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FOREWORD

The protectioa of our estuarine and coastal areas from daasage caused
by toxic organic pollutauts requires that regulations rescricting the intro-
duction of these compounds into the environmcnt be [ormulated on a sound
scientific basis. Accurate information descriting dose-resporse
relationships for organisms and ecosystems under varying conditions is
required. The Enviroamental Research Laboratory, Gulf Breezc, contributes
to this information through research programs aimed at determining:

. the effects of toxic organic pollutants on individual species
and communities of organisus.

. the effects of toxic organics on ecosystems processes and
ccmponents.

« the sijnificance of chemical carcinogens in the estuarine and
marine environments.

PCBs hold a unique position as an environmental contaminant because
of their ambient and biological ubiquity. Results reported here have
direct practical bearing for assessing the magnitude and extent of Hudson

River contamination and for evaluating the incorpuration of PCBs into

.1/
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Henry é%*ﬁnos
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potential human food organisms.
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ABSTRACT

The extent to which polychlorinated biphenyls (PCBs) may be assimilated
into fish from dietary sources was studied by providing known doses of
PCBs (as Aroclor 1254 in food) to striped bass and analyzing cross—gut
transport, tissue distribution and elimination. Assimilation and
eliminatica datz from sirgle and multiple doses for whole fish were used
to calculate rate-constants for PCB accumulation (k,) and elimination
(ke) according to one—compartment pharmacokinetic models. The data from
analysis of indilvidual tissues were used to calculate k, and ko for
individual tissue compactments.

The pharmacckinetic data were used to evaluate the importance of PCB
uptake tfrom food, estimated budy burdens arising from PCB in food, and to
calculate a long-term model for PCB accumulation in Hudson River striped bass.

The major conclusions from the study are that PCBs in food represent
a major svurce of PCB to fish (up to 80X of total body burdens). The
PCBs obtained from food cause a rapid approach to steady state, but ave
eliminated slowly with a half~time of . 120 hr. More than 85%Z of the PCB
ingested with food is assimilated into the tissues. The long-term model
showed that PCB burdens in strip:d bass exposed to food containing
different concentrations of PCB will decline slowly when levels in food
decline, but increase rapidly (90Z plateau reached in 9 doses) when levels
in food increase.

Preliminary verification studies support the pharmacokinetic model
for PCB accumulation in striped bass with food as the major source.
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ROLYCHLORIXATLD BIPHENYL IEANSPORT JIN COASTAL HARINE FOQODWERS
X. INIRORUCTION

Ecotoxicology of the Polychloxinated Biphenyls: The polychlorinated
bipnenyls (PCBs) were first used in industry as early as 1929 (Nelson,
1972). Thirty-seven years later Jemsen (1966) published the first
account of PCBs appearing in the flesh of fishes taken from matural
waters. This sudden appearance of PCBs on the environmental scene was
misleading, however, in that PCB identification and quantitation were
not so much dependent upon their presence as upon the development of

suitable analytical techniques for their detection.

Within a few years of the discovery of PCBs in environmental sam-
ples, investigators in many locations documented the near-ubiquity of
PCB distribution in the global environment, as well as evidence f~r the
toxic efiects PCBs may have on organisms (Risebrough et al., 1968). In
aquatic systems, the PCBs have been shown to be acutely toxic to shrimp,
oysters, Daphnia and various fishes (see reviews in Nelsom, 1972; Hutz-
inger et al., 1974; Wassermann et al., 1979; Rational Academy of Sci-
ences, 1979). Documented chronic effects among anacic organisms
include decreased rates of growth in oysters, decreased photosynthesis
in algae, impaired respiratory function in both vertebrates and inver-
tebrates, altered developzental patterns, skeletal abnormalities and
increase. susceptibility to disease (Duke et al., 1970; Fisher, 1975;

Wildish, i€70; Cantiili, 1973; Mehrie et al., 1982). Even at exposure
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levels known not to influence mortality or morbidity directly, PCBs tend
to accunulate in aquatic organisms to alarming levels. In the
ﬁattheast-:n United States, for example; excessively high levels of PCBs
in fisheries products (i.e., concentrations 2z 5.6 sgl/g wet weight in
edible flesh) have caused closure of cocmercial fisheries for striped

. bass (Hudson River), flounder (New Bedford) and lobster (New Bedford).
Furthermore, public health advisories recommending reduced consuaption
of fish due tv PCB contamination have been issued in Massachusetts, New
York {coastal, estuarine regions and Great Lakes regions) aund New Jersey

{coastal znd estuarine).

Sources of PCBs to thz Coastal Marige Enviropoent: The PCBs possess
numerous desirable” industrial cha.acteristics. and were widely used in
many industries. A partial list of applications includes: dielectrics,
heat exchange fluids, bhydraulic fluids, plasticizers, flame-retardant
lubricants, pesticide carriers and pigment carriers in printing inks
(Nelson, 1972). To a large extent, PCB use in industries was disper-
sive; little care was taken to provent wastage or envirommental disper-
sion., Anecdotal information suggests thac PCBs have been used as road-

sprays to recard dust, and as growth retardanrts for roadside foliage.

The variety of uses found for PCB resulted in widespread occurreuce
of PCB in the atmo:tphere, in surfac= watefs. and in the sediments of
lakes, rivers and estuaries. For the most part, the contamination lev-
els seen in such regions can be ascribed to two major sources; indus-

.trial discharges and effluent releases from csewage treatment plants

{(0'Conror et al., 1982; Bopp et al.., 1981; HAS, 1979).

In the coastal marine environment there occur rather few direct
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industrial discharges; however, discharges from sewage treatment placts
are rather common, Thus, for the typical coastline, the major sources
of PCB input are likely to be i) sewage discharge, 2) river runoff, and
3) atxospheric deposition. In the vicinity of major urban-industrial
areas, suchk as Boston, New York, Norfolk, San Francisco and other areas,
discharges into estuarine waters from industry and treatment plants
increase significaotly the quantity of PCB material transported im river
discharges. In the Kew York region the transport of dredged estuarine
sediments to ocean dumpsites represents a major source of PCBs to the
New York Bight (0'Coxnor et al., 1982). Likewise, iu Long Island Sound,
at the Philadelphia Luapsite and in San Francisco, ocean disposal of
dredged caterial may represent a major source of PCBs to the system.'
capable of causing significant bioaccumulation in fishes and shellfish
(0*'Connor and Stanford, 1979; Bopp et al., 1931; O'Comnor et al., 1982;

O'Connor and Pizza, 1984).

Eate of PCBs in the Coastal darine Envirouzent: Due to their low
solubility and strong adsorptive potential, PCbs in the aariune ecosystem
are likely to rexain associated with finely divided particulates, either
in the suspended or deposited state. Because the potential for desorp-
tion is low (Di Toro and Horzempa, 1982), release to the water column
from either the deposited or suspended state is miQimal (0*Connor and
Cornolly, 1980; Mzckay, 1982), and accumulation bty biota due to direct

water uptake is likely to be low.

In either the geologic or biologic matrix, PCBs are highiy per-
sistent; thej are neither metabolized nor transformed to any measurable

extenc by bacteria in the sediment, nor by the mixed function oxidase
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system in organisms (World Health Organizatiom, 1976; lAS, 1979; L.S.
EPA, 1980). 1Ia highly contaminated systems, such as the Hudson River,
kew Bedford Harbor or the Duwamish Waterway, the persistence of PCB may
lead to very high levels of biocaccumulation (see, e,g.s N.Y. State Dept.
of Envirommental Conservation, 1981, 1982; Sloan and Armstrong, 1982;
Brcwn et al. in press, 1585). PCB levels in coastal marime systems,
however, are much lower than in estuarine systems, and the levels gen-
erally found in marine fishes and shellfish are lower tham in estuaries
by as much as an order of magnitude (Cahn et al., 1977; Spagnoli and
Skinner, 1977; MacLeod et al., 1981; Boehm and Hirtzer, 1982; 95'Cornor

et al., 1982Z; 0'Connor, 1984 in press).

wittle is presently knoun regarding the mechanisms of P(B tramsport
in coastal marine ecosystens. The objective of the Cooperative Research
Project between the.HYU Medical Center and the EPA Gulf Breeze Environ=-
wmental Research Laboratory was to investigate and describe PCB tramsport
wechanisms in food webs. This firal report describes experiments con-
ducted between October 1980 and October. 1983 and provides analyses and
interpretation of the results as they pertain to prediction of PCB body

burdens iu fish populations,



5.
1I. ORJECTIVES ANR DESIGN

The present Cooperative Research Agreement was part of a larger
work unit undertaken by GBERL aimed at describing the extent to which
PCBs introduced to the coastal marine environmest with dredged material
wight accumulate inm marine fishes. The work unit had two parts. The
first, directed by Norm Rubinstein, was carried out at GBERL and was
designed to determine from microcosm studiec the transport of PCBs from
contaminated harbor sediments to fishes, shellfishes and fish food
organisms. Results of these studies have leen documented (Rubinstein et
al., 1983 and in press). The second portion, described in this report,
was designed to study the wechanisns of PCB transpurt betveen fish food
organisms and fishes, and to provide, if pcssible, a description of the
rate constants for PCB assimilation due to dietary uptak:. The ultimate
objective of the combined studies was to provide a predictive frzamework
for estimating PCB accumulation in marine fishes, and to test the vali-
dity of our predictions by couparison of laboratory resuits with field

situations.

Desizn Development and Chronolesy: Initial stuJies encompassing the
firsc portion of Year I (October 1980 through April 1981) attempted to
establish the usefulness of techniques, determine proper species for
laboratory analysis, and understand potential flaws in the experimental
design. These studies are summarized in this seé¢tion, and relate to

overall project executicn as “rangefinding” data.
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1) Species Selection:

The initial project desin called for use of the hogchoker
(Ixipectes maculatus) and the winter flounder (Pseudorleuronectes gmeri-
£3nus) as subjects for research. In fact, several species were used in
the rangefinding studies. These included hogchokers and winter
flounder, as well as white perch (loroce americana) and striped bass

{Morone saxatilis).

Criteria for selection of the major test species vere: 1) ecologi-
cal niche {marine species required); 2) ease of capture and availabil-
ity; 3) abiiity of the species to tolerate laboratory holding condi-
tioas; and 4) use of the species as a huzan food resource., In the final
analysis, the organism chcsen for detailed study was the striped bass.
In a subsequent study conducted at Gulf Breeze, we incorporated spot
(Leiostonmus Xanthurys) into experiments, and spot studies were used in a

microcosn food-chain experiment (Rubinstein et al., in press).

Preliminary experiments were undertaken, in which we provided
fishes with live food introduced directly to the holding aquarium. The
food organisms had been previously labeled with 14C-Aroclor 1254 in
order to provide a dietary PCB burden directly to the fish. Hogchokers,
white perch and striped bass were all treated im this manner. Analyses

14

of 14C-PCB in the holding water and determication of tissue C-PCB

masses in the fishes after exposure, however, revealed unacceptable

14

differences in the mass balance for ~ C-PCB. lost mass balances yielded

far more than 1007 of the dose administered.

The problems were resolved by administering 14C-PCB to the fish by
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gavage, a technique developed in this laboratory (see Pizza and
0'Connor, 1983) and applied most successfully to the striped bass. All
subsequent food-chain transport studies were performed using the gavage

technique, including the stuvdies performcd with spot in 1982,
2) Determination of Design:

Successful administration of food by gavage made a food-mediated
PCB transport design feasible, providing sufficient care was taken to
account in tne experimental tanks for the effect on the mass balance of

all pcssible routes of PCB movement, The basic design, therefore, came

to be one in which the following elements were considered:

a) Dbiomass of test specimens was maintained at a uniform level

b) known doses of 1%

C-PCB with a known lcvel of radioactivity
were incorporated, such that nanograw levels in specific tis-

sues could be cdetected

c) excretion of PCB to the water was controlled by exposing fish

14

to the exposure w:ter, but without dietary “ C-PCB exposure

d) 14C-labeling of food was always performed using an ecologi-
cally relevant striped bass food item, Gaummarus fizrious

(0'Connor, 1984 in press).
3) Other Design Considerations

Two additiional studies were carried out, They were: 1) to deter-
wine, under laboratory conditions, the relative importance of dietary

and water-derived PCB uptake; and 2) to carry out a field sampling pro-
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gram (Year II1) aiced at establishing whether PCB tramsport via the food
chain provides a reasonable estimate of body burden in the natural

enviromment.
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III. ARPLICATION QF IE DATA

The project was designed to provide descriptive data useful in
understarding Lhow, and to what extemt, PCB tramsport may occur in coa-
stal marine food-chains, It svun became clear that the data could b~
applied in a predictive manner if they were interpreted using a thermo-
dynamic, mass-balance approach. Such concepts, first applied to organo-
chlorine pesticides in fishes by Norstrom et al. (1976), were formalized
by Thomann (1978, 1981) into a food-chain PCB uptake model. Tie present
study owes much to the concepts developed by Thomann (1981) and Thonann
and Connolly (1984), and was partly designed to address questions
regarding the proper value for a significant factor in their PCB models;

i.e., the “food-chain rultiplier™.

Since it was pessible to monitor administration, assimilation, body

distribution and elinmination of 14

C-FCB in the test gpeciis, the results
fit precisely the phzrmacokinetic wodels developed by Goldstein et al.
(197%4) for dose/efiect evaluation of pharmaceutical products. By com=
bining the long-term {life-cycle) modeling approach of Thomaor (1978,
1981; Thomann and St. John, 1979) with the pharmacokinetic approach, we
proceeded to develop a model describing and predicting PCB burdens in a

fish as determined exclusively by dietary sources (Pizza and 0'Coanor,

1983; O'Connor and Pizza, 1984).

It is expected that the data provided herein, as well as the exper~
imental and modeling approach, will be of value to both incdustry and
regnlatory agencies that evaluate the long-term ecological consequences

of contamirant discharzes to the environment,
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1V. OQRGANIZATION OF  IIE REPORT

Varied and diverse subjects comprise this report. To provide some

coLerence, we have organized the report as follows:

Section V describes dietary uptake and pharmacokinetics of PCBs in
striped bass. Section VI describes the tissue trarsport of PCB im
striped bass, as well as conclusions regarding routes of PCB transport
and elimination. The uptake and eiimination data were used in develop-
ing a pharmacokinetic model t> predict PCB burdesns in marine fishes,
described in Section VII, Section VIII presents the results of a field
stu!y aimed at verifying the pharwzacokinetic model for striped bass in
the Hudson and coastal Atlantic region. All rererences are collected in

Section IX; the individual sections are organized peer-reviewed publica-

tions.
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Y. DIETARY IRANSPORT OF PCLs IN SIRIPED BASS
INTRODUCTION

The entire food web of the Hudson estuary is contaminated with PCB
(ofConnor, 1982). It may be assumed, thereforc, tgé PCB accunulation by
fishes is dve partly to direct uptake from water (i.e., by equilibrium
partitioning; see Branson et al., 1975; Clayton et al., 1977; Thomann,
1981; Califano et al., 1982) and partly due to accumulatiou from the

diet (Mayer et al., 1977; Guiney and Petersnn, 1980; Bruggeman et al.,

1981).

