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ABSTRACT 

The b i oava i l ab i l i ty o f  sedi ment- sorbed hexac h l orobi pheny l  ( HCB ) to  

bacter i a ,  m i dge  l arvae ( C h i ronomus  tentan s ) , and  mo sq u i tof i sh  ( Gambu s i a  

a f f i n i s ) wa s exam i n ed i n  o rder  to e l u c i date the i n f l uence  o f  ab i ot i c  a nd 

b i ot i c factors  o n  the  b i oaccumu l at i o n  p roc e s s . Fa ctors  exam i ned i nc l uded 

sed i ment type, sed i ment  o r ga n i c matter ,  HCB concentrat i o n , temperat ure , 

and  b i o l og i cal v i ab il i ty .  Add i t i o nal expe r i ments  were conducted to eva l ­

uate  the re l at i ve  role o f  sed i ment  and  d i etary HCB sources  to the accu­

m u l ati o n  o f  HCB i n  mosq u i tof i s h . 

I n  general , t he b i oav a i l ab i l i ty o f  sed i ment- sorbed HCB wa s i nv e r s e l y  

re l ated to the s urface  a rea a n d  t he organ i c  content  o f  the  sed i me nt . The 

organ i c  content o f  the sed i ment wa s deemed i mp o rtant  due to i t s  l arge  

s u r face  a rea a nd  i t s hydrophob i c  i ntermatri x, whi c h accounts  for  the  a f­

f i n i ty o f  orga n i c  matter for  hydrophob i c organ i c  compounds .  The  

b i oaccumulat i on o f  HCB wa s p roport i o n a l  to the  sed i ment  HCB c o nc en­

trati o n . Cha n g e s  i n  temperature d i d  not alter  the steady-state HCB con­

centra ti on s  i n  m i dge . HCB accum u l a t i o n  wa s s i m ilar  i n  l i ve and dead 

bacte r i a; however ,  l i ve m i dge  had g reater HCB accumulat i on than  dead 

m i dge . Mosq u i to f i s h  HCB a c c umu l at i on f rom d i etary and sed i ment  source s  

wa s add i t i v e  a n d  app rox i mate l y  e q ua l . 

Th i s i n vest i g at i on i nd i cates  that the  phy s i c a l  proces s  o f  e q u i l i b­

r i um part i t i on i ng  i s  respon s i b l e  for the b i oacc um u l a i to n  o f  sedi men t­

so rbed HCB . Howeve r ,  the p roce s s  o f  eq u i l i br i um p a rt i ti o n i ng can  be 

fac i l i ta ted by p hy s i o l og i cal a c t i v i ty .  
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1.0 INTRO DUCTION 

The  pro l i f e rat i o n of c hem i c a l  u sage  i n  o u r  modern  s oc i ety has  l ed 

to the wi de s p read d i str i buti on of potent i a l l y  tox i c  c h em i c a l  re s i d ues  i n  

the e n v i ronment , wh i c h poses  a th reat of exposure and  subsequent  effects  

to  the hea l th o f  h uma n s  a s  wel l  a s  to  other organ i sms . I t  h a s  been e s­

t i mated that  a s  ma ny a s  70,000 c h em i c a l  compounds  a re i n  u se ( Sh a i kh a nd  

N i c ho l s ,  1 98 4 )  and  hundreds of  add i t i ona l sy nthet i c  chem i c a l s are i ntro­

duced each yea r .  The occurance  o f  h i gh l eve l s  of  contami nat i on i n  a rea s 

far  removed f rom d i s charge sourc e s  ha s ra i sed concern about our  ab i l i ty 

to control  t h e  d i spersa l  of  new a n d  potent i a l l y  haz ardo u s  c hem i c a l s .  

Compounds  of  greatest concern a re those  wh i ch  are l i p oph i l i c ,  and  

re s i stent  to e n v i ronmenta l  a nd b i o l og i c a l  degradat i on . 

A l though  st ab l e  organ i c  po l l utants  h a ve probab l y  been pre se n t  i n  the 

e n v i ro nme nt s i n ce  the  beg i n n i ng of t he I ndu str i a l  Revol u t i on , most o f  

those  comp ounds  con s i dered t o  b e  potent i a l l y  hazardo u s  h a v e  been  syn t he­

s i zed and comme rc i a l l y  p roduced wi th i n the l a st f i fty years. I n  the 

product i o n and u se of a c hem i c a l , it  i s  n e a r l y  i mpos s i b l e  to a vo i d  some 

re l ease  of  the c hemi c a l  i nto the  e nv i ronme nt . S ome compounds, s uc h  as the 

organoc h l o ri ne  pe st i c i de s , have been  i n tent i on a l l y  i ntroduced i n to the 

e n v i ro nment  beca u se of  the  chem i c a l  stab i l i ty and  de s i red tox i c i ti e s ,  

wh i l e others , s u c h  a s  the P CBs , were acc i dent l y i ntroduced a n d  wer e n ot 

detected for many years . Once  rel ea sed  i n to the e nv i ronment , the chemi c a l  

