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The relathre immrtance of water and bested food as wssiMe avenues of contaminant accumulation was 
exambd. Meis dicta was exposed to h6representaUvecQnon-polarcontaminants: bento(a)pyrene (BaP) and 
2 2 ' , 4 . 4 ' , 5 , S - h e ~ e n v l  (HCB). The acwmulation was examined ldneticalfv in the msmce and 
absence of lwo food types, Dabhnia Alex (water and Tabellaria nooarksa (a diatom). ~ availability of 
oitherbod enhancsd HCB accumulation.and reduced BaP accumulation. Feedim did not affect HCB eAmlnation 
but enhanced BaP elimination. The BaP was elknbrated prlmadly as rnetahtites. Essentially all of the 
eDminaUon occurred via the fecal route for both compounds. The fractbn of the accumulation via ingestion of 
contaminated food was greater when mysids fed on Daohnia than Tabeltarla and was greater for HCB than BaP. 

The role of Ingested contaminant in bioaccumulatkn Is important to fully understand antaminant trampod 

in aquatic ecosystems and, speMiy.  the importance of#omagnification. Ifslgnificant biomagnlfkatlon occurs, 

en- tram& to upper trophic levels with the anamhnt flaw of contambrant influences contaminant fate. 

Such trophlc lransfer may augment the potential deleterkus health effeds on higher bophlc levels by inaeaskrg 

he cemmbmt exposure. 

Un# mmlty, ovkknce for the popular atmptkm of food chain transfer and the importance of 

bkmrgnllScdkn was the subjed of much debate (B#dinger and Okss 1984). Laboratory data tndicated that 

he extent ot xenobiofic accumulation from food Is qulte MariaMe and may depend on (1) the extent to which 

are mbbolbd and wbmquentty dMnatbd (Neff 1979) and (2) the differences between the 

ammmtlons h the water and food sources (- 1991). Accumubatkn of p,pl-DDT from kod fanged 
boiween309bud lOO%of thep,p'-DDTbody~forfkh(MacekandKom 1970,Maceketal. 1970. Rhead 

ndP& 1984)udthe axtentof kepone rcarmulatknfromadkterysource f o r s h t l r r p w a c i ~  tothe 

wdw~(FtsherandClark1990). hnthet,both~nteandfood~ntratknaffededtheefRdsncy 

d rcftmulafkn tor conpounds itcarmufated kom bod (oppemuiten wd Schrap 1988, Weston 1990). Thus, 
l o o d c h a l r , ~ e r L e c p e d e d t o ~ ~ ~ ~  those thatcanberchkvedthroughwater-bme 
acamulalkn alone (Oobas g! :!. 1988).' 

ModeDng effds to desube the extent of hydrophobic c o n m h n t  acauwtaM have incorporated food 
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chain transfer to king the models In line with the field data (Thomann and Connolly 1984, Weininger 1978, 

Connolly and Tonelli 1985, Connolty and Pedenen 1988, Gobas a &. 1988, Connolly 1991). These models 

have had to assume factors such as contaminant asslmilatlon efficiency and metaboliring.capability of me 

animal. Recent leld work has demmtrated that trophic structure, the number of links in the food 

chain, is important for determining the fa contaminant concentrations in the upper tmphk levets for 

polychlorinated biphenyls (PCB) (Rasmussen g. 1990). This field effort identifies Momagnif1~8tion and food 

chain transport as important processes In contaminant acarmulation. 

In the above models, accumulation by the invertebrates is important for correctly predicting the transfer 

further up the food chain. However, mathematical models have not been devebped to predkt the contaminant 

body burden for invertebrates as a function of the specific klnetlcs or feeding. Concephralfy, the role of feeding 

on contaminant accumulation by aquatic animals may (1) be additive. (2) negligible or (3) reduce the contaminant 

body burdens (Biddinger and Gloss 1984). While some experimental work has been performed with warm water 

species (Biiinger and Gloss 1984, Weston 1990, Fsher and Clark 1990); no research has been conducted to 

assess the effect of feeding on contaminant accumulation in cold water invertebrates of oligotrophlc systems 

such as those studied by Rasmussen a @. (1990). 

Our work examines the effects of food consumption on contaminant accumulation by the invertebrate I&& 
relicts. which comprises an integral part of the ecology of the upper Laurentian Great Lakes. M. relic& is a 

vertically migrating omnivore (Beeton and Bowers 1982). consuming zooplankton (Bowers and Vanderploeg 

1982) and algae (Bowers and Grossnidde 1978). Mysids may comprise up to 50% of the diet of jwenile lake 

trout (Dryer a al, 1965) and bloater (Wells and Beeton 1963). Because of its role as both predator and prey, 

M. r#& is a potential food chain vector for contaminants. Our study measured the toxicokinetics, from water - 
and food sources. of the polycydii aromatic hydrocarbon (PAH), benzo(a)pyrene (BaP) and the polychlorinated 

biphenyl (PCB) congener. 22'.4,4',5.5'- hexachlorobiphenyl (HCB). 