The kinetics of dietary PCB absorptiom in fishes received little
attention for at least two reasons: 1) the difficulty in quantifying
secondary uptake of contaminants which desorb ur dissolve from fo&d
prior to ingestion;;and 2) the difficulty in quantifying the ingested
dose. These problems were addressed by Guiney and Peterson (1980) in a
study where the ingested dose was given to fish (Suimo gairdperi and
Percz flavesceus) in sealed gelatin capsuies. Thus, a2 known dose was
administered to the absorption site without secondary uptake from water,
allow.ng the calculation of precise distribution data and elimination
phase kinetics. To our knowledge, alimentary tract absorption rate-

constacts for PCBs have not been published for amy fish species.

This chapter describes experiments in which uniform doses of l4c.
Aroclor 1254 were given to striped bass by gavage with live food,
Absorption-site and whole-body kinetics related to uptake, elimination
and rate of accumulation of PCB tody burdens were generated using the

principles of drug accumulation (Goldstein et al., 1974).
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HATEKIALS AilD (ETI0DS

Younz~of-year striped bass were collected from the Hudson River at
Stony Point, iL.Y. The fish were maintained at 2 parts per thousand
{o/00) salinity ot ~ 20°C in activated-carbon filtered aquaria for 7-14
days prior to experinents. Frood was minced earthvorms, Daphpia spp., and
Gammarus tizrinuss we food vas given for 24 hr prior to cosing. The
veight of fish us:c in the single-dose study was 0.85 + 0.04 5 (dry wt; X i'si)-

Fish used in the cultiple-cose study weigned 0.70 = 0.04 g (dry wt).

Cammarus tigrinus, an estuarine amphipod which occurs frequently in

the diet of udson River stripea bass, was usec as the food organism. G.
Licrinus were culturec in the laboratory by the procedures of Gimn
(1977). Groups of 30U mature individuals ("7 um total length) were

labeled with PCB by exposure for 24 hr to 10 pa/L 4c-

rC5 (unitorzty
ring-labeled sAroclor 1254; New England Nuclear) at 2 ofoo salinity
{Peters ancd O'Connor, 19u02). The anicals were then reuovec from the
exposure chanver, rinse& in 1I‘C-P(Z'é-fz-e_ae vater, and blotted to remnve
excess vater. Labeled G. Lizrinus were then loaded into glass tubes
(I.D. = 3 ru) to a set quantity, detercined from preliminary studies as

tnat amount per feeding (18 mg, dry wt ) which filied a stripec bass

stomach without overextension or forcing food into tine intestine,

Food siven by savsge bhad a nomlnal adose of 50v ny PC3 per téCCiné.
Feedings were pertomea vy insertin; the loaded ,lass tupe 1nto tie eso-
phasus; the ration wos zently extruaed into the stouachk by the acgion of
a plunger in the tube. The fish were then transferred to activatec-

carbon filtercc cquariz at the holdin, concitions. At tue tiue of each
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feeuing, some rcod ifubes were 1njeciad into seincillation vials For

estination ¢cf{ ucse.

faconcary ugctake was ueasurec cirectly during a nultizla-cose “sar-
rier  study. Aquaria vere <¢ividec intc tuo parts by barriers whica
alioved free excrnans,e of wcter, but prevented passage of fish., In tie
experinent ccncucted, the fisn for estinate of secondary uptaie received
tvo snaz feedin,s of G. figrsinus, and vere held isolated fromes cut in
the same tanits witn, equil nuzbers of iish which nad receivec two feea-
ings of l“c-?ca. Siace tiae only source of 14C—PCB in the tanks was Lhac
siven tae expariuentai fisa by javage, any 14C-PCL in tne coutrol .isa
at tre end of toe exposure uvas tne result of water uptaze of PCT elui-

. . [ S P
inated from 1 C-rC ladelec f1siw

Single-cose anc muliiple-dose experimencs vere cohducted. In tn
sinyle-ccse stucy, fish vere force-fed and sampled at 8, 1z, 24, 40, 72,
96 ana 12U nr 2fter feedin,. Fish in the sroups heid for 96 aad 12U ur

1

vere fea live AC-PCB free G. pizrinus during the holding period.

. o - . - 14
In the zultiple-dose stuuy, fish were force-rfed 387 * 13 ng "'C-

PCL/cGose (

s
I+

S-; © = 14) vith cosing interval of 48 hr. Sub,roups vere

analyzed ot itae end of eachk intervzl after r-ceiving 1. 2, or 3 doses.

Care was taken to recuce secondsry ujtake oi eacreted PCCZ Dy remov-
ing feces, and comtinucus filtration ot holuln, water tnrouzh an

activateo charccal systesw.

Fisn ver2 scmped oy luuersion in ice-water and cissected, vite
Orgons and rewaining carcess sections ;laced in imciviaual plass scime

>

taltation vials with teften caps. Tue samples vere ariec to o coustant
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veisnt at 50°C.  after wergiilngs the scnaples vere wvettew vith seicrized
vater acc solubilizec in Protessl (UEN) for 24 ur at 50-55°C. iere
aecessarys szuples vere decolorizec with 30% kydrojen peroxide st 50 C
€for 30 win. After cooling, 13 mL Econciluor (LLl) cocxtalrt was adaec,
Sacples vere counted on z Pacxkarc Tri-Carb liodel 460 CD liquid scintil-
lation counter. DBacsground radiation amd sample Guenci: were sccounced
for, and tre instrument uss run in the externzl stancard, auvtOmatic

efriciency control ioce.

Alizentary tract anc vhole-body levels or ccitamluant were ceter-
uited for suossequent rate-constant calculcotions. Orgaa-speciric levels

vere also ceterminea, and wilt appear in a later puclication,
RESULTS AllD IUTLRPRLTATION

. . - . 14, . . .
Secondary cbsorption of excreted © C-rC3 wus miunilnized durinu, the

1"C‘-PC:‘. and saan

current uorz. The wnole-body levels im ooth the
exposec fisn of the parrier study were deteriined in oreer to calculate
percent cietary uptaxe. After acmlnistration of two raciolabeled feeco-

ings (cizulztive dose: 280 ng), Glet vas responsible for 93.3% of the

body bpurden.

Pata fro= the siuzle-feeding stuuies were normalized tO percernt
dose acrinisterec. Tue rraction absoroed per unit tiie skould be
independcat of actuai aose (Decerka et al., 19713 Goldsteia et al.,
Yoo e

1v74). e test=u tiis oy co.barlug percent absorptioa or tuo

actor of 2.5 (350 n, vs. 965 u_J; the iractions

(3N

coses Giizcrin, vy =

P,

absorbec at 43 nr vere rot sijniricautly cirrerernt (Stuuent's Test ci t;

P > C.Ud).
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Tae azount c¢f TFCZ remaininy at the site or avsorption lalu.eacary
tract) cecreased over tiue vith two oovious paases (Tzoie I, Figjure 1).
& phzse of rapia decrcase occurrcd betveen § aud 24 tr. a2flnec oy a
regression line with slope = -G.0445. The lire defining, alisienusry
tract PC3 cecrecse vetveen 43 and 12U ar naé a slope = -G.Culi. Siace
whole-ooay PCB burden was > 304 of dose after 48 hr, anc the alitentary
tract lost FCh rapicly (< 4% of cose rezaining after 46 ur) (cf. Fi_ures
1 and 2), we concluved that the initial, rapid loss iror tue alicentary
tract regreseatea transport of PC3 iroz the Lut to itne reuwainder vi tae
bocy. Tune slotrer reaoval after 24 ar wvas sisilar to tae vaole-voay
elizination rate, and representes tissue eliuination ratner tain ACsOrz-
tiou. It shoula oe moted that PCZ eliminated with the fcces vy 24 u~, as
zonitcred in several erperanents, accounted for < LI or the cenin-
istercc cose. In general, ti:e 2licentary tracis or the strilgeu vIss
wvere not clcarec of :ood until about 24 ar after Ieculin,. Tuus, Jir tae
purgose of estinaring ®ineclc constahils, ve asssume tnal the Ifull cose
was present ia the fish durin, the period of rapid recoval irou the ali-

nentary traci.

PC3 elinimztion fror tne bocy begsn soon after oral aczimistration
(Tadle II. Figure 2). Tae data shov rirst order eliZinaCiol over Ciile,

toe regression yiclaeia; a slope of -C.Cuss.

The results cof tane ultiple feecir; stuay suov taust for separate

doses oi 307 % 10 ag 14C-PCB with a dosing interval ¢i 4o ur.s a toral o:
6de + 30 uy or 58.9 nercent of the cunulat-ve dose (1161 ng) was retained

at the end of tha third interval (Table II1).

These cata :zcy ve cpplied to kinetic mecels deserivia, the



T.JL: T. Absorprion of PCL from sin,le dietzry exposure.
Tae recuction e alicentary tract €S level witn
tice as & percentaze ¢©f tue aswulnisterea cose,

Tize Perceatr Unzosorcec Dose n
(ar) T S

0 lvv.OU + 1.0y 1¢
€ 76.5% £ 2,11 1¢
12 44,70 + 5,49 10
24 7.03 + 8.39 3
4y 4,05 £ 0.25 5
72 3.3u % 0.406 5
96 3.5~ & 0.2¢ lu
120 2,87 + 0.31 s



Figure 1.

17.

Percent unabsorbed dose as a func:cion of time.
PCB removal from the alimentary tract as
determined by two processes: 1) absorption of
administered dose (phase 1); and 2) elimination

from tract tissue (phase 2).
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T.ILT 11. uole-scay eliuination of PCL zfter siagle
dietary ecizosurc. The reduction of beouy PCQ
level vith tize =s a percentaje of acainistered

dose.

Tize Percent Lose in dody n
(ar) z s+ s

0 luv.ty & 1.0y v
6 23.21 + 2.3 1
12 33.73 % 2.29 1w
24 87.35 & 1.27 3
4o 77.65 % 6,338 5
12 66.355 * 5.456 5
96 60.51 * 2.35 1
120 46.99 * 4,29 5



Fiqure 2.

Percent dose in body as a function of time.
PCB elimination from whole-body after a

single dietary exposure.

19.
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TADLD III. Cumulative uiole-body PCE level irow multigle

dietary exposure.

Doses Cimulative
Given Dose (a,)
One 3467

Tvo 174
Turee 1lo1l

PC5 Retainec ct c£id
of Iunterval (X * s-)
-h

- - - ——— - -

295.0 * 24.2

504,9 +

+
w
(W)
.
Pl

683.9 %

+
(W]
P
»
ot

20.
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incoryorztion of caerlceal coupouncs iato or,anisus wnlehr fun-cion as
sin le ccopartzents. Tle 2quations sng notation are frowo Goldstein et
al. (1374). The iimetic -odel uses cowron wasS balence equati_as; we
have minizized eianples of derivatiocs or rearrangemenl, tiuereifore, and
present only thcese expressions which zpply to the interpretation of cur

experimental results.

Tae first-crcer :inetics of aietary uptace of PC5 can be describec
by foliovin; tihe time-course of elizinmation of the coupouvnc from the
absorption site (alimertary tract). The equatioa derinia, thls process

iss

H=le © (13a)
log ii = log ¥ - k. t/2.3u (1t)
o a

vhere 30 is tne quantity o5 compounc placed at Tae apsorptiou siie at
tize O, ii 15 tne quantity recalnia, ot tifle t, ana ﬁa is the cosorytion
rate-ccastant. The absorption rate-censtant may be obtained by
regression of tihe log unabsoroéd sose agaiast tluze, since Equation 1b
represents a straight live wvith-a negative slope = hé/2.3u. Tue k; uay
also de ceterminec cirectly by exponential curve fittamg. &pplyiss
resression analysis to the cats rrom the absorption phase (0-24 ur of
gut clearance; Taole I, Figure 1) yields a 95% confxdence‘intetval

-—

(C.1.) for the ka ecual to 0.1U31 # 0.0131 &r .

The cdbrorption golf-zise for #CO frowi the Jut can Le welerniined oy:

Acsor-tion halr-tize = (-1m C.3M/% {2
e ualr s
The reacer taculc rote tnzf 1il tals ¢1SCussloil, T.ue teris nels nawg znag

Laii-1iZs zre uscd. 3y CORVCRL1Oil, ezch has che uotation tllﬂ. To
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avolc ccniusion, ve nave chosen to celete notation onc refar to gnli-

specirically as relating to the process of PCD sosorzrion or saiit

in “steady state . Hail-life will be used only in relation to tae elimi-

uation of PCCL froa the boudy.

Striped bass ziven a singla dose of PCE with ka = 3.1U31 hr-l nave
a ‘calculated absorption hali-tize (the tinme for the PCL source to ie
depleted by 50 percent) of 6.7 hr. The sharp cran,e ia slope aifter 24
br (3-4 hali-Iiics) represents the end of 2C3 zssimilation Ircn tre 3ut,
anu coincices vitn the tiae of fcod cleararnce trou the zliueatiry tract,
Lfter 24 ar, PCT cepletion from the jut enters & sccolid paase vialceh
reflects tissue el:muinztion of PCEZ rather tham apsorytion iacce the Locy

(see belowu).

The cquation for calculating the rate ci elinination of PC3s fron
tae bocy 1s the same as that usec for absorption rite-ccilstants, out

with diftrerent notation?

kgt
X=Xe (3a)
log X = log X -k, t/2.30 (3v)

wiere X is the quantity of compound present 1n tne body at tite O, X is
tae quantily fresent at tiwe t, and ke is tre elisiration rite-coustant,
The & was cetercinec from the slope of the regression lime (as in Fig-
ure 2) fro- tae viole-pocy c¢ata (Table IT). The nail-1ile for elinma-

tion is cetenuinece frou ke usiug Equatioa 2 with apPropriate caanges ia

notation.
g

The ©5% C.I. of the uaole-boey eliuluation rate-constaat fur PCL in

striped pass was C.205 * 0.006u3 neol, equal to an eliiioation pall-l1igfa



of 125 nr. ‘'luole-body eliminziion exhioits a single srase frow. the tiue
of ad-ipnistraticn to termimation at 1l2u hr. Alicenczry tract eliuiua-
tion cf PC2 (see Figura l; phase 2 of absorption) hau B, = 0.0067 2
0.0us7 wr-l (C.1.)s a value similar to tre rate-constant for wnole-uody
eliminstion. The correspondinag hali-1ife wzs 148 ur. Tais coufirus

tnat the zlimentary tract anc whole-bocdy were similar wita rxespect to

PLB elimarnction.