may b e  tra n sported by water o r  a i r ,  a nd resu l t  i n  expo sure to  man  a n d  

other orga n i sms  i n  the  e nv i ronmen t  ( Freed , C ho i u and  Haque , 1977 ) . 
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The p ri n c i p l e  s i n k  for  many per s i stent a nthropogen i c  compounds  i s  

the  aquat i c  env i ronment ( Ha l ter  and  John son , 1 977 ) .  Sources  o f  aquat i c  

contam i n at i o n  i nc l ude : ( 1 ) d i rect waste e ff l uent  d i scharge, (2) terre s­

tr i a l  runoff , (3)  atmo spher i c dep o s i t i on ,  a nd (4)  recharge  from contam­

i na ted a q u i fers . Once i n troduced i nto the  aquat i c  e n v i ronme n t , the 

contami n a n t's fate i s  governed  by the c hemi ca l  and phy s i c a l  c ha racte r­

i s t i c s  of  the compound . Water  s o l ub l e  compounds  wi l l  tend to rema i n  i n  

s o l ut i o n , wh i l e  hyd rophob i c compounds  wi l l  sorb onto  s u spended parti c l e s  

a nd  eventua l l y  be depo s i ted i n  bottom sed i men t s . 

Sed i me n t  can  s e rve e i ther a s  a s i n k  for chemi c a l s ,  i f  the se  compounds  

a re depo s i ted  a nd buri ed by further sedime n tat i on ,  o r  a s  a re s e rv i o r for  

c hem i c a l s wh i c h d e s o rb i nto  the  s urround i n g  water  a nd become ava i l ab l e  

to bi ota (Sodergren a nd  Lar s s on , 1 982 ) . The cont i n ued occurrence  of  

compounds, s uch  as  t he po l yc h l o r i n ated b i pheny l s ,  i n  the t i s s u e s  o f  

aquatic orga n i sms suggests  that contami nated s ed i me n t s  c ont i nue  t o  be a 

so urce of  orga n i c  compounds l on g  after  t he i n i t i a l  s ource of contami nat i o n  

h a s  been a l l ev i ated . As  the  water  c o n cen trati on of  organoc h l o r i n e c om­

pounds  decrease  d ue to poll ut i on abateme n t  and d i l ut i on ,  sed i me n ts may 

become an i n c rea s i ng l y  i mp o rtan t  source of contam i n a t i o n  ( Shea  et al . , 

1 980 ) .  

T o  p redi ct  t h e  b i o l o g i c a l  s i gn i f i c a n c e  o f  e n v i ronme nta l  co ntam­

i n ati on , i t  i s  neces s a ry to quant i tat i ve l y  understand  the mec ha n i sms  of 

expos ure to b i ota wi th i n ecosystems . Knowl edg e  o f  the  beha v i o r  o f  c hem­

i ca l  con tamin a n t s  i n  a queous  sy stems i s  n eeded for p red i c t i o n s  of the fate 

of the s e  c ompounds  and a s s e s smen t s  of the  pote n t i a l for expo su re a nd  
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detri menta l effect s o n  org a n i sms a nd  ecosystem s . Impo rtant  a s pect s of  a 

chemi c a l ' s  e n v i ro nmenta l  behav i o r i n c l ude the i n teract i o n s  of  the com­

pound w i t h  abi ot i c materi a l s and  w i th l i v i n g b i oma s s .  Knowl edge con­

c e rn i n g the  sorpt i on of  organ i c  chemi c a l s to phy s i c a l  s ubstrate s i s  

n eces sary to more accurate l y  p red i c t the b i oav a i l ab i l i ty o f  the s e  com­

pounds . 

The  b i oava i l ab i l i ty of  s ubst rate-sorbed organ i c  compounds  i s  o f  

co ncern because i t  determi ne s  the extent  to whi ch the  b i ota c a n  a ccumu l a te 

these  contam i n an t s . A hi gh  bi oava i l abi l i ty may endanger  the benth i c  

fauna , a n d  i n  turn , these  o rga n i sms may be a source  for a c c umu l at i o n  o f  

re s i due s by the i r predators . The av a i l ab i l i ty o f  sedi ment-sorbed c h emi ­

c a l s wi l l  depend upon  factors  such  a s  the  chemi ca l -phy s i ca l  propert i e s  

o f  the compound, substrate compo s i t i on , the chem i c a l  nature  o f  the 

sorpt i on , and the mech an i sm and l e ngth of expo sure to  the  c ompound . 