Materials and Methods 

Collection of Mvsls rellcta: Mysids were collected at night from Lake Michigan from a station four miles west 

of Grand Haven. MI at a maximum depth of 65 m by obliquely towing a nitex net (1.0 m x 3.0 m; 565 pm mesh, 

fit with a bayonet-mounted weighted PVC cod-end. 2 L capacity) near the lake boltom. After collection, the 

mysids were transferred to aquaria containing approximately 50 L of hypolimnetic water and kept at 

approximately 4%. The animals were transported to the laboratory within 24 h. 
In the laboratory, Mysids were gently transferred to rectangular aquaria containing aerated and charcoal- 

filtered Wewater at 4%. They were held in the dark becaw of their sensitivity to light (Smith 1970). Water 
volume changes of approximately 10% were made weekly to reduce the affects of waste accumulation. The 

mysids were fed daily rations of fresh trout chow. Approximately every 2 days. unconsumed bout chav was 

removed to minimize deleterious BOO and COO effects. Mysids were used for experiments within one month 

of collection to mlnlmlze potential deleterious effects due to containment 



Da~hnta ~ u l e x  Collection, Growth and Maintenance: Daohnia wlex were frequently cdleded simultaneously 
with M. reikb Large, presumably gravid adults were gently seined from the mysid cot- and plraced in 20 

L polyethylene carboys filled with Lake MWligan anface water. The daphlds were them trcmsportsd b the 

taboratory and maintained on a lightxlark cyde of 12h:lM The daphnids were fed daily with aliquot$ of (1) unC 

aigal CNamvdomonas oMonaa cultures (oMained from HA Vanderploeg, Great Lakes Ernrlronrnental Research 

Laboratory, NOAA, Ann A b r ,  MI.) cdlected frwn Lake Huron, (2) a sqmdcm d a water extract of Cerophyll, 

and (3) water reconstiMed yeast cells. Neonates were removed by saeenhg from the iniIial cultwe aquarta, 

using a 400 ym mesh nitex net. The neonates were then transferred to fresh filtered lakewater and grown to 
maturity. 

Tabellaria flocculosa Growth and Malntemnce: A uni-algal culture of I. f k a h q  collected from Lake Hwon 

was obtained from H A  V a n d m  (Great Lakes Environmental Research Leboratory, NOAA, Ann Arbor, MI.). 

A 100 mL hoallum was added to sterile WC medium exduding T k  krffer (Stein 1973) and grorm to an optically 

dens8, presumably late log phase culture. 

PISor to use in feeding studies, the chlorophyll 3 (chl content of culture samples was determined. Aliquots 

were removed and centrifuged at 1400 g for 10 min to concentrate the algal cells. The cells were then added 

to fresh lakewater to give an approximate combation of 15 mg-chl a m4. In later studies the chl g content 

was determined along with the mass of 1. fiooarlosa, in order to determine the chl amass ratio. 

Compounds: %-Benro(a)pyrene (8aP. spedfic actMly = 23.8 Ci mMoT') was obtained from Amersharn while 

"C-2.2'.4,4',5.5~kroMphenyI (HC8, spedfic actkity = 13.1 mCi m W )  was obtained from Pathfwer 

Labofatorles (currently Sigma ~adiochemicik). The compounds were tested for mdbpurity with a combination 

of thin layer chromstography (TLC) and liquid bdnti#ation spectrometry. The compounds were chromatographed 

on rRIca gel phtes (250 pm, E Merck) in hexane2muene (82 V:V). The silica gel was scraped from the plates 
at the retention posltion correspon6q to the parent compound and at several other segments, induding the 

offgh Each segment was placed in a separate sdntiktion vial with 12 mL scintillation cocktall (3a706, 

Resear& Products International). The fadioadMty of the samples was dstermbred on a Packad 460C 

sdnUlabkn 4mUrometer. The radiopurity was determined as the percent parent compound actMty divided by 

the total actMty for the parblarlar compound under test AN compounds used for study were at least 98% 

rpdlopunr. Compounds found to be less than 98% pure wen, purltied by TLC uslng the same solvent system 

as above. 

Detannlnrtlon of Xenobiotlc Metabolism: During certain experiments. whole rnysh, fecal material, and 

expotwe water were analyzed for degmdath products. Wet mys#s and drkd fscal pellets were weighed and 

exlmted h 8 1:l mktuo of acetone- ( E W )  by grinding In a 10 mm X 100 mm ground glaw tissue 

grinder. T h e ~ r t w r y w a s t h e n ~ t r a n s f e r r s d t o a m i c e l c a n b t r u g e W , c a p p e d w i t h a T ~  

Mned ecran mp, md c s n M W  at 1400 g for 10 min. The supemadant was transferred to a dean cenMduge 
Mm using a Pasteur pipette. The tissue pebt was rinsed and cenblfrrged three more times. using fresh EKlAc 



The combined extrad was concentrated to 1 mL or less with a gentle stream of nitrogen. The tissue residue 

was air dried. placed directly into 12 mL scintilhtion cocktail and allowed to soak overnight before being counted 

AUquok of thecoclcentratedextract~ere~tographed~ ~ili~agelTLcplates ( 2 5 0 ~  -€. 
Merck). Each TU= p&te was devekped under a sdvent-unsaturated atmosphefi, using a 4l'hexanebem~n~ 

mixture. The dried plate was cut lnb 17 ornnm sectbm that were scraped onto glassine Powder paper and 
placed into vials cwtaining 12 mL of scintillation cocktail The radoactMty of each section was determined by 

liquid scintillation aunthg. 
Water from static uptake studies was pooled and exbacted using a IJquid-liquid dichloromethane 

(DCMyqdohexane system. The water was extracted three times with a 10% volume of DCM and three times 

with a 10% volume of cyckhexane. The extracts were combined and dled by passing them through granular 

anhydrous NGO,. The dried extract was then concentrated to approximately 10 mL using a rotary evaporator, 

followed by further -n to 1 mL using rJtrogen. The extrads were analyzed using TLC and ~cintiUation 

counting, as described eatlier. 

Toxicoklnetlc Experlments: Expertmentally, a threecomparbnent model was simulated such that mysids 

acarmuhted contaminant from both food and water sources. As references. parallel experlments were 

conducted to determine the uptake rates from water alone. In the threecompartment experiments. the food 

sources were prwquilibrated with a concentration of xenoMotic in water whlch was the same as that used for 

the mysid exposure. Methanol was used as a carrier solvent for all experlments, because it has no observable 

effects on toxicokinetic parameters at concentralions used (approximately 50 mg Lt')(Landrum, unpublished 

data). 