Rate-ccastants for PCL eliuimation from the vhole-bocy and the gjut
vere smali (£ 53) relctive to PCT absorption (ka) oi the initial, rapie
shase, e ciose not to arply a ke correction iactor to Lne ka usecé ia
our calculations for two rezsons. First, soue of the PCT eliizznation
irea the vonole-body 1s viz the bepatic patnway (Fizza, unpuulished
data). Dillary excrevion CI CoRTaalnanls, such &s PCS> iakes thex re=

avsilable for assimilstion in the gute THis idpul to tfhe zlimentary

3
]

tract curin, the abdbsorpiion phase would resels 1

»

T & measure of ka louver

tast the actuzl value,

Secona, tne cata use¢ in the kimetic mocel for zbsorption and eliw-

iration (Tzoles I and II) show deviation equal to or greater than the 5%
by viach ve might correct the k_ value 2y suctracting the ké. Rather
tusn yielain, a wore neaninjiul ka’ the correction would cowpound the
experruentzl error vithiout adaiag to or improvin, the reliavility of tre
cutcome o’ ctue paarnmacosinetic QOCAI ve prescnt. Tor tlhese rcasoﬁs, ve
zssume orlicry input cma tissue outpul to cfIser Oic &ROCL.er, anc ve

igzore sota in our deteriinsCion of apcorptiod rate.

The & &n6 K. uerlvec for stripec vdss caa be used to aetermlne
a e .

ferceat absorpridn of single PC2 doses ane proviae 1nsight 1ute tre

23.



tezporal relizticnsalps betueen bouy durden und cLsorption rate. The
equation usea to calculate tie fractional absoryriot of a given aose

ovar tiise is:

g _ - . ‘kct/(h,/ka)_ ~k t
Ay = MUe Ji )-11 (e ¢ ¢ J )

viere X/HO is the a2mount of PC3 in the bocy (X) relative to tune cose
(ﬁo) placed at the site of adsorpticn at tire 0. Ye showeu earlier taac
tue fractionci absorption of PCD 1n stripec bass uas inceperaent of the

mctural dose.

For any dose, tiie tine at wnlch thwe waxiiua wacle-tocy dose 1s

accuzulatec (ta__) is cclculatec for the situation waere £ # k_ by:

o < e

toax = 2.3/\ha~he) lo; ka/:e (s

and tue mouisua fraction Llftaineu frew a single cose (Kaq /:o) uRere K
L

.
Sae

({1
e

# &, can ounc by

4]

1 - -
Ke/('\e f‘a)

PN S C W (6)

rax’ ‘o

The sin,le-cose data from this stuay (Tavles I and 17) yielded a
maziium PCZ level (X /11 ) equzl to 54 of the cose, at 30 or after

application cf tze cose (t___)., & graphiccl presentation of fractional

Qa3x

sbsorpiion cf PCI in stripec oass as ceteruired Ircc the ka and L of

our single-wose stucy is given in Fijure 3. The units of the X-axis are
presentce zs <ol 11 order to norrmalize for the elimination rate-ccn~

stant. ‘fue tnicts can te converted to actial tiue oy clvicia, Oy & .

The apsorition rzic ci tae single cose stucy was raplu, ang it

stoule De iClea thal Ltie approacn ta<en yleleed a coaservative esiliiate
-

of . 2o tre FCi woSe veen admliistered in a uore ciocaviiladle ratrax
a

24,



Figure 3.

25.

The fractional retention of a single dose

by firzt-order absorption and elimination.

TQe solid curve was cdetermined from Equation 4
ard the data of tine current study where ke/ka
= 0.05. A maximum of 85 percent was absorbed
at 30 hr. The other curves are presented for
comparison (Goldstein et al., 1974) at the
same ke. The case vhere ke/ka = 0 is attained
by constant input. For ke/ka = 0.50, a lower

maximun would be attained at a later time.
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{e.zes enulsifiec lipid in the intestine), racaer than in a live io0ou
orzaniss winlch required cigestioa, thls stuwy way nave ylelaed a more
peacin,ful anu larger ka‘ Aliuentary tract ?C3 zbsorptiou has been

shoun to increase oy iuprovec oiocavailabiiity (R.D. Vetcter, Univ. of

Georgia, Athens GA, pers. comm.; J.M. 0'Connor et al., unpublished data).

Accunulation of FC3 froi: ceastant input (sultiple expocure) can be
predicted froc sin,le-dcse stucies (ilorales et al., 1979). Uhen multi-
ple doses are jiven, and the conceatration of FCI in the fisa (Cf) is at
steaCy state, the input znd output rates arc equal. Toe pody burden (p;
PCS/; vouiy wt) can be detertiined by cividin, the imput rate (n; PCT/,
boay wt/ar) oy ke (hr°1). Ti*is should not te coniuse< vith the termi-
uwolo,y precented oy B;;qson 2t al. (13735) wiere for equilivrium from
Uater eXposure, Ci cquslec the water cencentration (Cu) tites the uptaxe
rate-constant (kl) dividec by the eliuminstion rate-cuastaat (kz). In

tist uori, tiae bLiloce icentration facter was given as kllkZ'

For tue currei:i works, Lhe dioaccumulation factor (ZAF) is not given
by ka,ke' For a given PC3 ccacentration in tae prey (Cg), the “ioaccu=~
wulation factor at stezcy stote is equal to the feeding rate (3 prey/g
fisn/iir) tizes the PCZ absorption efficiency civided oy k, (Brugseman et
sl., 1931). Tae absorytion efticiency from the singla dose\stucy was ~
85%. A caily raticm oi 105 body weight and 35% exriciexncy would yield &
BAF of 0.65. ‘Yhetiner this LAF is realistic can onl} ve ueterzlieu afiter

3 thorou,a exaulnction ci steacy state .

Tue iaterpretive cpproach taxen [or nultiple-dose studices assuues
tnzt a ccupoune c2n be zcmigistered o€ a constant rate (zero-oruer

winetics) in & regluen vikere a cose (Zo) is given at rejular iatervals



(t*). lote tnat tiese concitions zre met for orzaniscs in rature oy
feedin, st regular iatervcls oa a ration unicn is ceterzined oy ceta-
bolic requircuents of tne anizal. Zero-o-cer in tils case refers to o
constart rate of sbsorption vaich is incepercent ¢f the uRACSOrcec Guan-

tity. It igmores tne fluctuations shown to exist freoa first-orcer

kinetics of single-dose stuaics.

Such vork vas ccne by ilcLeese et al. (19u0), vnere loosters (Louarus
americinus) were fed PCC-contauinated aussels (Uyrilus eculis) every 46
br for 6 vk, Wita k, = 0.04 vi'l, 90% of the plateauv voulu be reacoeuw
ia ~ 00 veews. Tue cecnstant izput rate can perhaps most casily ve nain~
taized uurin, cecatinucus-ilow uptdke stuaies with constant coitawlnant
leveis. DBraason et al. (1973) nave shown this in the “acceleratea
test , wihore fer ke = 0.21 uh-l. 995 of platezu vould ce aciieveu aiter

22 vec«s of contiauousexposure o 2,2',4,5'-tetracrloroviprenyl.

Iraeciately i1cliovin, aé&ministration of o PChH dose, “o’ at t = G,

tae level () irn the bocy equals ii the end of the dosia, iaiervcl,

C
vihere t = t*%, the znount in the cocy . iven vy Equation 3a, vith t =

L,

At tae enu or any jsiven cosing iutervil, anc just prior to auulnis-
tration of tie rext ccse, the level of PC5 ia a striped bass is jiven vy
tne expansion:

-k t* -X t¥
. .- . > - N ] -
X = L (e € )1 + “o(e ¢ )2 MEE TR Ao(e t ) )

vhere the Cxponanil Les.. represzils Lae uunber of tie cose 1u the

serics.

The & 's :alculuteo from the strizec vass ozta (Tavle III) for cach
e

27.



interval vi tre wultizle Cose stuuy vere ia yzooa agreeuenc (0.0U5Y *

0. bvu: hr-l. = *S=); ance ggreed zlso with the sinjle-cose stuay (ke =
0.005s + 5,0CUG hr'l. Our ke for stripeu pass or approxiuctely 1 ¢ (ary
ut) was ceternizec over 3 perioG of one L3li-iira. Generally, €lnsing-
tion 15 coserves for loajer pericus of tice., Ye cuose to lizit e2lioira-
tion to 5-06 4ays in oruer to avoid the ccufouncuing efrects of
radiotrzcer cilurion wnich result froa srevti (Guiney et al., 1977).

The ciscussion of twmltigle PC3 exposure 1T striped bass will zeal vith
tue ke (C.CudL ar’l) caiculuted for ine cumulative aata applieu to Sgua-

tion 7 uvith the exporont o = 3,

Just Litcs tue nIia <ose 1S zaalnlstercd, e accuaulated bouy wur-

-X_t*n -8 t*

- e e
w = X -e ti-e )
a o (1 )y ®)
snd 2s £ vecc.res large, a plateau level (L) is approzcaed, defined oy:
A (9
- -\ -
g = %y /(1-e )
Tae iraction of platezu (f) attsined by a certailn aumber of acses
is givea oy
-ket*n .
f = l-e (10)
i

The nuzper of wcses (n) ncecec to sttara a certaia fraction of plateav

can te Gcterminec by rearratgecent of Equation 10.

Tuae jlagtezu level ror the present study was caleculcotea te oe 15v2
ng £CC for :iucividual weses of 357 wn, PCU given it L* = 48 ur (Fiure
4), iacer tuc ccmcitions of our experineat, platecu (99L) woulc oe

recciiee 57 wose cumoer 17 (roral tiue 32 cays).. 4n actual level of

28.



Figure 4.

29.

Curve for thc cumulative retention of PCB from
multiple dosing. Solid lines present the actual
levels attained during the experiment. Dashed
lines are the calculated extonsion of the data.
The plateau burden (xm) is the steady state
level attained from peak valves after sufficient

dosing (see text).
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67.27 of tie calculated plateau was reacred after the rourth vose; 90u

or plateau voulu ve 2ttalnea at $.3 doses.

Secause PCC elimimation cccurs betuecen coses (;‘ = . 0UdL hr’l) tne
bocy bureen will fluctuste while iuncreasing. At plateau (X)) cne fiuc-
tuacion vill be equal to XO/Xa; the burden returning to a coastant level
(X.) after each dose. e calculated that, in .triged bass, tue ;latesu

level shcula fluctuate by 24.3%5 between doses, if the coses vere jivun

zt 45 ar isntervels (see Fijure 4).

A suoalier dese cnd sutorter cosiay interval vould rewucs tae fiuc-

tuatica in bocy vurden. In these experiments, ue aGzlnistercu on 2aount
of PC2 vrici, in the field, could realisticslly ve ingestou over a 43-ur
perrod. PC3 concentrations ia GuiziaTus Spp. iroa the bracilsa water
portica of the Hudson—niver vere cetween 2 aac 10 uy/y (dry wt) curing
tie pericc 197% to 1961 (O'Cennor, 1962)., A jroutn ration of 10Z body

eight per cay for siriped vass of ~ 0.3 g iry ut zmounts to a ?PCT

ingestion rzte of frow 160 to 30U =y per cay, or 32U to 160U n, rer 44-

Lr intesvale TO SW.1Li3ToT o 5001127 COSO ST o TOMCTI1LATIL) Z.0TieT

Sizomenl Looi. scve resulted ia less fluctuction, but such z reginen

vould nave seen techrnicaliy unfecsible. It would also Le uruecessary,

since for 2 kaouvn k& _, the relatiom X./Xo can ve determ=ined for any dos-
L~

ing iaterval.

lote that wuen total tinme (t = t*n) is useu in Equation 19, we
define tue rate of siirt frow one steacy state  to the next. By solv-
ing the cg:zation for £ = 0.5, the ualli-Zilg of the salst is suown to ve
equal to tue nali-liZa Zor eliuiratious Tue value f &s a {unction cf

tise can ve octainec frcu Figure 5 (irom Golustein et ales 19734) ror any

30.



Figure 5.

- 31,

The fractional shift to steady state. For a
system with constant input rate and first-order
elimination, ko determines the time required to
attain a certain fraction (f) of plateau.

(With permission from Goldstein et al., 1974.)
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systex witil, zero-orugr input, IJirst-oruer outpui, &ndé Enouwn « ,

e

Vien 2 nLail-1iio of 128 hr, changes of 2CD iopucr rate or output
tate-cénstanc would cause o very slow salit to 2 new steacy state,
Thus, tine assumption of steacy state teiny acilevec as tiwe approaches
infinicy may be vnfounced in any system other than the laperatory.
annual cycles oi srowtn, feecin;, reprocuction and wrgration of fisa
inpose a situation viere the oryaniss 1S, peraaps, aluays ia the process
of shifting steacy state. Physiolopical changes vuich occur over
discrete seasons oI Lrouvtn are Certall to cause snlris froz one steacy
state to tae rext (Thowmarzn, 190l). Furtner changes due to seasorauly
variasle veaavior would perpecuate the chrance (see, 2.5.s data of Vein-
injer, 19735). l!fure cata cre meecec on the variapilicy of PCC eiiuine-
tion ccnstants in fisues, especialiy tne infiuence 0f <r,anisu size,

srowti ane roysiological condition on he.

The relcticnsaip of platezu to Gose Cirects attention Lo soue of
tiae ey Factors in influenciag biocaccumulation. Tue plateau level (i)
is cevencent cn PC2 dose (Xo), elimination rcte-coastant (xe). and the
dosing intervel (Tquation 9).  Wken k  2ad Gosin, intervzl (i*) are
relalivcly constant, as they sre for am orjanisa at a givea tice in its
lire-nistorys tae 2osolute quarntity of coutazinant 1in,estec ot eacn neal
is tte deterulnant of the body burden. Tae quantity ingpestec (Xo)
depencs on tie contcmiacuc level .m the food (CP) anc the bionass of

fooc (rztion) in_ested wuria, eacn nterval.

ThiS cose 1S an idcalizec sltuctlicn for & strlgec sass of ilxca
wei Lt anc netatolic rote, feeain, On a sed dliaienance ratioi. Ye can
S netalt

only deten:lre 5suort-ters 1ncreases LN DO DUTLEL LRGET suca

32.



concitions, To precdet biocaccuuulatioa, tae experiaental cesijn zud
sucsequent “oceliag attewpts aust consider yrowth and the resulting

declize in eliminztion rate (Norstrom et al., 1970; Thowanii, 190l).

One nm1zat expect Sreuth to reduce ke' since the izetabolic rate of
strigec bass ceclires with increased weiznt (fleumann et al., 19s1).
lorstroa ct al. (i976) incicatec that bocy weight afrectec clezrarce
rate, but not necessarily via metabolic rate. Calizfano et al. {(19¢2)
observed = decrczse in ke betveen larvzl and young-or-year stripec 0ass
exposed to PCZs iz water. Such a redguction in ke dictates a bouy turcen
ereater than that derivec from BAF caleulations wihilch <o not consider

the eftects ol Jrovth.

