naphthalene) and its metabolities. They pointed out, however,
that the actual magnitude of the increase was dependent upon the hydroc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>