Feeding Experiments UtllWng Da~hnla oulex: Adult D. wlex were placed in fresh filtered lakewater containing 

radiolabeled 'CHCB ( approximately 200 DPM mcl) and k-BaP ( approximately 1000 DPM nf'). The 0. wlex 

were allowed to accumulate the radiolabeled compound for 48 h at 4% in the dark After 24 h of Wing, fresh 

filtered lakewater was dosed with radiolabled 'CHCB and k-BaP at the same concentrations as above. 

poured into 700 mL serum bottles, and capped with Telowined screw caps At 48 h after the start of the 

loading phase, the D. wlex were removed from the loading aquarium and placed in eight. 700 mL serum bottles. 

An individual mysid was then placed in each serum bottle. For reference, eigM mysids were also placed in 

bottles containing no g for contaminant uptake from water only. The capped bottles were placed on a 

wheel rotating at appmhately 1 revolution per min (RPM). 

At approximately 2.4.15 24. and 48 h. reference and experknental bottles were removed from the rotaW3 

wheel. Two mL of whole water were sampled and placed in 12 mL sdntillatkm coddail for a determination of 

the total radbactivily present. Mydds and daphnids were recovered by pawing the exposwe water through a 

400 pm screen, rWng with cdd filtered lakewater to remove droplets of radbactive solution, and blow to 
dryness. Mydds wen, weighed wet and placed in 12 mL scidllation coddaEl at least 24 h piior to counting. 

Daphnkk from each bow were counted, combined in tared aluminum foil boats, dried at approximately 60% 
for 48 h, and weighed. The daphnia were also held in 12 mL scintillation cocktail at least 24 h prior to counting. 

F e d  material was collected from exposwe water by applying suction to a 100 pl. pipette. The fecal matefial 



was then rinsed and placed in filtered lakewater and pipetted into tared aluminum boats. The fecal material 
was dried at 60% for 48 h and weighed. 

Elimination studies were conaaaed Wependmtly of the uptake mdks Mysjdswere loadecrwlth "C-HCB 

and 'H-BaP via exposure to contwnhted water for 48 h. hesh adult 0. d e x  were feinoved kom their 

maintenance aquafia, placed in 700 mL serum bottles cominhg filtered lakewater at 4%. and kept h the dark 
Individual radbkbeled mysids were then hndemd to serum bottles containing 0. wlex and also to reference 

botUeshavlngnofood. Thebottleswerecappedandp(aeedontherotatorwheelat4%inthedark Tripacate 
samples of the reference and the apedmmJ baubs were removed at 2 4.8.24, and 48 h after the start of 

the elknination phase. Mysids and fecal material were cdlected and treated as previously discussed. Daphnia 

wen removed using a screen, placed in tared aluminum drying boats. dried at 60% for 48 h. and weighed to 
estimate the mass of daphnia consumed during the experiment 

Feeding Experiments Utlllrlng Ta bellarla flocculosa. TabeUaria flocarkefa cells were harvested by centrffuglng 

aliquots of Culture at 1400 g for 10 min. The ce#s were resuspended in 50 mL filtered lakewater dosed wfth 

radiolabeled '.C-HCB (approximately 200 DPM mL4) and 9-BAP (approximately 1000 DPM mL4) at 16% in 

the dak At appraxirnately 36 h, fresh filtered lakewater dosed with "GHCB and k-BaP at the above 

concentrations was poured into 700 mL serum bottles. Aliquots of the labeled 1. fbcculosa suspension were 

pipetted into the serum bottles at concent*ltlons of approximately 15 mg-chl g ma. Reference bottles contained 

radiotracer-dosed water only. Individual mydds were then placed in the serum bottles and the capped bottles 

were placed on a rotating wheel at 4% in the dark. Mysids were removed at 24.8.24, and 48 h after the start 
of the uptake phase. The mysids were sampled and prepared as desertbed for the daphnia uptake experiments. 

Initially. T. fkmulosa was quantified on a mg-chl a mJ basis. Howlever, to adequately determine the mass 

feeding rate and compare the kinetics with those from the daphnia experiments, the 1. f locculq mass was 
determined in subsequent experiments. Additionally, chl gmas ratios were determined to convert chl g based 

kinetics data to mass-based kinetics data 

Chl a was detemdned on 100 mL aliquots of f#tered (25 mm Gebnan AIE glass Rber filters) exposure water. 

Each Nter was then soaked in cold pH-Wered acetone overnight. The atworbance of the extracted chi g was 
measured on a Twner fluorometer at 520 nm. The chi g concentration was determined by to a 

rtsndard c u m  generated by using a spinach chl g (Sigma k) rokrtkn in acetona. The radioactMty of the 1. 
tkcatmwas determined by filtering 100 mL of the exposum water Wough two 25 mm Gelman NE glass liber 

filters. The cells were then rinsed with appmxhately 25 mL of cold fPtered lakewater to remove non--bed 

RdkadMty. 

The mdoadMty in the ceL was determined by placing the fMen in 12 mL of scintillation coddail and 

oounbing. The second filter was used to estimate the extent of raaoacthrs conteminrvlt sorption on the filters. 

h . n e f f o r t t o & ~ e t h e ~ f e e d i n p ~ t r , o f ~ m y d b s , W ~ o f . I g a o ~ t e d w i t h ~ b o t t l e  

wasdemmhedgravimetrically. A t b e r W m m p b s h a d b e e n t e k e n k r c h l p u d ~ ~ c k t e ~  
udfcal pellab hadbeen removed (asdmcrbdabove), Uw enUrevdmedwaterIn the bottk was Wtemd 

through a rinsed dried, and tared 25 mm Oelman AIE glass fibeu filter. The fitter was reroved placed on a 47 

mm Teflon dkc (to pnwent adhesion during drying), dr&d in a desiccatoc, and weighed 



The radioadhh~ of filtered atiquots of water was determined by placing them in 12 mL of scintillation codaail 
and counting them on a Packad 460 Scintillation Counter. 