The ke frcx our single-cose study was applied to & BAT calculction
vhere ECI imput ra:e‘was cchistani ane eiiminarion s Lirst-oruer. Ia
tuis calculation, a young-oi-year Strijed bass was asSumcd to feec tuice
a day. ingesting a Jaily ration of 10X pody weijht. Tie bypoikelical
fisn grew over a S-zontii periocd to 1.6 3 {éry), and cs an approxiuation
of the recuction in eliminstion rate, the ke declinad with srovth as
determine¢ oy weignt to the -C.3 pover. The ke declinea to 0.004% ht-l
anc the cocputeé BAF waos G.76. This value is mucn lover than the 2AF =
0.95 vhich weuld be calculated by simply diviwin, the feediny rate by

. _ . , RS T
tne ue detercinec citer 5 months of grouth (C.QU4« hxr “). Tae
discrepancy is expiaineu oy tue fact tnat tae BAF = (.9> woula ce
attalzea onty vwith surrlcienc tine {~ 4% cays) and cessatiou of the

declime 1a &, alloving for tie estcblisiuent of a aeu steacy state.
This uncersccres the iuportance of reco_aizing that oviocaccunulation is

rarely characterizec uy steauy state, out rother 1s a procesS Or unia~

terrupted plateau shif: operating as a continuum.

33,
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Data are available for young-of-year striped bass taken in 1978
from the Indian Point portion of the Hudson River (Califano et al., 1982;
Mehrle ét al., 1982). Concentrations of PCB in these two samples were
1.59 and 2.62 ug/g (wet vt), or about 6.4 and 13.4 ug/g (dry wt), res-
pectively. O'Connor's (1982) data for striped »ass food organisms (Carmarus
spp.) from the same portion of the Hudson averaged ~ 7 ug/g (dry wt) PCB.
Given a BAF of 0.76 and a food source with 7 ug/g PCBs, one might expect

a fish to contain 5.3 ug’/g PCB (dry wt) due to diet alone.

This calculation sujgests that 5} tc 33% of the PCB in striped pass
is due to dietary uptake. Ve do not iuply that this umight ve the case
for fisves in general; direct uptaike frox water is zn itportant source
of FCI to fishes, and cannot ve isnorec. ilovever, tne axerclse coes
suzsest that the dietary PCD coupoment nay be of great signiricance to
fishes, especiully in neavily ceontaminatec environzents sucn &s the lud-

sor estuary.

Dietary accurulation is post strenjly inflveaceu by feediny and
clearance rates. The cecline of these rates as jrowth occurs wili
determine the ultimzte Gietary contribution to body burden in mature
fish. Certain environmental ractors, such as recduced temperature, could
serve ro cecrease ke and increase BAF™ due to a depreésive efiect on
metadolic rates in stripeu bass and other risnes (ilewuana et al., 1961).
Tie azpact cof the recucec “e under low teupercture cct:dliioas, uovever,
16T be OIrsst to soue axtent by simultaneous recuction iam {eedin; Gur-
in, t.e vintar :ioutns, or by netabolic cowpensation to siowly caan,ing

environzmental ccncitions (Frys 1971; vetter, 19¢Z).
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Tne ccace.t Gi groutn-related plateau shift has application to
estirating J0Gy Durdens in [lsies exposed to varying conditions or PC3
input durinj Girrerent litfe-history stages. Ve know, for exauple, that
vien Hucson River siripec bass uijrate from riverine nursery areas to
tre lover estuary &and marine wvaters, they siiow a signiricant reduction
in PC3 bocy ourdeam (LilS. 19uQ; ilacleod et al., 1981; O'Coanor et al.,
19¢2). This recuction sanould be due to reduced PC3 input, since the PC3
in bota vater and food in coastal regions is less thanm in the estuzry
(Pierce et al., 1551; O‘Connor et al., 190z). Vith knowiedze of the
operart ke and the PCS levels in food and water, the body oburden and
tice fcr reactins the new and louer level stould be calculasole, and

will be treated in a later chapter.
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¥1. ILSSUE DISIRISUTICH OF 2CB AND ROUTES FOR ELIMINATION
= INTRODUCTION

The contapination of the Hudson River and estuary with polychlori-
nated bipheayl: (PCB) has been under study for more than ten years {Car-
citch and Tofflemire, 1982). Since the first published reports of PCB
in Hudson River fishes (Nadeau and Davis, 1976), 2 great deal of
research has centered on describing the physical transport of PCBs in
the Hudson systen, and estimating trends in PCB body burdens for impor-
tant fisheries products, such as American shad (Algsa sapidissina) and
striped bass (lorone saxatilis) (Turk, 1980; Turk and Troutman, 1981;
Arustrong and Sloan, 1980; Pastel et al., 1980; Sloan and Armstrong,

1982).

Several investigators have shown that different fish tissues accu-
nulate PCBs to varying degrees. Guiney et al. (1977) and Narbonne
(1979) showed that the liver concentratei PCBs to greater levels than
other tissues in yellow perch, rainbow trout and some estuarine fish
species. Califaro (1981) showed that the liver had the greatest rate of
PCB accumulation in tissues of striped bass; the fractional distribution
of the whole-body PCB burden was proportional to estimates of blood sup-
ply to different tissues. In gemeral, the distribution of PCB in fish
tissues has been linked to lipid concentrations in tissues (Lieb et al.,

1974; Guiney and Peterson, 1980; Bruggeman et al., 1981).

In this section, we report studies carried out to determine PCB
accumulation potential in tissues of striped bass, as well as estimates

- of PCB elimination rate-cconstants from different tissue compartments.
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MATERIALS AND METHODS

The data for determining PCB accumulation and elimination from
striped tass tissues come from the same experiments used ia cur study of
whole-body PCB uptake from dietary sources (Section V; Pizza and
O'Connor, 1983). Detailed methods for dosing siriped bass with known
quantities of 14¢_1abelled Aroclor 1254 (MNew England Nuclear Corp.; NEN)

are given 11 that section.

All the striped bass used in these studies were takem from the Hud-
son River at either Stony Point or Crotom Point, transported to the
laboratory, and held for a minimum of one week prior to use in experi-
ments. All dosing with lhc-PCB was done by gavage, using Gammaruys
tigrigus which had previously been allowed to accumulate known doses of
1"C--PCB (Peters and.O'Connot. 1982; Pizza and O0'Connor, 1983). Quanti-
ties of 14c_pcB in all the tissue and feces samples takem for analysis
were determined by liquid scintillation counting (LSC) on a Packard
Tri-Carb LSC. Samples were dried to a counstant weight at 50C, weighed,
vetted with 0.1 nl deionized water and eclubilized in 1 wL Protosol
(NEN), decolorized (if necessary) with 0.1 oL 30% H,0, and fluored with

14

Econofluor cocktail (KEN). Concentrations of ~ C-PCB in water were

determined by LSC after extracting water samples om a Waters C-18 Sep-

Pak cartridge (Pizza, 1983).

Three experimects were conducted in order to assess PC3 distribu~
tion and elimination from tissues and organs. These were: 1) a single
dose study to assess suort-term PCB uptake and tissue distribution as

well as subsequent elimination; 2) a multiple dose (n = 3) study per-
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formed to compare tissue burdens, proportional distribution and elimina-
tion of larger PCB doses; and 3) a secondary uptake study carricd out as
a control to determine thé percent nondietary uptake of PCB, as well as

tissue distributions.

In the single dose study, young striped bass (0.88 = 0.04 g dry

weight) received a single dose of 14C-PCB in Gammaruss subsanmples of

fish were taken 6, 12, 24, 48, 72, 96 and 120 hr after dosing. Levels of
l,‘C-I»‘CB were determined for gill, liver, gall bladder, alimentary tract,
brain, head and remaining carcass. PCB levels in fecal matter were

measured at 24, 48, 72 and 96 hr. PCB levels in the water were deter-

mined at 6, 24, 72 and 96 hr.

Young-of-year striped bass weighing 0.78 + 0.04 g {dry wt.) were
used in the multiple dose study. Prior to each feeding, a group of G.
ticripus were radiolabeled for 24 hr. The fish received 3 rczdiolabeled

feedings with 2 dosing inturval of 48 hr.

The fish were held in aquaria under the conditjons of the single-
dose study. Forty-eight hours after the first radiolabeled doses were
administered, a subgroup of fish was token for analysif. At this time,
the remaining fish received a second dose. Another suogroup was taken
for analysis 43 hr after this second feedings and the remaining fish
were given the third and last dose. Groups of fish were analyzed thereby
at the end of each interval after receiving 1, 2, or 3 doses. '0111.
liver, gall biadder, alimentary tract, spleen, heart, head, carcass, and

14

a section of epaxial nuscle wvere analyzéd by LSC. Feces C-PCB concen=

trations were moritored at 24 hr intervals. The PCB concentration in

vater vas determined at 24, 72, and 120 hr.



39.

The secondary absorptioa study was periormed to determine the
extent to which PCBs excreted to the water after accumulation from
dietary sources were rv~absorbed by the experimental fish. A glass bar-
rier vas fitted to the center of each tank. The barrier permitted pas-
sage of water across the top two~thirds of the tank; tbe bottom rhird
was fitted with a solid glass sheet. Four such barrier tanks were used
during this study inm order to accormadate 32 striped bass (1.56 & 0.07 g
dry weight). The barriers segregated 4 PCB-exposed fish from & nonex-
posed fish in each tank. The tanks were equipped with air-driven
filters containing 130 g activated carbon and a small piece of polyester

fiber to trap waterborne particles.

The fish in the secondary uptake study received either two doses of
16C°PCB in Garmarus followed by a third feeding of nonlabeled Garmarus
{exposed), or three feediungs of nonlabeled Gammarus (sham-exposed). The
feeding interval was 48 hr. Gill, liver, gall bladder, alimentary tract
spleen, heart, eyes, brain, head z2nd remaining carcass were aralyzed for
160—PCB. feces were collectnd from both sides of the barrier tanks at
24-ht intervals; feces had become mixed, and were pooled for use in

balancing 1‘!.C-PCB masses. Holding water was taken for IAC-PCB analysis

24, 72 and 120 hr after the start of the experiment.

Statistical analyses were performed as ptesentea by Zzar (1974).
Percentage of administered doce retained by tissue comparinents and
wvhole fish vere presented as the mean % plus or nmicus standard error
(s;. Differences betweecn group PCB levels at the different sampling
times were tested by a ome-way analysis of variance (ANOVA), with (P} <

'0.05. Where significant differences were found, a multiple range test
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(Kewman-Keuis) was perfrrmed to determine significant dif ferences

between all possible pairs of group means.

Ninety-five percent confidence intervals {C.I.) for the PCB absorp-
tion and elinination rate ccastants were determined frcm the slopes and

standard errors of the least squares lines (Pizza and 0'Connor, 1983).

Tissue compartment and whole fish PCB analysis was performed on
gaxple replicates at each sampling time. To =ake the best use of the
data, the least squares rezressions used t2 estimate absorption and
elimination rate-constants were performed with nultinle vaiues of Y for
each X rather than by analysis of nmcans. This permitted testing for
linearity of regression. Analysis of covariance (ARCOVA) was performed
to determine whether significant differences existed among the elimina-

tion rate :onstants.
RESULTS

The data presented here for the distribution of 1l’(:-l"CB among vari-
ous tissues and organs are expressed primarily as percent of the dose
adninistered or percent of the total body burden. Mass balancing of
administered dose was not attempted since some portion of the dose
administered was removed from the aquaria by the carbon filters, or by

140.bcB in feces and water {(Table IV)

removal of feces. The data for
show that the highest concentrations cccurred 24 hr after fceding, a

time which corresponds with clearance of the gut (Pizza, 1983). Feces
produced after the period of gut clearance contained far lower concen-

trations of PCB (e.g., Table IV; single dose study, 432 to 96 hr; secon-

dary uptake, 72 ro 144 hr).



Concentrations of 14¢-PCB in feces (as ug/g dry weight) and in holding water (as hg/l) during

Table IV,
the three striped bass studies. The listing of events of dosing vith **C-PCB or sham dosing
provides the experimental protocol. The data are given as the mean * 1 standard error. Numbers
of fish used for cach determination are in parentheses.
Single Nose Multiple Dose Secondary Uptake
Time Feces Warer feces Water Feces Water
(hr) Event (vg/g) (np/?) Event (ng/g) (np/R) . Event (ug/g) (ng/2)
0  ETO - - l4ca ‘- - lapo - - '
Dosing ‘ Dosing Dosing
6 - 0035:0007 - - - -
(2)
24 4.8341.52 0.55:0.09 4.01:0.62 0.53:0.14 2.1820.44 0.4625.07
(8) (8) (3) (3) _ (4) (%)
48 0.6620.24 - lac. 0.77:0.29 - l4c- 0.08£0.03 -
(4) Dosing (3) Dosins (4)
72 0.36+0.20 0.23 5.7621,41 0,55:20.15 1.73:0.16 1.00:0.14
: (2) (1) (3) (3) | (4) (4)
96 0.15:0.04  0.18 ¢ 1.5721.01 - Sham 0.32¢0.21 -
(3) (1) Dosing (3) Dosing¥ (4)
120 - - 3.86:0.39 0.,26¢0.09 0.1420.01 0.19:0.05
3 (3 (3) (3)
144 - - 0.5120.20 - 0.1620.03 0.13:0.09
(3) (3) (3)
14 .
* = "7C~PCB fvee exposure; ( ) = n

1y

o
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Concentraticas of 1I’C--P(‘B in the holding water were correlated with
PCB concentraticns in feces in the single dose and multiple dose studies
{y = =1.21 + 11,40 x; 2 = 0.74). This suggests that water column, con-
centrations of PCB were due in gieat part to dissolution of PCB from
feces into the water. Regression analysis was not performed on the data
froa secondary uptake studies, since feces from exposed and unexposed

fish became mixed,

The single dose study provides a record of distribution of PCB
anong tissues during both the assimilation phase and the elimination
phase. Zxcept for the special case of the alimentary tract, the
greatest portion of the administered dose occurred in each tissue
between 24 and 48 hr after feeding (Table V). Except for the gill, PCH
content in each tissue decreased from the maximum until the experiment
wvas terminated at 126 hr. Approximately 473 of the administered dose

recained after 120 hr (Table V).

Transport of PCB to tissue compartments was rapid; after only 6
brs, about 15% of the administered dose had been distributed amcng the
gill, liver, head ané body nusculature (carcass) (Table V); 5-7% of the
dose had been lost, presumably due to excretion across the gill surface,
since the holding water at 6 hr was already carrying a measurable quanm

14

tity €0.35 ng/L) of ~ C-FCB.

PCB elimination zates for body compartments were determinéd from
data gathered after the maxinum absorption from the PCB source (after Za
hr). The tabulated values for each cocpartment were log-transformed for
least squares linear regression analysis. The slopes of the regression

lines were used to determine the elimination rate-constant ’ke) in hr 1



Table V, Distribution of 1I‘C-I’CB among tissuc and organ compartments after administration of a single
dose of 0.5 ug l4c_pcB at time 0, All data are presented as a percentage (x £ s;) of the dose
administered.

Time from

AMministra- Liver + Alimentary Remaining Whole

tion (hr) Cill Gallbladder Tract Head Carcass Fish n

0 - - 100.00+1.39 - - 100.00+1.89 10

6 1.00:0,13 2.0620.45 76.54+2.11 4,4120.04 9.2140.77 93,21+2.37 10
12 1.39+0.22 3.6820.78 44.70%5.49 10.89+1.60 23.11+3.07 83.73+£2.29 10
24 4.65:0.86 4.01+0.59 7.03:0.39 - - 87.3311.27 3
48 1.96£0,43 4.53+0,44 4,0820.26 22,10+1.86 44.99%4.27 77.65%6,38 5
72 1.49:0.15 3.7020.18 3.8820.48 21.73%2.16 36.04+3.07 66.85%5.45 5
96 2.14$0.19 2.68+0.19 3.54:0.20 19.72+1.06 32.44#1.72 60.5122.35 10
120 1.4440.14 2.8910.34 2.87$0.31 15.63+2.09 24,17+1.81 46,9924.29 5

€Y



44,

from the equation log x = log X, ~ ket12.3; half-lives of the compound
in the different compartments were determined from the rate-constant as
(-1n O.S/ke) (Goldstein et al., 1974; sec also Pizza and 0'Connor,

1983).

The PCB elinmination data showed linsarity of regression for every
compartment tested. The slopes of the linf vere significantly different
from zero for all compartments except the giil., The regression lines
are presented in Fig. 6. PCB levels in gill fluctuated thtoughohf the
experiment; the slope of the regression liue was not significantly dif-

ferent from zeroc.

The liver/gall bladder compartment showed a steady increase from
2.01% to 4.5% of the administered dose by 48 hr. From this point, the
quantity declined to-2.9% at 120 hr. The mean PCB burdens carried by
gall bladder relative to the total fcr this compartment (liver and gall
bladder) were 8.9 + 1.5, 11.* + 2.4, and 22.3 # 3.1% at 6, 12, arnd 96
hr, respectively. The relative PCB burden in the gall bladder at 96 hr
was significantly greater than at both 6 and 12 hr, showing PCB moveczent

from liver tc gall bladder sometime after 12 hr.

Liver and gall bladder, when grouped as a single coupartment (Table
V), showed PCB elinination with k, = 0,0076 hr-); the 95% CI was from
0.0059 to 0.0093 hr-l. The calculated half-life for PCB inm the

liver/gall bladder compartment was 91.2 hr.

The quantity of PCB in the alimeatary tract showed a rapid reduc-
tion. The mean level showed a decline at every sampling tine with 2.87

4 0.317 of the inizial PCB dose remaining at 120 hr. The first 30 hr has



45..

-
2F -3 [ ]
G:ll < (3 [
' 1 1 1 1 [ 1
6
[~ Liver 8 Gcll Bloader \!\‘S
3 2 ' 1] ] ] + ]
(=]
o r -
S |
S - Ahmentsry Trect B T
S 2 1 ‘ ' 1 ' 1
£
= 20 T 5
S Heod *r
cc‘: 10 ' 1 ! 1 1 1
- - . -
3
- Remainirg Corcess \'\l
20 - 1 ! 1 1 —
100 3
40 Totcl Fish T —
L 1 1 1 1 1 !
0 40 80 120

Tima(hrs)

Figure 6.



46.

been defined as the source absorption phase; the uprake rate was dis-

cussed in Pizza and O'Connor (1983).

-

The head (minus gill) was treated as a compartment separate from
the remaining body. PCB elimination from this site occurred with a 952
C.1. for the rate constant equal to 0.0032 to 0.0062 hr-l and
corresponding half-life of 147.7 hr. PCB levels in brain were determined
separately at 6, 12, and 96 hr. The mean levels in brain relative to
the total burden in head (minus gill) were 12.5 % 1.2, 11.7 * 1.4, and
13.4 + 1.6%, respectively. These levels were not significantly dif-
ferent, indicating that PCB elimination from the whole head is represen-

tative of brain.

The PCB elimination rate was determined for the remainder of the
fish which will be referred to as carcass (whole fish wminus gill, liver,
gallbladder, alimentary tract, and head), pooled as a single cozpart-
ment. The regression line yielded a 954 C. 1. for the ke equal to 0.0066

to €.0092 hr‘l, corresponding to a half-life of 87.3 hr.

The PC3 elimimatiorn rate constant for the whole body, calculated
froa the time of oral administration to 120 hr, was 0.0054 hr-l (95Z CI
= 0,0046 to 0.0062 br_l). When the regression was performed oaly for
data after maximum absorptions the 95% C.I. for the whole body ke was
0.0053 to 0.0077 ht-l. These two intervals were not different. Analysis
of covariance for the regression lines of all compartments tested (other

than gill) showed that the elimination rate constants of the different

tissue compartuents of this study were not significantly different.

During the nmultiple-dose study, the distribution of PCB in striped
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bass was determined for one, two, and three Yac_pcp doses. Each dosage
was 387 # 13 ng and they were given at 48 hr intervals. The results of
fhis study are presented as percentage of the retained 1I‘C-PCB. dry

weight tissue concentration (ug PCB/g). and as percentage of the cumula-
tive dose found in tissues and the remaining body (Table VI). Duriang the

multiple dose studr, spleen and heart were separated from the carcass

compartment and analyzed separately for PCB.

Forty-eight hours after the first dose was administered, the major-
ity of the PCB retained was found in head (28.52) and carcass (57.1%).
Gill, liver/gall bladder, alimentary tract, and spleen/neart each car-
ried 6% or less of the body burden, Comparing the percentage of cumula-
-tive dose in this experiment to the results of the single dose study
(Table V), the reader can see that the data are essertially the same,
This verifies tissu; distriburion data for the single-dose study and

provides a replication of the experimental procedure,

The PCO tissue distribution pattern did not change during the two
subsequent intervals (Table VI). Among the three levels of expesure (1,
2 and 3 doses), the percentage of the whole~body IAC-PCB burder retained

by each compartment did not diffec significantly.

Tissue burdens presented as a percentage of the cuzulative dose
show a decrease in mean level with increased dosing for all compartments
analyzed, including whole fish. This decrease is the result of el imina-

tion of administered PCB during the interval.

The PCB concentration data (Table VI) show a stepwise increase for

1I‘C--'PCB in the tissues for zach of the successive doses. For example,



Table VI. Distribution of 14C-PCB among tissue and organ compnrzmcnts measured 48 hr after administratjion
of 1, 2, or 3 doses of PCB. Each dose was Vv 387 ng lde_peB. A1l the data are presented as x ¢ s;

Doses Liver + Alimentary Spleen Epaxial Whole

Given Gill Gallbladder Tract + lleart Head Carcass Muscle Fish
Percent of 2.47 5.94 5.35 0.57 28.54 57.1: - 100
retained burden (+0.38) (20.66) (%0.41) (:0.08 (1.00) (+1.38)

One ug PCB/g (dry) 0.33 1.51 0.54" 0.34 0.41 0.32 0.26 0.37

(n=5) (£0.06) (£0.17) (£0.06) (:0.06) ($0.04) (£0.03) (£0.04) ($0.04)
Percent of cumu- 1.92 4,45 4.00 0.42 21.70 46.14 - 76.24
lative dose (20.42) (20.43) (x0.25) (z0.04) (%1.82) (%5.40) (26.26)
Percent of 2.44 6.12 5.64 0.58 30.11 55.11 - 100
retained burden ($0.18) (£0.88) (£0.15) ($0.11) (£1.12) ($1.90) -

Two ug PCB/g (dry) 0.53 2.98 1.10 0.95 0.69 0.54 0.58 0.63

(n=3) (£0.10) (£0.23) ($0.11) (£0.13) (£0.15) ($0.09) (0.08) (20.11) !
Percent of cumu=  1.61 3.89 3.66 0.36 19.48 3%6.21 - 65.23
dose (*0.26) (£0.33) (*0.34) (20.04) (+1.40) (£4.92) - (36.90)
Percent of 2.10 6.15 6.48 0.56 27.61 57.09 - 100
retained burden (:0.22) (+0.34) (x1.11) (£0.04) (20.41) (+1.82) -

Three ug PCB/g (dry) 0.74 4.47 1.73 0.79 1.01 0.87 0.85 0,98

(n=5) . (20.07) (20.58) ($0.16) (20.04) (20.08) (20.07) (20.07) (20.08)
Percent of cumu- 1.25 3.63 3.83 0.34 15.25 33.60 - 58.91
lative dose (£0.18) ($0.31) (:0.71) (£0.04) (+0.82) (£2.08) - (%3.28)

°8Y
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levels of 0.37, 0.63 and 0.96 ug PCB/g were measured in whole fish for
the first, second, and third feedings. respectively. The liver/gall
ﬁladder compartment had the highest PCB concentration of all compart~
wments for ;11 three exposures (1.51 #* 0,17, 2.98 + 0.23, aud 4.47 + 0.58
#8/gs respectively). For each level of exposure (1, 2, or 3 doses), the
PCBs in the liver/gall bladder cocpartment were significantly greater
than in the other tissues analyzed in both concentration and rate of
increase with dose. There were no significant differences among the

other compartments. The concentration data show the overall increase in

mean levels with increased dosing.

The secondary uptake data (Table VII) showed that the amount of
14c pep in the fish's body due to accumulation of material directly froo
water was 2-3% of the total burden retained. The proportion of the
secondary body burdén was also calculated for each compartment (Table
VII). With the exception of the alimentary tract data, the percent body
barden in each compartment agreed quite closely with tue burdens due to
dietary uptake alome. Tue apparently anomalous data lor the alimentazy
tract are probably due to_the fish in the control chambers ingesting

PCB-contaminated feces.
PISCUSSION

These studies of the fate acd distribution of PCBs among tissue
compartments in striped bass show evidence of rapid and dynamié novezent
from the site of absorption to the tissue. Furthers it can be seen that
there exist tissue-specific differences in PCB concentration, and that

the major route for PCB elimination is via the hepatic pathway.



Table vi1,

Results of the secondary uptake studies in which the non-doscd fish were expesed only to
14C-PCB 1n water after elimination from fish receliving two doses of l4c-pcB in food. The
dita arc presented as the mean of percent of total dose retained, ng of 14C-PCB retained,
percent of retained body burden in tissue, and the percent tissue burden in non-dosed fish

compared to dosed fish.

% total dose l4¢c-pcB mass % retained % ng l4c-pcp
(980 ng) in tissue (ng) {n tissue dose in tissue cetained
Non-dosed/
Dosed Non-dosed . Dosed Non-dosed Dosed Non-dosed " Dosced

G111 4.32 0.06 42.34 0.59 5.84 4.00 1.40
Liver & gall

bladder 3.33 0.07 32.63 0.69 4.50 4.66 - 2,12
Alimentary

tract 6.86 0.14 67.23 1.37 9.28 9.26 . 2.04
Spleen &

hcart 0-30 fl.d. 2-9[‘ n'd- 0.“1 - -

Head 15.42 0.29 151,12 2.84 20.86 19.19 1.88
Carcass 43,69 0.95 428.16 9.31 59.10 62.90 2.17
Whole fish 73.92 1.51 724,42 14.80 - - 2.04
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The combined results of the single dcse and multiple cose study
cemonstrate that the onset of PCB assimilation occurs within six hours
of feeding, and that distribution of the first and subsequent doses
among tissue compar.ments in the striped bass is uniform. In a physio-
logical sense, therefore, the fate of PCBs ingested by fishes is similar
to that found for drugs in general {Goldstein et al., 1974) and for PCBs

in particular (Horales et al.. 1979) among mammals.

The consistency with which the administered dose of PCB was distri-
buted among the tissue compartuents in striped bass alsc imposes a gra-
dual increase in body burden with exposure. Such appears to be the case
whether fishes are =xposed to ?CB in the diet {as in this study) or in
the water (Brauson et al., 1975; layer et al., 1977; Califano et al.,
1982). While the tissue distribution of PCBs is apparently not affected
at low level exposu?;s. it remains to be determined whether the same
patterns hold true for high-level exposures in heavily coataminated
environzents. It is possible that cocpartments may become overloaded
with high ievel expisure, and that tissue distribuitions would be
altered, thus leadiég-to adverse physiological effects, Such data are

pot available in the literature.

Ve speculate, however, that for PCB burdeus which occur among
fishes in the heavily contaminated Hudson River and estuary, tissue dis-
tribution of PCB remains similar over concentrations of wmore than twe
ordars of magnitude. Available data on three species ({oxone saxatilis.
H. americana and Irinactes paculatus) suggest that the proportivns of
PCB in muscle, liver ard other tissues are similar whether body burdens

in pature are 0.5 wmg/g (dry weignt ) or 40 wglg (dry weight). That over-
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loading of tissuve cocpartuents and toxic effects apparently does not
occur for PCBs in fishes is supported by the curremnt absence of data to
support a relationship between body burdens and physiolecgical effect in

natural populations of estuarine and marine fishes.

Except for the liver/gall bladder compartment, PCB distribution to
striped bass tissue was proportional to the mass of tissue. Califano
{1981) suggested that this was related to the volume and rate of
arterial blood supply to each tissue coapartment, For dietary expo-
sures, the liver may be expected to accunulate increcased levels of PCB
since the hepatic portal circulation may carry a large portion of the
assimilated dietary burden directly to the liver. In the zurrent study
the liver/gall bladder compartment contained P(Bs at levels about four
times higher than in all other body corpartments. The same relatiouship
is generally found in envirommental saaples of marine fishes (Boehm and
Hirtzer, 1982; MacLeod et zl., 1931) and ia laboratory studies of direct
water uptake (Califano, 1931; Pizza, uapublished data)., Since direct
water uptake of PCB results in the same magnitude of PCB accumulation in
the liver as dietary exposure (Califaro, 1981), hepatic portal circula~
tion cannot be the full cxplanation for increased liver burdens.

Rather, the affinity of PC3 for liver tissue must be associated either
with the role of liver in biotransforcation of nompoldr compounds, or

with the high lipid content of liver tissue in fishes.