For elimination writs uUlking 1. llacculosa, mysids were W e d  In the same manner as those ut&ing 

0. pula. T. 8- was concentraded f m  the culture flasks by centrifugation and resuspension in 700 mL - 
cold tittered lakewater at a drl p coclcentratkn of 15 mg m4. The myskis were added to the serum bottles that 

were capped and placed on a rotathg wheal (1 RPM) at 4% and kept in the dark The mysids were sampled 
at 4.8.16.24, and 48 h Myskb and fecal pellets wen, collected, prepared. and analyzed as descrfbed earlter. 

Klnetlc Analyses: The uptake dearance from water was determined for water-only exposwes by using a two- 
compartment mass balance model where the mass of the xenoMotic is consenred (Equation 1). 

k,*Qt* (1-e - (&*k.' t )  

9.- Equation (1) 
(,+ k.1 

where. 

0, = the quantity (ng) of contaminant in the animal, 

t = time (h), 

)Cn = the uptake rate constant from water (h"), 
C2, = the quantity (ng) of contaminant in the system, and 

k, = the elimination rate constant (h") of the contaminant from the 

animal. 

Under mass balance conditions, Q, = 4, + Q where 4, amount of compound'in the water compartment. 

Initially, when Q is very small or if k, is small relative to ld, the uptake dearance can be caiarlated from 

a simplification (Equation 2). 

Q .  
l n l  Equation (2) 

km- 
Qt 

t 

must then be converted to the system independent uptake clearance (k,,) by multiplying by the quantity VIM 

(Landrum 1983) where. 

V = the volume (mL) of the static exposure system, and 

M = the mass (g) of animal in the strttic exposure system. 

Conversion to k,, is required so that compylsons can be made between experiments. 

The elimination rate constants were calculated as the slope of the first order decay model (Equation 3). 

where. C: = the concsntra11on (ng 9") of the contaminant h the anbnal at the start of the elimination phase. 

Independent elimination rate constants can be added to determine the overall elimination rat9 constant 



CofWWaUy. h the Presence of feecling, k, is the sum of eKmhaUon duo lo feeding &) and eQminadkn due 
to water exposure (16). The k, was determined independently fmm water umtds wMle k, was determined 

by difference beiween k, and k. 
Uptake~waterandfoodmaybh~mathematlcallyasathreecompactmecltmodel(Equa~4). 

*e. 
C. = the mmnWbn (ng 9") of contanhant in the animal. 

t = (h), 
k,, - the upaks dearance from water (ml g4 h4). 

C, I the concantdon (ng mL ") of contaminant in water. 

k = the elimination rate constant (h4) of the contaminant from the animal, 
k, 'I the uptake dearance (g $ h4) frwn food, and 

C, I the C O C L ~  (ng g4) of contaminant in the food 

Because an exact lntegral of dc, does not e* Equation 4 must be rewanged to p r o w  a numedal 

ernate of k, (Equation 5). 

For this study* 4 and k, were detemJned for the water controls while & was detemhed under feedlng 

conditkns. k, was then caJcuhted as described in Equation 5. 

Statlstlcs: Means and slopes were cornparad using Went's t teat and were considered signlcant if pc0.05. 

f b g m s h s  were performed uslng the %lear and nonlinear regression pa&ages h SAS (1985). 

Results  

Met8boflsm of Bemo(8)pyrene: Over the cwrse of a 6 4  exposue at 4% in the dark. approximaMy 24% of 

therPBoacUvHyaSdOdetedwUhmysidswasfotmdinthetonnofnonparsnt~. Ofthetotrvlnonplyent 

~ . s p o d r b e d w W 1 ~ u l i m a l , S . % n n t n o t ~ f r w n ~ t i s s u e a n d ~ p r c # i ~ , b o u n d  The 

allrrlatadme$ba3orPteforBaPunder~conddknsis2.4pmd$drywelghth4. A # ~ , H C B w a s  
no( meWdkd o w  a 24 h p e w  under dmaar codtiom. 

~ b o h o f W ~ ~ w a n , t O n d u d e d a s s k r g l e - l a b e k d ~ f t a ~  
eqmhnent was amduckd to determine I f  metabolic ates were dlffenrclt As in the shgie tabded expehmts, 



HCB was not metabolized; BaP was metabolized at a rate of 22 pmd g" dry weight ti'. 

Toaudelyas~es~themechanIsmofmetaboMeellminatkn.~ter~~fnwntheuptalcepha~eot 

a kinetics experiment In the absence of feeding. 86 f 2% of the Mum label was Parent B e  and 98 f 1% of 
the '.C label was parent HC8 from the water extra&% In the mydd, Um major& of BaP was parent COnIpOund 

(68 i 7%) at the beginning of the experiment; at the end d the expefbnent, rocrparent BaP (70 f 3%) 
predominated, su@pshg that BaP metabolites accumulate h the ab6ence of fWdhg. 

BaP metabolite elimination appears to be influenced by fecal elknhtlon, A TLI= analysis of the fecal 

material indicated that 66% of the assodated radkactlvity was norrparent Unfortunately, the amount of anor 
could not be placed on this estimate because there was not a sufficient mass of fecal material necessary to 

provide repllcablon. 
After a 48 h-exposure to both contaminated water and food. the III~s# BaP body burden was 30.3 f 6.7% 

parent materhl. However, 77.7 f 6.3% of the BaP in 0. wkx and 942 f 33 % of the BaP in the water was 

parent material, indidng that chemical changes in the water and/or meteboasm by the food source cannot 

explain the metabolic rate of BaP observed in the mysid. Agaln, no HCB metabolism or degradation was 

observed in 0. wlex or water using these techniques. 