The rate-constants for PCB eliciration frowm the various tissues
peasured were, except for the 2ill, quite similar. Tihis demonstrates
that partitioning to lipid in tissues was probably not occurring in the

experiments conducted here, It also demonstrates that the affinity of
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liver for PCB is due more to metabolic function than partitiouing to a
chemical or structural emtity unique to liver tissue, Indeed, since the
eliminacion rate constants for all tissues except the gill wece similar,
and since liver PCB concentrations were greater thaa other tissues by a
factor of about 4, then it fsiiows that PCB turnover rate in the liver

is about four times greater than in other striped bass tissues.

Whether these facts can be used to estimate the mass of PCB elim-
inated from the fish via the hepatic pathuay remaians unclear. In stu~
dies of PC3 elimination by mammals and birds, investigators have docu-
mented the presence of PCBs cr PCB wmetabolites in urine and fecal
material (Hutzinger et al., 1972; llorales et ale.s 1979). 1In a study by
Morales et al. (1979), the PCB was given either by intraperitoneal
injection or in drinking water. In both cases the PCB vas present in
feces, clearly demoﬁstrating the ncpatic-bile pathway for PCB elinina-
tion. Melancon and Lech (19767 found PCB in the bile of fiches fed
PCB-cotctaminated food. In the present study, PCB in the bile increased
two-fold Sy 96 hr after feeding. Presumably, PCB in bile will be

excreted to the intestine for eventual elinination with feces.

It has oot been demonstrated, however, to what extent PCBs in bile
may be reabsorbed in the gut of fishes. bBorgstrom (1974) suggests that
lipids, triglycerides and bydrocarbons present in the diet of fishes
require eculsification by bile prior to absorption across the intestinal
surface. Bile-sssociated PC3s, therefore, wmay be partially reabsorbed in
the intestinc. Certainly some portion is excreted in feces, as shown Ly
the PCB concentrations in fecal matter observed in our studies, but the

matter of the magnitude of the hepatic pathway in PCB elimination in
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fishes certainly deserves further study.

The question of PCB elimination across the.gill has becn demon~
strated by other wcrkers (Califano, 1981; Guiney et al..‘1977). The
results of this study show that there was essentially no loss of PCB (as
percent dose) from the striped bass gill tissue over the 120 hr elinina~
tion study. As with the other tissue compartments, the concentration of
PCB in the gill increased when three successive doses of PCB were given.
It is possible that throughout all the «xperizents the striped bass gill
tissue recained in dynamic equilitrium with the water in the aquaria.
Due to continuing PCB input from other tissues, coubined with gradual
loss to the water across the gill, we may bave been unable to detect
changes in either PCB concentration or proportion of administered dose

in the gill.

The results for young-of-year striped bass indicate tnat for
extreuely low level PCB exposure (< 1.0 ag)e the whole-body distribution
of PC3 is not affected by an increase in burden. Since the lipid coa-
tent varies from compartment to coupartment in fishes (Lieb et al.,
1974; Gruger et al.s 1975), the possibility exists that the lipid-
mediated distribution of organochlorine contaminants may be secondary to
an initial low level situation where PCB partitionizg is determined by a
tissue constituent which is wore uniformly distributed thar lipid.
Indecd, lipid content is unlikely to be t.e only determinant of distri-
bution since discrepancies exist between lipid and PCB content of cer-
tain tissues (Pererson and Guiney, 1979). 1liovement of PCB to lipid pos-
sibly occurs only after the prinary site is saturated. This is com-

pletely conjectural. and studies on the effects of body burden and lipid
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content are needed before distribution can be more fully uunderstcod.

Past studies have determined the elimination rates of diiferent
organs/tissues in an .attempt to discern which were representative of
whole body (Guiney et al., 1977; Guiney and Peterson, 1980). Since it
is technically unfeasible to quantitatively analyze whole fish of oore
than several grams dry weight, a tissue having a rate-constant
corresponding to whole-body elimination would be of great value vhen

working with adult fish.

It is a general finding that PCB is absorbed and eliminated in some
proportion to the lipid content of the tissue (Hauelink et al., 1971;
Lieb et al., 1974). Guiney et al. (1977) found that for all boay com-
partoents stuiied, only bile and blood vere not representztive of the

whole~body PCB climination rate.

The results of the current work show that fur the tissues amalyzed,
all except ziil gave a valid estimate of the whole-body elinmination
rate-constant. Soce of the tissue. however, would not be recommended as
the focus of future work., Obviously, gill PCB accumulation is too
dependent on the concentration of the holding water. Other compart-
wents, namely gall bladder ard brain, are sufficiently difficult to
remove from the body without rupture and/or cross-contazination during

dissection that they should not be the sample of choice.

The nzjority of research >f PCB accuzulation in fish suggests that
if determination of the whole-body eliuination rate is ¢he ultiaste goal
{disregarding body distribution), this should be accomplished with uri-

fora subsamples of whole bocdy.



VIJ. ECOKINETIC MODEL FOR PCB ACCUMULATION IN FISHES

INTRODUCTION

Contaninant loads to the marine ecosystem adjacent to New
York and New Jersey have been well documented {Mueller ;t al.,
1982). Among the core important ace the polychlorinated biphenyls
(PCBs), due primarily to their abundance in the Hudson~Raritan
systea (Bopp et al., 1981; O’Connor et al., 1982), their toxicity
(National Acadeoy of Scicnces, 1979), and their potential to cause
chronjc effects in aninal and human populations (Kuratsune, 1976;

Mehrle et al., 1982).

Host of the PCC contamination in the New York Bight derives
from ocean dunping of sewage sludge and waste drecdged material
(Table VIIIxﬂﬁen relative PCB contribution from direct discharges
is considered arnd integrated according to typical flow pattct;s in
the Bight, expected water concentratioas should be greatest in the
vicinity of the N.Y. Right ocean disposal sites, Actual data from
a varjety of stuodies shows this to be the case, We have calcu-
Jated that the elevated PCB levels necar the New York Bight dump~-
sites derive in roughly equal portions from dredged materiai and
sewags sludge. The increased PCB levels in the water column
incresse the potential for PCB uvptake in sll trophic levels of the
Bight ecosystea (Vyman and O'Connors, 1981; C;Iifano et al., 1982;

Prown et al., 1982).

The majority of PCC placed in the Bight system with dredged

56.
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Table VIIl.Estimated PCB inputs to the N.Y. Bight Apex, in Kg/vear.

Source Max. % Total Min. % Total
Atmospheric® 490 7 34 1
Municipal Nastewaterb 42 0.6 42 1
Dredged Material® 3500 51 1300 61
d
Sewage Sludge 1300 19 750 26
Hudson Plume® (part.) 1037 15 62 2
Hudson Plume (dissolveu) 480 7 240 8"
Totals 6849 996 2928 99
a

Assures 1.14 m/year precipitation at 15 {min) and 215 (max) ng/2 PCB.

b 99.1 MGD direct wastewater flow; all secondary a2t 0.3 ug/2 PCB.
¢ From Bopp et al. (1981; rin) and O'Cornor et al. (1982; max).
d

Based upon estimates from West and Hatcher (1980), Bopp et al. (1981) and
O'Connor et al. (1982).

Plume flow assumed to be 6.6 x 1010 %/day, carrving 3 (min) and 50 (max) mg/%
solids at 0.86 ug/Z PC5s for particulate load, and 10 ng/# (min) and 20 ng/2
(max) for dissolved load. (See Mueller et al., 1982).
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materials remains associated with deposited particulates. Coring
.

studies at the dredged material dumpsite in the New York Bight
(KYUNC, 19852) show that PCB levels vary with depth of c;te. Ditoro
et 2l. (in press) have shown that PCE mobilization from deposited
sediments is slow; vertical migration is estimated to be on the
order of millimeters per year. Thus, the contribution of dredged
material to PCB levels in the New York Bight water column is asso-
ciated primarily with losses which occur during the dumping pro-
cess. Tavoloro (1982) has estimated a dry mass loss of ~ 4% dur~
ing dumping. Overall PCE losses during the dumpiog process may be

on the order of 15%.

With go&d reason, it has been concluded that activities which
contribute to PCB levels in N.Y. Bight fishes should be minimized.
In anp attempt to detercine how dredged material dunping affects
PCE body burdens in fishes, several investigations have evaluated
-the rates and routes of PCB transport in marine ecosystems
(0*Brien and Gere, 1979; Rubinstein et al., 1983. Once ¢rans—
sport mechanisns are understood, predictive models may be formu-
lated regarding the extent to which PCBs in sediment may cause
increased body burdens. If unacceptable PCB burdens in marine
organisos (e.g.. 1 pg/g, 5 pg/g) can be related to nud dumping and
the process of accumulation is well undcrstood; managers and regn-

lators can take steps to reduce or eliminate the problexm.
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Since the early 1970's it has been thought that fishes accu-
uulated PCD directly from water (H;uelin; et al., 1971; Neely et
al., 1974), Experimentally derived bioconcentration fa;tori (BCF)
predictive of "steady state” burdeas in fishes have been published
widely (TablelX); uptake meckaniszs based upon octanol-water par-
tition coefficients and lipid solubility of PCB have been proposed
(i.e., the equilibrium partition theory; Neely et al., 1374; Bran-
son et al., 1975; Mackay, 1982). The same mechanisms have been
proposed to cxplain PCB accumulation in zooplankton (Clayton et

al., 1977; Pavlou and Dexter, 1979).

Several factors mitigate agaiast the equilibrium partition
theory as the fuli explanation for PCC burdens in marine fishes.
First, the concept was developed using pure, dissolved compounds
in relatively particle—free water. Under natural circumstances
sea water contains many particles to which PCBs are likely to sorb
(Hiraizumi et al., 1979; Nau-Ritter et al., 1982). For striped

bass (Morone saxatilis), Califano et al. (1982) shcwed that the

presence of particles in bioassay water decreased thke quantity of
PCB available for uptake, and that body burden was directly

related tc “available” FCB rather than total PCB.

Second, published BCF data gemerally derive from experiments
of long duration, > 5 days. Under such circumstances, organisms

must be fed during the test, and the proportion of the PCB



Table \A. Bioconcentration of various Aroclors in tish.,

Comrercial Exposure Exposure

Araclor Concentya Bon Time N
Orqanism Mixture {vag " ‘ (days) BCF Reference
Chennel catfish 1243 5.8 7 5.6 x 10;  Mayer et al., 1977

* (Ictalurus punctatus) 1254 2.4 77 6.1 x 10 "
Bluegill sunfish 1248 2-10 chronic 2.6 to 7.1 Stallings and
(Lepamis macrochirus) 1254 2-10 chronic x 109 Mayer, 1972
Breok trout (fry) 1254 6.2 18 4.6 x 10 Mauck et a1., 1978
{Salvelinus fontinal‘s)
Spot 1254 1 56 3.7 x10%  Hansen et a1., 197
{Leiostomus xanthurus)
Pinfish 1016 3 56 1.7 x 0% Hansen et al., 1974
(Lagadan rhomboides)
Ryinbow trout 2,2 8,4 1.6 5 2.9 x 10°  Branson et al.,
(Salro gairdneri) tetrachloro- and 1975
. biphenyl 9.0

Fathead minnow 1243 3.0 250 1.2 x 10> Defoe et al., 1978
(Pinephales promelas) - 1260 21 250 2.7 x 10° "

% Bioconcentration factor determined from the concentration in ihe fish divided by the concentration in the

exposura vater,

‘09



accunulated with contaminated fooﬁ was not acconnted for in these
designs. MNany studies have shown thst food material, both living
and dead, accunulates PCB rapidly (WymanAand 0’ Connors, '1981;
Peters and 0’ Connor, 1982), providing a secondary voute of PCB
uwptake in tk: test chamber. Peters and O Connmor (1982), for exam=~

ple, showed that the common striped bass food organisms Gammaruys

and Neonmvsis accunulated up to 2 ug/g PCB from water in less than

10 hours exposure to a concentration of 1 pg/L. Inanimate food
may accumulate PCB just as rapidly (Vyman and O°'Counors, 1981).
Thus, RCF values calculated frou long-term exposures includ:
dietary uptake couponent mot accounted for in application of the

data to eguilibrium partitioning theory.

Third, snd perkaps most impor tantly. equilibrium partition
calculations for PCD bioconccntxation generally yizld estimates
which are low, relative to ficld observations (Table X). Given
the potential importance of PCB as & toxicant in matural systems,
we feel it is unwise to rely beavily upon such "order—-of-
magnitude"” estimates. Given the knowledge that all parts of the
parine food web contain PCB (MacLeod et al,, 1981; 0'Connor et
al., 1982), and that cross—gut assimilatign of PCB in fishes
approzches 90% (Pizza and O’ Connocr, 1983, ~  we stress that PCB
jn fisktes derive in some significant part from the food. Recently
published models for contaminant transport in fishes and plankton

deponstrate that dietary sources may be the prime determinant of
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Table X. Calcylation of expected PCB body buriens in fishes from equilibriunm
partitioning baseC upon New York Bight data.

Min Max
Water column PCB concentration (ng/?.)a 10 40
Particulate/dissolved ratiob 0.67 0.67
Dissolved (available) PC3 (ng/2) 6.7 27
Bioconcentration factor® lxIOA lxlo6
Expected concentration (vz/g fiSh)d 0.07 0.27

Observed concentrations (;g/g)e
Striped bass
Winter flounder
Atlantic mackerel
Bluefish
Arerican eel

Tautog

0.6-3.8
0.1

0.5-0.7
0.7-3.6
0.5-0.8

0.6

Concentraticns derived from Lee (1977), Lee
Pequegnat et al. (1980) and Maclieod et al. (1981).

and James (1978), IEC (1979),

Various authors suggest particulate/dissolved PCB ratios ranging from zero to

about 1. Based upon suzgested values fr
(1980) and Pavlou and Dexter {1979) we a

cm Brown et al. (19382), Nau-Ritter
rrived at a value wherein two-thirds

of the total water column PCB may be in the dissolved state.

&4
Based upon chrenic bioassayv data wherein values range from 1.7x10 to 6.1x190
(Table 2) for various species. Assuming some

4

fraction to be associated with

feeding, we suggest 1x1C~ to be a reasonable and conservative BCF approxima-

tion (see text).

Calculated as (g/g PC3 in water) x BCF,

wherein the water value equals ng

(g x 10-9) & 103G, the weight of one liter of sea water at 30 parts per

thousand salinity.

¢ Data from O'Connor et 3l., 1982; N.Y. State DEC, 1981; 1982; N.J. Dept.

of Environmental Protecticn, 1982.
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PCE body burdens (Thomann, 1981; Brown et al., 1982) (Fig. 1).