Feeding Rates: The feeding rate (FR. grams consumed per gram organism per hour) for mysids exponentially 

decreased with time for both 0. wlex and T. flocarlosq (Figure 1). The average number of 0. wlex consumed 

per hour for three experiments was 0.97 f 0.17 (nd). The average feeding rates for mysids consuming 0. wlex 

and 1. flocculosa were 0.0008 f 0.0003 mg dry wt. mg" h4 (18-8) and 0.0019 f 0.0006 mg dry wt. mg" ti1 

(n=12), respectivety. The FR was independent of both the mass of g. &nd 1. flocculosa available. 

Further, the FR did not depend on the size of the rnysids. 

Hours Hours 

Figure 1. The feeding rate of Mvsis rellcta consuming Oadvufa outex (A) and Tabetlaria tlocarlosa (B) over time. I 
0. pulex Feeding Studles: The concentrations of HCB in the 0. owlex food source remained relatively constant - 



while BaP cmmtratim appeared to increase (Figure 2). 

I 4 @O 5 10 15 20 25 30 25 40 45 50 

Hours 

Figure 2. Benzo(a)pyrene and HexaMorWpbnyI ccmcentdons in Daohnia wlex. 

Additfonally. the concentrations of HC8 and BaP in water decreased over time, as expec!ed for a static system. 

The acarmulation of HCB fmm a combined food and water source was appmhately two times greater than 

the acarmulation from a water source ' M e ;  BaP accumulation was appmximately 2 times less than from a 

water source alone (Figure 3). M. that consumed 0. wfex exhibited haeased elimination & = 0.025 

* 0.001 h") of BaP compared to unfed mysids (k = 0.0054 0.001 h"). 
A B 

Hours Hours 

HQUN 3. The acffmwtatkn of Benro(a)pyfem, (A) and h e x a w n y J  (0) in ths presence and .bsencs of 

f-wl~Q.a!Qz. 

However, the presence of unambmh@ed kod did not signifkantly affect the eQnvlnaflon of HCB by mysids & 



= 0.0015 & 0.0013 h4, feeding; k =  0.0067 f 0.0047 ht', m n  feeding). The amount of BaP and metabolites 

associated with fecal matem was greater than 2 times that for HCB. Addiially. BaP appeared h the fecai 
material earUer than HCB (Figure 4). 

Hours 

Figure 4. The concentration of benzo(a)pyrene and hexachloroblphenyl in fecal material eliminated by 

rericta while feeding on Oaohnia wkx. - 
Tabellaria flocculosa Feeding Studles: The concentraUons of HCB and BaP in 1. ftoccuiosa also were 

relatively constant over the cwne of the exposure M e  the concentraticm of both 'decreased in the water. This 

trend was similar to that observed for the feeding stuaes with 0. wlex. 

HC8 concentrations h mysids Increased when exposed to T. liocarlosa and water, relative to animals 

exposed to water alone (Figure 5). As in the case of the 0. wiex experiments, BaP concentrations for rnysids 

exposed to the 1. flocarlosa and water source were approximately two times less than mysids exposed to water 

alone (Figure 5). 

Mysid elimination of HCB in the presence of 1. flocculosa and water (kg = 0.001 5 f 0.0009 ti') was similar 

to elimination in water alone ( k  = 0.0013 f 0.0006 h"). Foi mysids exposed b BaP, the elidnation was 

approximately four times greater h the presence of food ( k  = 0.042 f 0.003 h") relative to those exposed to 

water alone ( 4  = 0.0098 f 0.0016 h"). Fufther, rnysids that produced fecal pellets had significantly kwer BaP 

concentrablons than those not producing f e d  pellets (Table 1). while HCB concentraths did not differ for the 

two groups. Elimination for both compounds in the presence of 1. Rocarbsa appeared to be dominated by the 

fecal route based on the concentration found In the f e d  pellets (Figure 6). 

As with & wlex as a food sourc8, aaminatkn of fecal mat- with 1. flocculo~gl as a food source resulted 

in greater BaP elimination than HCB e8minatkn. Although the previous discusdon suggests that fecal 

elimination only occurs for W, the elpnhatkn d HCB also appeared to scar in part via a fecal route. 
However, 6aP was eliminated eadier and achieved maximum fecal elimination earlier than HCB. 



Hours Hours 

F i  5. The accumulation of benzo(a)pyrene (A) and hexach- (6) in the presence and absence of 

1. rrocculosa 

The calculated bklogical half4ves of HCB were not statlstlcalydifferent for mysids consuming 1. floccubsa 

andp. twkx compared to the water controls. However, the hm-lives of BaP for rnysids consuming food sources 

wers signMcantly reduced by 2 to 10 times compamd.to the water eontmk Mdltknally, the half-life of BaP was 

6 to 35 times smaller than that for HCB vable 2). 

Hours 

flgum 6. Concsnsntkn of bento(abyma and w y l  in kcsl matwld esminated by ,& reflcEa 
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- ~a#e 1. concentrations of Bemo(aWrene and H8xa-M in 

1. Siymantly different (ad.05] 
2. Numbers in parentheses represent number of replicates 

dpm nrg4 wet weight 

Fecal Pellet Pmduction 228 f 92' (1 lr 
No Fecal Pellet Produdkrr 402 f 178' (4) 

b 

Feeding Rates: Selection of the'food sources to test with myskis reflects the general omnivomus feeding habits 

of the orpanism. The dadooeran 0. wiex was chosen as a representative zooplanktun food source because 

in the field it is consumed by Mvsk reads at high rates (Bowen and Vanderploeg 1982). As a consequence, 

it is likely to contribute to the contaminant body burden of foraging myskis. The diatom. Tabellaria fkxculosa, 

was chosen as an algal swrogate due to the preference of g. . && for larger diatoms (Bowers and 

Vanderplo8g 1982, Bowers and Gross&% 1978) and the importance of diatoms in the Great Lakes system. 

The mysids feed weti on both sources confirming their omnivorous habits. Both hod sources strongly affected 

Ule toxicokinetics of nonpdar contaminants in the myskl. 

Table 2. Food and water dependent haJf-Lives (4,) for M. relicta I 

HeXachkrabiphenyl 
dpm mg4 wet weight 

434 f 52 (10) 

483 f 96 (5) 

previously exposed to benzo(a)pyrene and hexachlorobiphenyf 

h water 

P 

Numbam in p8rentheses equals number of replicates. 

I 
The contrdang faders for the observed feeding rates for both food types, are not well defined. However, 

Half-life Hexachlorobiphenyl (h) 

576 f 203 (3) 

347 (2) 

463 f 327 (3) 

147 f 87 (3) 

Exposure Reghe 

T. Rocarksa and water - 
Water Convds 

!2.e!&L=fW-f 

Water Conbob 

an infledkn point in the curve occurs for both food types at appmxirnately 10 to 15 hours. susestfng that the 

Half-life Benzo(a)pyrene (h) 

17 f 1 (3)' 

72 * 13 (3) 

28 f 1 (3) 

132 f 26 (3) 



feeding rate may depend on sa9ation. Such a 'gut-funne~~= hypothesis is not partiaaarly novel. Howaver, it 
must considered because changes in feeding rates can affect the ecarmuktion of mtamkmt from food and, 

consequently, confound the wake deamnce coefadent from food (Q. 

WitSlbr the first 10 h of the expedments, Ihe average number of 0. wlex consumed pec how oompared 

favora#vwWIh&pcadationrates of 1 M f  O.%dadoceransumsumedperhour(8owerrrandVandecpkeg 
1982). ThefeeQngratesexpnrssed8sthe~ofmys#drywigMcomKlmedpechour~.gnrewith 

those determined by Bowers and Vanderpkeg (1982). The feeding rates appear to depend on the bad type 

offered. ~ ~ f e d o n T . ~ ~ a i m o s t l h r e e t l m e s a s m u c h a s t h e y d # o n D . w l e x .  ThkdUfemcemay 

be due in part to daphnia's enhanced escape apabi&y. A dmaar mechanism Is atMbuted to myskfs prey 

s8kdon  of dadocerans over copepods by (8am1~ and Vanderpkeg 1982). Altefdwly, differential feedbrg 

rates may be contrdled by food preferences that may in twn be &hren by chemoreceptive mechanisms. 
#entification of the mechanisms actual& contrdling the feeding rate urd producing the obsenred differences 

requires fwlher research. 

Toxicokinetlcs: The apparent hcrease in the BaP concentration h the 0. wlex food some may be related to 

a badup of metabolic produds in the animal. This mechanism for W acamwlatlon is reasonable. given that 

Baf metabolites are reactive and bind to macromolecules. Metabolite buildup has been obseNed in 

invertebrates hduding mysids (Gardner a &I. 1990) and chkonomids (Leversee a. 1982) with BaP 
metabolism. The decrease in contaminant concenkns in the water indhtes that the mass balance ldnetlcs 

sppmach must be used. 

The consumpSion of contaminated food increased the HC8 body burden of M. reRcta by a factor of abnost 

two. The relatively large increase in HCB from a food source is explained In part because M. relicts is not abk 

to eliminate the annpound rapidly, even when fed a dean food supply. These findings suggest HCB InObMty 
- within the animal is restricted, and once accumulated, remains associated with the animal. The conwmptkn 

of Q. g& contaminated with BaP does not increase but raVler reduces the BaP body burden for M. relic&. 

Elimination experiments show that BaP concentralions are substantially reduced by consumption of this food 

source. 
Similar changes in mysid toxicddnetks are observed when T. floccdoq b used as the food tow#, In place 

o f Q . ~ ~ , t h e e f l m i n a t k n r a t e ~ a n t c o n s # e r a b l y h r p e r w i t h T . n o a x t l o s a  ThisdMemnce 

m o c t W l y ~ f r o m t h e h c r e a s e d ~ ~ ~ f o r _ U ~ f e e d i n O o n t h e a P t o m c o n r p a r s d t o  

feeding on Q. QY& The more rapid &miWIon rate for anhats feeding on T. Uoccukm may be parliaDy 

r d a W t o ~ r a t e o f f o o d m o v e m m t t h m u g h ~ g v t c o u p l e d w W I ~ ~ r o r p t i v e c e p a c l t y o ( ~  

~ t s c m p a m d B o ~ c a r s p a # w .  I n ~ o f ~ ~ , t h e m o n , r a p i d o o r r c w m p t k n o f  

1. ~ ~ t o b e r d s t e d t o m o r s ~ t f d ~ p r o d u d i o n .  Suchbumaw~inefhhUcm 

winf~hamrr lsobeenkurrdhCsh~bBaP(Jknerwupf&l1981) .  

The differentkl metaboiism dthesecmpomds atso ~~ of thediflemces in thelr#naic 

tmhavba w e f e e a g o o u p k d w W 1 k c e l e i M n a t k n r p p e a n b b e v & m W  

dilkrences. Overall, the results mggt$st that durlng feeding, the HCB body krden is likely to incmase 



the &P/BaP metabolite body burden will deaease. The increase in accumulation of the non-metabd~e 

chlorinated biphenyls with feeding is supported by the conarrrence of a food chain accumulation model for PC& 
with field obseivations (Conndly 1991). 