Studies of PCB uptake froo diet have been czrried out in our
laboratory for a variety of fishes and crustaceans (Califano et
al., 1980, 1982; Califano, 1981; Pinkney, 1982; Pizza, 1983; Pizza
and O'Connor, 1983),-  The remaipder of this paper provides the
results of our food chain transport studies of PCB in marine
fishes, principally striped bass. The concepts presented here are
based upon pharmacokinetic relationships (Goldstein et al,, 1974); Phar-
nacokinetics have been applied to questions of pesticide uptake in
fishes by Krzeminski et al. (1977) and similar principles underlie
the recent work of Thomann (1981) in his efforts to model PCB and
cadniun accupulation iz fishes., We propose Lkere a seasorally vari-
able, pharmacokinetic model to predict dietary accumulation of PCB

in fishes.
METHODS

The techniques utsed in these studies were developed by Cali-
fano et al. (1952) and by Pizza (1983). Complete details of the
pharmacokinetic approach to PCB studies are available in Pizza
(1983; see also Pizza and O'Contor, 1983). To summarize, an
evaluation of the assimilation and excretion of a2 compovad
required empirical data as to the rate of sassimilation from the
absorption site (ka), and the rate of loss of the conpound (ke)

from some physiological pool. The pool we used was the entire



Fig. 7.

64.

Schematic of ecological and physiological facrors influ-
encing PCER accumulation in fishes. Note the separation
of food and water sources, and the proposed impact nf

physiological factors (feeding, respiration, metabolism)

on fcod chain transport. Adapted from Thomann, 1981.
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body mass of the subject organism. Pizza and O'Connor (1983) _

’
demonstrated that most body compartments have k, and k,
vilues similar to the "whole body”™. The mathenmatics are straight-—
forward, anc based vpon the expocential expression for a decay

curve:
-kat
N = "oe (for absorption), (1)
where Mo is the quantity of PCB placed at the absorption site, M
is the quantity reoaining at time = t, and k‘ is the absorption

rate constant,

Flinination rate constants (k‘) are derived from the same

expression with differeat notatjon:
X=Xe°, (2)

wvhere Xo is the whole body PCE level at time zero, X is the whole
body PCC burden at time t, and ke is the elimination rate con-

stant.

Values for PCB assimilation were determined by force-feeding
striped bass knuwn quantities of 14C—hbeied\PCB {Aroclor 1254) in
patural feod, and sacpling at fixec intervals to detetmi;e: 1) the
quantity of PCB ip the gut; 2) the quantities of PCB in the whole
body; and 3} the quantities of PCB in fecal material. Ssmpling of

fishes continued for a period of 120 honrs. Tissues were apalyzed
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for total l4C—I‘CB by liquid scintillatijon counting (Pizza, 1983).

Experiments were conducted to determine k‘ and ke from single
feeding and multiple feedings. Hanipulation of the empirical data

conformed to treatments suggested by Goldstein et al. (1974). The

equations are docamented in Table XI.

RESTLTS

¥hen striped bass were given single doses of PCD, there
occurred initial and rapid elimination from the alimentary tract
followed by a phase of less rapid elimination (Fig. 8A). VWhole
body elimination remained monophasic (Fig. 8B). Note that, after
48 hr, whken alimentary tract burdens were { 10% of the dose, the
whole body burden was high, reflecting nearly complete assimila-
tion of PCB from the natural food matrix. For a simgle PCB dose,
the body burden will follow a time course reflective of the ratio

kglk‘. as shown in Fig. 9.

Fishes in cortazinated epvironments, however, do not accumu-
late PCE as sipgle, isolated dietary doses. Rather, they contaia
PCBs derived from water uptake, and they receive multiple, sequen—
tial doses of PCB in food. Our zultiple dose stcdy shoved the
gradual appcoach to “platcau” FCB levels (Fig. ¥) expected for
young striped bass exposed to sequential doses of PCB in food,

given at 48 hr intervals. The interval was chosem in order to
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Table X1+ Pharnmacokinetic expressions applicd to PCB dietary uptake

studies.
&
A. Absorption rate (ky) M= Moe'kat
B. Elimination rate (k,) X = xoe-ke[
- ~1n 0.5

C. Absorption half~time ty ty = - _—_E;_-
D. Fractional absorption-

single dose xiye, = [e ket (elkad_~ketyyra e yo1]
E. Time to maximum absorption-

single dose (k, # kq) tnax = [2.3 log(ky/ke) 1/ (ka—ke)
F. Maximum fraction absorbed-~

single dose oMo = (ka/ke)ka/(ke’ka)
G. Body burden at end of dosing

- - “ket* “kot* 2

interval -~ multiple doses X = X,e + X, (e ) R S

-k t*. n
+ X (e &)
H. Body burden after dosing-
A ~“kat*n -kot*

multiple doses Xq = ¥ (1-e Y/ (l-e )

I. Plateau (steady state burden-
-~k _tk

multiple dose ¥o = Xg/l-e €

J. Fraction of plateau at “n"
~ket*n

doses f=1l-e



Fig.

68.

Experimental determination of PCB in striped bass after
force~feeding. A. Loss of PCB from the alimentary tract
showing a two-phase elimination. Phase 1 desrrites assimi-
lation into the whole body. Phase 2 describes elirination
in parallel with other tissues. B. Whole-body eliminatioun
of PC2. Note the similarity of slope with Phase 2 of

alirmentary tract elimination.
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Fig. 9

69.

The fractional absorption of a single dose Y. first-order
absorption and elimination. The solid curve was deter-
miﬁed as in Table 4 and the data of the current study wheie
ke/ky = 0.05. A maximum of 85 percent was absorbed by
30 hr. The other curves are presented for comparison
(Goldstein et al., 1974) at tne same ko. The case where
ke/ka = 0 (kg = =) is attaired by constant imput rate.

For ke/ky; = 0.50, where for a k, smailer than that of the

solid curve, a lower "axinum would be attained at a later

tice.
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Fig. 10

70.

Curve for the cumulative retention of PCB from multiple
dosing. Solid lines present actual levels attained during
experiment. Dashed lines are the calculated extension

of the data. The plateau burden (Xw) is the steady state
level attained from peak values after sufficient dosing

(see text).
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observe the approach to "stcady—st;le". The feeding interval in
rature is more likely to be tvice each day. Mathematically, this
is uvnimportant; what is essential is thatjthe kinetics of the sys-—
tex (see TableVII)show plateau reached at dose n = 17, or after 32

days.

APPLICATION TO MODELING

Thomann (1981; see Fig. 7) documented clearly tiie complexity
required of models cdescribing concaminant accumulacion in fishes.
In his model ke noted: 1) the_lack of data relevant to the func-
tion referred to as the “food-chain multiplier®; acd 2) the aneed
to account for age-specific changes in respiration, feeding, and
growth as de;erminants of predicted PCB body burdens in striped
bass. In thc preliminary model presented here we provide the food
chain muoltiplier, as influenced by growth of the fish, changes in
petnbolism. changes in food ration, and changes in dietary PCB

levels.

Pizza's analysis (1983) of striped bass PCB accumulation from
diet revealed that changes in plateau PCB burden depended upon two
factors. The first is the ke' The second is the level at which new
PCB is takeu in via the food. The relationship between prysiolog-
jical pgrowtk an? required ration size, as well as weight-specific
metabolism, is depicted schenatically in Fig. 1}, slong with the

expected effects that changes in these factors may have on food
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Fig. 11.

72.

Schematic representation of the respouse of various
physiological parameters to increased size of the
organism. 1In the upper figure, regunired ratimto grow and
respiration (1'g 02 per hour per individual) increase with
increased size; assimilation e fficiency of food decreases.
In the lower figure, metabolism and elizination constant

ke decrease with iacreasing size.
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assinilation efficiency and the elimination -onstant (ke) for PCBs
(Califano et al., 1982; Pizze and O'Conno;. 1983..- The physio—
logical data suggest that, for a growing fish. there should be no
steady-state PCE level, since metabolism {(and, hence, ke) declines
with age, and since assimilation efficiency declines with increas—
irg age and ration required for growth increases, the PCB body
burden should increase continously. Further, since the volume of
water required for oxygen exchange must incrcase with sizec, more
direct water uptake of PCB is possible. The importance of the
latter in contributing to body burden may be questioned, however,
since respiratory requirements may be extremely variable depending
opon ambient levcls cf dissolved oxygen, temperature, time of day,

time in the feediug cycle, etc. (Neurann et al., 1982),

The pharmacokinetic model incorporated these relationships
under conditions representative of striped bass biology in the

Eudson estuary. These vere:

1. Active fezding during the first growing seasom on zoo0—
plankton containing 1 pg/g (dzy weight) PCB (0’Connor et

al., 1982).

2. An instaptancous growth rate of 0.02 ‘:l_1 (0’ Connor and

Bath, uepublished). -



Decreasing kc at a rate proport.ional to 'cight.‘ "’0.3

(Brett, 1981).

4. . Increased ration size to maintain a daily intake of 10%

body weight.

5. A feeding interval of 12 hr, with one—half the daily
ration (and PCE dose) consumed during each feeding

period.

6. Additiona) feeding on zooplankton containing either 0.5

ug/g. or 0.1 pg/g PCB (dry weight),

The modcl was run under several input conditions for two sea~
sons of growth (total time 330 days). This exercise illustrates
the temporal relationship of PCB input rate and output rate-
constant within the boundaries of a rcalistic time scale (Fig.’2).
Sincc the concentration in the diet was 1.0 prm, the solid curve
shows the computed BAF. The initial rise in conceantration (0-30
days) was the predicted plateau-shift. Once platean was attained,
the typical asymptote did not occur, but rather the BAF skewed

upward as determined by the rate of decline in kc‘

AMter one secason of growth, the k declined to 3.0044 hed

and the computed BAF was 0.76. This vafue is wuch lower than the
“Af = 0.95 which would be calculated by simply dividing the feed-

ing rate by the ke determined after 5 months of growth (0.0044
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Fig .12,

75,

Outcome of the pharmacokinetic model describing dietary

PCB accumulation in striped bass. See text for details.
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hx-l). The discrepancy is explained by the fact that the BAF =

0.95 would be attained only with ,-Ificic;t time (~ 44 days) and
cessation of the decline in ke, allowing for the establishﬂent of
a new steady state, This underscores the importance of recogniz-
ing that bioaccumulation is rarely characterized by steady state.

but rather is a process of uninterrupted plateau shift operating

a8 8 continuum,

This point is illustrated by the dashed curves of Fig. 6.
For a diet containing 0.5 ppm PCB, the time required for platecau-
shift was the same as the 1.0 ppm situation, and the whole-body
concentration was one-half the level of the higher dosage. Divid-
ing the vholc—body concestrations at any point in the curves by
the PCB concentration in the respective diet shows that the BAF is

the same for the two situations.

The more boldly dashed lines jtlustrated the expected outcome
of 8 change in input rate during growth. If the PCB coRcentration
in the diet is decreased, s plateau-shift will occur at 2 rate
determined by th: declining ke. The whole-body concentration will
decrease, but since ke continues its aecliue with growth, the pla—
teau will eventuslly skew upward caintaining the irtegrity of the
BAF. This is demonstrated by dividing the whole-body concentra-

tion by tiat of the diet.

If the change is to a more concentrated diet, the whbole~bedy



borden should reach a higher level. The model predicts that an
increaso to 1,0 ppm dietary PCB would caube a ke—govetned
plateau-shift to the whole-body level, attained from » continuous
1.0 ppn d?ctary exposure (Fig.id, solid curve), once again main—

taining the BAF.

The growth rate ip the model was determined by an assumea
instantaneous rate-constant of 0.02 d-l. This value was used
because it is consistent with the growth rate of juvenile lludson

River siriped bass, and results in approximately the same growth

observed in the ficld.

The model was run for consccutive growth intervals (seasons I
and II). Flu;tuations in growth kcown i0 occur due to photoperiod,
tezperature, snd other factors (Brett, 1979) were mot considered.
Such perturbations should elicit a response consistent with the

k°— snd input-goverred platcau shift,

A period of overw.atering was not included in the calcula-
tions because relatively little is known of Hudson River striped
bass physiological condition for this time of year. A reduction
in feeding rate would be cxp-cted (Br:tt, 1979) along with a
decline in metabolic rate (Neumann et al., 1981). The decline in
body burden which is duc to decrcased isput shoul.l more than
offset the increased burden owed to depressed ke' It is also

important to realize that sany recuction in ke would cause an

77.



increase ip the tize required for shifting plateau. Overall, a
slow declire in bocly burden would be expe&tcd from overwintering
unless ucilizatioz of stored lipid accelerates the reduction.
¥hatever level the body burden attéins during periods of reduced
metabolisn, prediction based on growth would not change; once
plateau-shift is complete, the PCB concentration in the fish
should reflect the operant input rate and elimination rate con-

stant,

When interpreted over a specific and realistic time-frame
during life stages, the growth-related BAF model suggests that the
PCD history of the fish may be incomsequential (disregarding all
physiological pertcrbations) once a plateaun~shift has occurred.
Rather than simply interpreting field concentration data as the
end result of prior PCD expossre, it would be more informative to
nse these data in bPiocaccumulation prediction as determined by life

history witn corresponding feeding and clearance rates.

Data are available for young-of-the-yea. striped bass taken
§n 1978 irom the Izdian Point portion of the Hudson River (Cali-
fano et al,, 1982, lekrle et al., 1982), Concentrations of PCB in
these two samples were 1.59 a=zd 2.62 pglg (wet wt), or about 6.4
acd 10.4 pg/g (dry wt), respectively. O'Conmor’s (1982) data for
striped bass food orgapnisos (Ganmarus spp.) from the same portion

of the !ludson averszed ~ 7 pel/g (dry wt) PCB., Given a BAF of 0.76
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and a food source with 7 pg/g PCBs, one might expect a fish to
contain $.3 pug/g PCB (dry wt) due to diet'alone.

This calculation suggests that 51 to 83% of the PCB in
striped bass is due to dietary uptake, It is not izplied that
this might be the case for fishes in general; direct uptake from
vater is an important source of PCB to fishes, and camnnot be
ignored. Uowever, the exercise does suggest that the dietary PCB
component may e of great significance to fishes, especially in

heavily costaminated environments such as the Hudson estuary.

As stressed throughout this discussion, the feeding rate is a
critical factor in Cetermining how much of the PCB barden was
scquired via the diet. The model operates under two assumptions
which concern the input rate and could affect the outcome of the
predicted body burden. The first assumption is that the dietary
PCB absorption efficiency is 100%., The current work with Aroclor
1254 showed that this level is not far from the efficiency
observed, acd should suffice since it also serves to simpl ify the
podel., For the limited data available, 51-83% would constitute a

liberal assessment of the PCB burden obtained via the diet,

The second assumption involves the daily ration used in the
model. A daily requirenment cf 10% body weight was chosen because
this levzl of feeding is common to many studies (e.g., Chesney and

Estevez, .916; Phillips and Bubler, 1978). This level is
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arbitrary, hcwever, since an insufficient amount of work has been
perforzed on the rclatjon of physiological condition and growth
rate to ration size. Conmpounuing this problem is the fact that
species, temperature, and body size affect the growth/ration rela-
tion, The few available studies usually deal with salmonoids at
teoperatures generally below 20°C (see Brett, 1979), and inference
to the ration required by Hudson River striped bass is difficult,
The sub-maximum growth rations reported by these studies are &% or
less. For the current work, where striped bass received an amouat
of food which filled the stomach without extension, a daily ration
of 5% would have been feasible when based on two feedings a day.
Laboratory striped bass of ~ 1 g (dry) can consume twice this
quantity of live G. tigrinus when fed passively at 12 hr intervals
(personal observation), and for the above reasons, a 10% daily
ration was used in tke model, Once again, before verification of
the 51-83% dietary contribution is possible, aa accurate value for
ration is needed, It is also important to mnote that the BAF
values (Fig. 6, solid curve, would be affected directly by the

required reduction or increase in ration.