Elimination and Metabolism: _U b not able to Mdransfon HC8 to any substantial extent VV& 

biotransformation of PCBs occur in aquatic animals, it is usd iy  resMctsd to the less chlorinated congeners 

(Melandron and Lech 1976). Thus, HCB biotrarrstom\etkn Is not expecW and it has been found to be 

extremely recaldtrent based on a wide range of sludk with a variety of organisms. Alternatively, M. rellcta 
biotransfonned BaP a! 2.4 pmd g" dry wt h4. The mked funclkn ox#ase enzymes required to MtransOonn 

xenobiotics have been reported for other aquatic inverbbmtm (Singer and Lee 1977. Stegeman and Kaplan 

1981, and Kreiger and Lee 1973) and the capabllily to biotransform BaP, in particular. has been reported for 

Chironomus rioarius. C. riDarkrs can mstabdhe BaP at a rate of 3 2  nmol g" h" (Leversee =I. 1982). The 

difference in metabdk rate between the tSmmmW and mys#s can be attdbuted to the expowre, 0.6 - 1 pg 
L" for chironomids and 4 ng L" for rnys#s. a difference of a fador of 250 and the differences in temperature 

25% for chironomkb and 4% for mys#s AddkmUy, the amph@od HHvalelia azteca metabolizes the PAH 

anthracene at a rate of 2 4  nmd g" dry wt. h" (Landrum and Scavia 1983). Again, these rates compare 

favorably with the rate for BaP metabdism by M. relida of 2 4  prnol g" dry w t  h" If differences in exposure and 
temperature are considered. Finally, the metabolk rate for mysids in this experiment was approximately ten 

times that for non-fed mysids exposed at somewhat lower concentrations 1 to 2 ng L" (Gardner a a. 1990). 

The overall effect of such BaP biotransformatbn by M. relic@ appears to be the enhanced potential for 

metabolite elimination. However, such elkninetion appears to also require coupled fecal material production to 

realize the full elimination potential. The dependence on fecal elimination may be the result of the absence of 

a functional kidney, typically used to ekninate polar metabolites in higher trophic level organisms. The loss d 

xenobiotic compounds via a fecal route may be due to the& incorporation In the peritrophic membrane that 

encases the feces (Mauchehe 1980). This mechanism has been postulated in the loss of p,p9-DOT residues 

from mosquito larvae (Abedi and Brown 1961). 

Elimination and Feedlng: Enhanced eaminalion with feeding has been reported by other investigators. 

Anthracene elimination is accelerated by consumption of a sediment for the amphipod Hvalella aztecq (Landrum 

and Scavia 1983). Similarly. the midge, Chironomus rkarius, exhibited Increased elimination of BaP while 

feeding on a paper towel substrate (Leversee g. 1982). Although fecal material was not collected for either 

study. it is likely that mechanbns (i.0, biotransfotmatbn and fecaJ elimination) similar to those operative in M. 
relicta are involved. - 

in M. relic@ BaP accumulation and eMnation can be cfmeptualired as a InultlcompaNnent process. 

Uptake and elimination of BaP occurs via both food and water routes. The majority of the accumulated material 

eliminated in the feces wan to be metaWtes. The TLC of the water extrads suggests that parent material 

is eliminated dkectly to the water. These lndlngs suggest that dmersnt meohenisms operate based on Ute 

nature of moleale. 



Moleattar specific elimination mechanisms appear to be primarily responsible for the obsenred differences 

in me 4 estim2tes of 9aP and HCB. AMihmny, 4 measured for BaP appears to be related to the type of food 

ofiered and Is prknarily a fundion of feedq rate. Consequently, the half-life of 8aP in 5. refida feeding on 1. 
fiocculos~ is reduced by alrnost a factor of two compared to mydds feeding on g. wlex. F&, the HCB hatf- 

He is 17 to 33 tknes that of BaP and does not depend on the food source. These obsecvablons are significant 

for estimating bioconcentration fado~r ( 6 0  for hydrapho#c chemicals from kg octand-water partition 

cdfkknts. Indeed. if the increased elimination via feeding is ignored, the rnysid BCF may be over-esthbd 

by as Nlch as one order of magnitude. 

Ow results haw, important impacrdions for the interpretation of toxkant concentrations for feld cdlected M 
@!@& The increased elimination of BaP and metabolites assodated with a diatom suggests that the 

a~pouncPs conc8nfration and potendiatly toxic rnetaboUtes are kwest during periods of diatom abundance. 

Cocrrequently, wasodly dependent toxic responses may oaxrr that are driven primarily by varying internal 

toxicant doses as a fundion feeding-mediated elimination. Alternatively. although feedi i  can presumably 

increase the concentration of HCB in the animal, feeding-mediated elimination is not impohant and therefore 

concentrations and the potential toxicity of HC8 are expected to be dkectly dated to ancentrations in the food 

Feaiing and Accumulation: Initially, the feeding rate amstants, k,, were determined by solving Equation 5 for 

I$ Hwver ,  Uds approach resulted in eWnates of k, for both food types that exceeded all the experimentally 

determined feeding rates. This fMing posed a dilemma in that the asstmllation efficiency (defined as the radio 

of the uptake clearance to the feeding rate) was substantially greater than 100%. Conoeptually, these results 

mean that the amount of assimiW contaminant would exceed the total amount of contaminant consumed by 

the animal. Because of this contradiction, the numerical calculation of k, must not be the appropriate modal to 

use to estimate the real k,. Additionally, without an estimate of k,, one is not eMe to estimate the assimilation 

efficiency. 