Dietary accunulation is most strongly influenced by feeding
and clearance rates. The decline of these rates as growth occurs
will determine the cltimate dietary contribution to body burden in
mature fish., Certain environcental factors, such as redoce’ tem—

3 ” »
peraturc, could serve to decrease ke and increase "BAF” due to a



depressive effect on cetabolic rates in striped bass and other
fishes (Neumamn et al., 1531). The impact of the reduced ke under
low temperature conditions, however, nighf be offset to some
extent by_sinultaneous reduction in feeding during the winter
months, or by metabolic compensation to slowly changing environ—

mental conditions (Fry, 1971; Vette:r, 1982).

The concept of prowth-related plateau shift has application
to estimating body burdens in fishes exposed to varying conditions
of PCE input during different life-history stages. We know, for
exanple, that when Hudson River striped bass migrate from riverine
nurscry areas to the lower estuary and maripe waters, they shovw a
significapt reduction in PCD body burden (LYS, 1980; Macleod et
al., 1981; O'Connor et al,, 1982). This reduction should be cue
to reduced PCB input, since the PCB in both water and food in coa-
stal regions is less than in the estuary (Pierce et al., 1981;
0‘Connor et 21., 1982). With knowledge of the operant ke and the
PCE levels in food and water, the body burden and time for rcach~
ing the new and lower level should be calculable. Research is

currently underway to obtain data apbroptiate to making such pred-

ictions.

Norstrom et al. (1976) discuss the environmental and growth
factors which influence contaminant accumulatjon through clearaance

rate. All these factors require study. Viden the data become

- 81,
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available, they can add significantly to the accuracy of predic-
tive bioaccumulation models for PCB and other contaminacts (e.g..
Thomann, 1981; MNackay, 1982). The data from thnis study combined
with observations from the field suggest stiongly that dietary PCB
sources are of great importance to striped bass., The combined
effect of efficient cross-gut assinilation of PCE and low ke dic~
tates that PCC uptake from the food web be given additional atten—

tion in toxicological studies.

Qur empirical studies and modeliang data kave direct applica-

tion to ongoing ocean cCumpaing studies as follows:

First, our hypothesis that PCB burden in fishes is strongly
related to di;t renders the “mass loading" approach to ocean PCB
pollution ineffective in ssticating contaminant levels in fish.
Roth dredged materials and sewage sludge must be evaluated more
carefully to assess reazl quantities of PCBs injected into the food
chain and the water column, rather than crely cstinating mass

loads placed in the ocean environment.

Second, the pharmacokinetics of PCDs in fishes suggests that
any isolation of contaminated materials from cantry to the food
chain will have the effect of lowering PCB body burdens in the
large, predatory species which often form an importast part of the
human diet. Thus, oaintaining a sorficial layer of sediments with

low or non—-avail:ible PCDs will, im all likelihood, result in a
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trend toward lower body burdens in all trophic levels,

. Third, the overall outcome of the model suggests tyat we
shall not see increased PCB levels iun fishes if input rates and
input sources remain similar to those of recent years. Further
dumping regulations should include attention to remdering such
contaminants as PCB first, unavailable to food chains, and

" fipally, unavailable in the water column,
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YIX:. EIELD IEST OF TUE ECOXINETIC XMODEL FOR PCB ACCIRIULATION IN FISHES
INTRODUCTICN

Previcus sections in this reporﬁ described laboratory studies
designed to quantify the m:chanisms of PCB accunulation in stripea bass
from water and from food sources, Our analyses of PCB kinetics and
assimilation from the diet suggesied that P(B-contaminated food may be
the major source of body burdens in striped bass from the Hudson estuary
(Pizza and O'Connor, 1983; Section VII). An accumulating body of evi-
dence supports the thesis that chlorinated organics, and PCBs iu partic-
ular, are accumulated ;n fishes more from dietary sources than by
equilibrium partitioning frcm water (Mitchell et al., 1977; Califano,
1980; Thczann and Connolly, 1982; Pizza and O'Connor, 1983; Stehlik and

Merriner, 1983; McKim and Heath, 1983).

If thic is true for striped bass in a PCB-contaminated ernvironment,
and if the accumulation/elimination kitetics determined for PCBs in the
laboratory are valid in nature, then field-verification studies should
be possible (Pizza and 0'Coanor, 1983). The primary requirement would
be that the subject population occupy a habitat for a time long enough
to enable expression of shifts in “plateau” PCB levels. It would also
be essent;al that the PCB environument be ~stable™, and that PCB burdens

in food items or stomach contents be known.

This section presents the results of a field study conducted
between August, 1982 and April, 1983. During this time samples of
striped bass, stomach contents and food items were taken from various

sites in the Hudson estuary auc¢ analyzed for PCB content. The fish col-



lected from January through March were overwintering in the New York
Harbor region and, thus, represent a population limited in their move-
ments to a relatively small area. The fish collected from August 1982
through January 1983 included young-of-vear striped bass; sampling sites
corresponded to nursery areas from August to October, 1982, and ycung-
of-year fish taken in January were overvintering in the Harbor area

{McLaren et al., 1981).
MATFRIALS AND METHODS

Collections of striped bass were made from July, 1982 through
April, 1983, The samples from July through October were taken using a
20 m (50 ft) seine with 64 tm mesh in the bag. Sampling sites were at
Stony Point and Croton Point, NeY.s in the brackish water portion of the
Hudson estuary used as a nursery ground by young-of-year striped bass
(icLaren et al., 1981). The fish ranged in size from 28 mm to 57 m
(S.L.) during July, and from 66 to 86 mm (S.L.) in October. The collec-
tions were transported alive to the laboratory where representative sam-

ples vere removed and sacrificed for analysise.

.

The winter samples (January through March) were taken in the New

York Harbor regior at Veehawken (January)., Hoboken (March 2) and among
the piers zt Canal St. in Manhattan (29 March)(Fig. 2). The collections
were made using a 12 m trawl with 1.3 om stretch-mesh liner in the cod-
end. The fish taken during the winter period comprised several age-
classes, from 0+ (young-of-year) to 2+ (bass spawned in 1980). The
striped bass taken in trawis were placed in plastic bays and held on ice
in coolers for transport to the lab. They were sacrificed and processed

for analysis within 24 br of collection.
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Each fish for analysis was weighed and the standard length was
recorded. Stomachs were removed and the contents (if any) were exanined
to identify the food organisms to genus and species {where possible).
Where stomach contents were of sufficient mass they were saved and
frozen for PCB analysis. In some instances, stomachs were either em:'y.
or the contents were too few for PCB analysis; in such cases the prob-
able food items were inferred from other fish im the sanple and the
probable PCB content was inferred from the extensive data base we retain

on PCB distribution on Hudson River zooplankton (0'Connor, 1982).

Fish up to 86 mm (S.L.) were subjected te whole-body PCB analysis.
Th> fish were dried to constant weight at 50°C and ground in a mortar
and pestle; about 1 g (when available) was used for PCB extractiom. For
larger fish (> 86 mm) a sample of epaxial muscle from the left side wvas
removed, weighed, d;ied. and pulverized, and portion (1 g) was used for
PCB extraction. Stomach contents and uningested fcod samples were

dried, weighed and pulverized prior to extraction.

PCB e.traction was carried out in acetonitrile (3¥), using a Bran-
sonic ultra-sound bath. The three extraclLs were combined and parti-
tioned to n-hexane, followed by clean-up on florisil using 15% v/v ethyl
ether/hexane as the eluent. Samples were reduced in vo%ume under a "2
stream and an.lyzed on a Varian Fodel 3700 GC with a 16x;i ECD. The
column was a fused-silica capillary columr with SE-54 as the stationary
phase. Quantitation of PCBs in individual peaks was performed by a
Spectra-Physics llocel 2000 integrctor with rarameters obtained from
analysis of U.S. EPA standard PC3s {Aroclor 1254 and 1016). Isomer

class identification was predicata2d upon analysis of selecced chlorobi-
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phenyl isomers (Cl1 to Cl.),

GA/QC data cn PCB analyses was as follows: Recovery from spikes was
95%Z, n = 24; Procedure variation was * 8.37 based on sample splits
prior to extraction; Instrument variation was 9.5Z based upon repeat
analyses of single extracts, n = 12, ‘Inter-lab comparison of unknowns
with U.S. EPA Gulf Breeze (GBZRL) and with N.Y. State Dept. of Health

(DOH) labs yieldad similar values at % 143 (GBDEKL) and + 20% (DOE).

RESULTS AXD INTERPRETATION

1982 Year Class Striped Bass: Representatives of the 1982 year
class of Hudson River striped bass were taken in samples from July, 1982
through January, 1983, During this time the year clas. was growing
rapidly, iuncreasing from a mezn wet weivht of 2,3 * 0.8 (July 1982) to
20,7 * 3.6 graas. .his rate of grcwth approximates .he average pr-wth
rate of 0.02 a1 for Hudson River striped bass as measured by Dey et al.
(198'). PCB concentrations in the 1982 year class fish were highest
cduring July (10.8 * 3.2 &3/g dry weight) and lowest in the January, 1983

sanple (1.5 % 0.5 ayg/g dry).

2he PCB concentrations decreased by a factor of 7.2 in the 160-day
period between 28 July and 4 January, while the size of the fish sampled
increased by a factor of 9. Total body burdens cf PCBs in the July sao-
ples coupared to those taken i~ Januagy, 1383 showed an increase of
about 32%. Thus, we conclude that uhile concentrations in the fish
decreased, the overall burdens iun the fish did not; the data should not
be construed as evidence for sicple depuration of PCB associated with

tine.
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We demonstrated in au earlier section tktat the rate constant for
PCB elimination (ke) was equal to 0.005 ht'l. based upon Yo proctor
1254 studies or whole-body PCB burders. By applying the body burden
approcch to the present data it czn be scen that there was, in fact, no
net loss of PCB during the specified time interval. Rather, there
exists a sinilar burdem or a sligkt iucrease in burden with time., This
suggests that either PCBs are not being elimiaated in the eavirooment,
or that the rate of PCE accumulaticn between July and January is roughly
equal to the rate of elimination. The latter of the two hypotheses is
the more likely, since there exist measurable coacentrations of PCBs in
Hudson River water and in striped bass food crganisas throughout the
Hudson system (Q'Connor, 1982; 0'Comnor et al., 1982; O'Conmor and
Pizza, 1983; Section VII, this reyort). These data may be used as a
test for the ecokinetic model (Section VI1), using as input data the PCB
content of food at the upriver (S:oany Point) station and the PCB contert
of food items at the downriver (Ueehawken) station as well ss estimated
rates of growth, feeding rates, basic pharmacokinetics (Section VI)
reduction 1n ke associated with growth-related metabolic charges (Sec-

tion VII) and migratory movement of the striped bass.

The results of mocel runs predict that, during the first 150 days
of feeding, 7oung-of;yeat stripei bass would accumulite 7.6 wmg/g PCB
due to diet if foud organisms were assumed to contain 10 wg/i PCBs. The
value for PCB in food organisms is consistent with data collected for
food orzanisms in the Stony Point region {0'Connor, 1982), and results
in a food-related burden between 70 and 90% of the values observed at
Stoay Point and Croton Poiut in July, 1932. In fact, the predictea

food-related body burdens are witzin one standard deviation of the
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observed data.

Striped bass generally move to downriver locations for overwinter-
ing (McLaren et al., 1981). In January 1983, we mecasured PCB values in
1982 year class fish at 1.5 ug/g. These fish had available no them foud
organisms containing about & ug/g PCBs, According to the ecokinctic
model, a change to food crganisas containing lower levels of PCB would
result in a downward plateau shift. The new plateau would be dependent
upon PCB dose, ke and the dosing irterval. Given a fnod concentration
of & pz/g and assimilation/elinination rates equivalent to those sbtain-
ing at upriver sites, the predicted duration of the plateau shift wculd
be 25 days, with the minimua attained equal to 6.5 ug/g PCB derived

from diet.

The predicted value of 6.5 u/g cust be modified, however, in order
to account for several factors. These a2re: 1) reduced rate of feeding
during overwintering; 2) reduced growth rates during winter; and 3) gen-
erally lower metabolic levels during the overwintering pericd. Using
data from hewmarn et al. (1981) vhich estimate the effect of temperature
on striped Dass cetabolisn, we calculated that overall metabolic
activity of bass would decrease by a factor of approximately 3 concowmi-
tact with a 20 C reduction in temperature (from 25°C to 5°C). Assuning
linearity in metabolic systems, thi: would have the overail effect of
reducing both feediny rate and K_ by 3. 1In the model this would result
in a lensthening of the time to plateau (from 25 tc 75 days) and reduc-
ing the food intake by 3 factor of 3. The outcome 15 a predicted
winiuwa body burden of Z.2 &z/g reacied at 75 days (mid-Jaquaty) tor

fishes ingesting fcod organisms at 4 x3/g at a recduced rate. The calcu-



lated burden is, in fact., quite similar to that cbserved for 1982 year

class striped bass in the January sample,

These data supgzest strongly that the ecckinetic wodel has a strong
predictive capacity. However, nany aspects of the model require refine-
ment ard confirmation ia order to provide body burden estimates th.t are
consistent with known physiological and behavioéal parameters. tost
eritical among these are: 1) determining empirically ihat ke declines
with growth; 2) determining the effect of reduced temperzture on ke and
feeding rate: 3) estimating the frequency ot feeding during winter
months: and 4) determining wh~iher {0o0d conversion efiiciency and the

PCB assimilation rate constant (ka) change with temperature.

Despite these required data, the field test of the model provided
support for a variety of important features pointed up by the model.
These are: 1) that PCB burdens in fishes are not fixed once accumulated,
since elimination processes appear to £0 on in nature, even under con~
taninated coaditions; 2) that estimates ci the dietary coaponent of PC3
burdens in fish appear (o be consistent at percentages generally above
75% of the total burdeni and 3) that the time course for dietary PCB
accunulation by fishas is a predictable quantity conforming to phar<
macokinetic codels. This last point furtber supports the importance of
dietary uptake as the primary route for PCB accumulation, since the tiue
to plateau via diet vastiy exceeds that ralculated for uptake via the

water route.
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