An examination of the k, expression suggests that k, would be overestimated if (1) the rate of accumulation 

(dCm Is ~ m a t e d ,  (2) the produd ICC, is underestimated, (3).C, is undcmtmted, or (4) the produd 

kc, is werestinwed. in this experimental design, k, is estimatsd by Pppllcation of the reference k, to the 

f- animals. Indeed, the activity of feeding may accelerate the Row of contaminant past the animal and 
hence elevate for feeding organisms relative to non-feeding organisms. This scenario may be plausible if 

contaminant uptake is proportional to increases in respiration rates due to feeding. Earlier studies su~gest that 

resphtbn rates are m y  related to the uptake dsarances from water for 0aP and HCB in M d s  relkta 

(landrum ef @. 1992). Therefore, k, may differ substantially during feeding due to resphfbn rate changes. 

Addi&W&, i f~ptake~an occuracross ~~ and LdmusionlimHsd. then anhats passtng through a 

grrrkr water Wme during prey s%arch and selection may increase their contaminant body burden and 
amaqmuy show M increased Id 

To test the geMKol hypothesis that k with .nd w#hout feeding are ewntiatiy Ihe same, the experirnentatiy 

determined feadhg rates were substituted !to the k, expresskn. assuming that the obsenmd feeding rates were 



equal to k, and xenobiotic assimilation effidendes were 100%. The uptake clearances were then calculated 

from the expmsbns and compared to the measwed refefwce k,,, values. The calculated was not statistically 

different horn the expthmtally detemhd (Table 3). However, the 

Table 3. Ompadsm of derived &) and nxperbnental wuptake 

crearancsconstantsk)fltnnwaterforMvsisrencta. 

variability in the estimates was so large that it was not possible to tell whether the uptake clearance was altered. 
Consequently, it appears that the substi- of the contrd k,,, into the k, expression is valid, and an altemathre 

model must be used for estimating k,. 

If the experimentally obtained feeding rates are substituted fork, under the assumption that the assimilation 

effidencies are equal to 1 .O, then the peicentage of contaminant obtalned from food is at the most 41 % (Table 

4). Additionally, the use of the feeding rate for the k, value provides the most realistic and liberal estimate of 

the fraction of conmminant obtained from a food source for this animal. As presented, a greater fraction of HCB 

is derived from both 0. wlex and 1. flocarlosa compared to BaP. These obsenablons may be explained by 

differential moleadar transfer throughout the animal because of substantial differences in the stereochemistry 

and electronegatMty of the molecules. 

Table 4. Estimated percentages of bemo(a)pyrene and hexachbrobiphenyl 

oWalned from food wing the measured feeding rates (k,). 

Food Type 

T. flocculoq - 
0. a?!Si 

More HC8 and BaP am estimated to be oMahed from Q. Q!& than from T. lkocuioq. This difference may 
be related to higher feeding rates on 1. ftocculosa. -, this hypothesis implies that the gut 

res#encetinnfor~. ~ m a s s i s l e s s t h 8 n l h 8 t b r O . w l e x .  AAres idencet imeof foodinthe  

gut may consequentiy reslrld the time necemry for enzymatk processes to degrade gut matarfals and msfer  

h t e d  contaminant to the tissues. Conversely, an inmase in tfw gut residence time (as hypothesized for 

HexachloroMphenfl B m a m e  

k (d 9' r') 

98 f 50 

131 f 12 

k ( d  9' h-'1 

9 0 f  61 

87 f 30 

b (d g' h") 

130 f 90 

75 f 49 

lh ( d  9' w') 

113 f 111 

56 f 31 



I?. &&) wauld permit a mare extensive digesbive pn>cass and subsequent contaminant transfer with an - 
q w m n t  lncreased a-ulation of conEaminant from food It is also possible that the surface areas d the foot! 

play an important role in demnmg -t bioavailability. 

V a r i o u s ~ t 8 ~ o f t h a ~ n t o f c o n t w r l n a n t ~ f i w n t h e f o o d ~ h a v e ~ n m a d e .  Seament 

and associated porewater is estimated to cocltrbute 77'% of lhe %nthracene body.burden to the m@&md 

Hvalelh azteca (Landrum and Scavia 1983). It k likely that material sorbed to sediment is less #oarala#e than 

that assodated with porewater. c o n s q u a ~ ,  the actual ~~ of anthracene from the sedknsnt food 

sourceisprobablylessthan77%. ~ e W f o r f i s h s p e d e s ~ a s l a k e t r o u t a n d s a l m i s e s U m a t e d  

to contAnrte up to 90% of the contaminant kad of these animals (Thomann and Connoly 1984, WetnEngec 

1978). while the mafine fish Lelostoms ~ U ~ J I U S ,  accumulates only 54% of its PCB body burden from food 

In the case of BaP, bluegills are esfimated to obtain 40 to 50% of their dose from food Ji inez a 1987). 

However, fish (particularly bger hdividuals) have smaller surface areato-volume ratios relative to 
maadmrertebrates. This would r e d m  the relative contrlbutkn from a water source for M. In studies 
performed on the smaller fathead minnow Pkneohalej pcomehs, a daphnh food s o w  accounted for less than 

1% of the total acrldfne body burden (Southworlh et aL 1979). thus suppthg the hypothesis that food does not 

contribute substantially to the xenobiotic body burden of aquatic animals. 

The results presented in this study suggest that at most, food conMbutes less than 45% of the conEaminant 

input to Mvsk renGta Consequently, maWma?M models assuming a 9096 contribution from food to the 

xenobiotic body burden of m a d r 0 ~ ~ 8 s  may overestimate the extent of food oonMbution by a factor of 

at least a factor of two and may not account for feeding induced changes in compound elimination. 
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