P o l ych l or i n ated b i phenyl s ( PCBs )  are exce l l en t  mode l compounds  for 

the study o f  bi oav a i l ab i l i ty of  sedi me nt-adso rbed chemi ca l s .  The  PCBs 

have a ub iqu i tous  d i str i buti o n, and  are extreme l y  stabl e ,  be i ng res i stent  

to both e n v i ronmenta l and  b i o l og i c a l  deg radati on  ( Ka l maz a nd Ka l maz , 

1979) . The chemi ca l -phy s i ca l  p ropert i e s  o f  P CBs, a s  we l l a s  the i r  

to x i co l og i ca l  effect s on  a wi de range  o f  organ i sms, have been exten s i ve l y  

studi ed a nd character i zed . Therefore , i n format i on  concern i n g the  

b i oav a i l abi l i ty o f  PCBs  can  be  i nterfa c ed wi th ex i st i n g i n format i o n , and  

the  potent i a l  b i o l og i ca l  i mpact o f  env i ronmenta l  con tami nat i on w i th PCBs  

more acc urate l y  a s se s s ed. 
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2.0 BACKGROUND 

2.1 Pol ych l or i n a ted B i phenyl s 

P roduct i on 

The pol ych l or i n ated bi p heny l s ( PCBs )  are  a c l a s s  of a romati c, 

chem i ca l l y  i n e rt , c h l ori nated hyd roca rbon s f i rst syn th e s i zed i n  1881, a n d  

commerc i a l l y  p roduced s i nce  1929 ( Anonymou s ,  1976a). T h e  b i phenyl  mo l e­

cul e ha s a tota l o f  ten ca rbon-hydroge n  bonds  at wh i c h c h l or i n e  sub s t i ­

tut i o n  i s  pos s i b l e. The re a re 209 pos s i b l e comb i n a t i on s  of c h l or i ne 

sub s t i tuti on on the b i phenyl ; howeve r , i n  a ctua l pract i ce s ,  on l y  about 

100 formul a t i on s  have been used ( Swa i n , 1983). PCBs have  been p roduced 

by most i ndustr i a l i zed countr i e s  ( Ka l maz and  Ka l maz , 1979) a n d  marketed 

under d i ffe re nt  tradename s ,  such a s  Aroc l or ( U . S.A . ) ,  Cl ophen  ( Ge rmany ) ,  

Ka n ec h l or ( Japan ) ,  a n d  Phenoc l or a n d  Pyra l en e  ( France ) . A l though l i tt l e 

i n format ion i s  a va i l ab l e  on wor l dwi de p roduc t i on of PCB ( Hutz i n g e r  et a l ., 

1974), i t  h a s  been e s t i mated that more tha n 2 x 109 kg o f  PCB have  been 

commerc i a l l y p roduced worl dw i de ( Ei senre i c h et a l . ,  1983). The e st i mated 

U . S .  p roduct i o n  of  PCB betwee n  1930 and 1975 wa s 570 x 10
6 kg, a nd a n  

add i t i on a l  1.4 x 10
6 k g  was i mported ( Buc k l ey, 1982). Deta i l s  o f  the 

p roducti on a n d  uses  of PCBs i n  the  USA have been summa r i z ed by N i sbet a n d  

Sarof i m  (1972). 

PCBs a re manufactured by the batch c h l or i n a t i on of b i p he ny l  wi th 

a nhyd rous c h l or i n e  us i ng i ron  f i l i ng s  or ferr i c  c h l ori de as  cata l y st 

( Hutz i n g e r  e t  a l . ,  1974; Hammond , et al. , 1972). The d i fferent  comme rc i a l  
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products a re comp l ex m i xtures  o f  b i p h e ny l s c h l o r i nated to varyi n g  de-

g rees . Aro c l o rs® ( Mo n santo )  ex i st as m i xtures  of  i somers a nd co ngeners  

w i th  c h l o r i ne  co ntent  of  21t 32 , 42 , 48 , 56 , 60 a nd 62% by  we i ght  ( Ka l ma z  

a n d  Ka l maz , 1979 ) . The Aro c l o r® m i xture s  a re i de n t i f i ed by a 4-d i g i t  

n umbe r ,  the  f i rst  two o f  wh i ch are 1 2 , des i gnate the  mo l ec u l a r  s ke l eto n  

of  t h e  b i p heny l . The  seco nd pa i r  of  n umbers  i nd i cates  t h e  perce n tage of  

the  tota l we i gh t  o f  the  Aro c l or® that  i s  co ntr i buted by the  c h lori ne 

( Ka l maz  and  Kal maz , 1979 ) . Comme rci a l  PCB  m i xtures  range  from l i q u i d s 

to c ryst a l l i n e materi a l s or  hard res i n s  ( Edwards , 1 97 1 ) . The p hys i ca l -

c h em i c a l  p ropert i e s  o f  PCB s wh i c h  ma ke u se f u l  i ndustr i a l  compounds , i . e .  

low vapo r  p re s sure , low a queo u s  so l ub i l i ty ,  a n d  c hemi c a l  i ne rtn e s s  to 

wate r , a c i d ,  a l ka l i ,  and  hea t ,  ( Hutz i n ger  e t  a l . ,  1 974 ) a l so ma ke them 

extreme l y  pe r s i ste nt en v i ro nmenta l con tam i nant s .  The  comp l ex i ty of the 

P C B  m i xtures  ha s  comp l i cated t he determi n at ion  o f  e n v i ro nmenta l l ev e l s ,  

fate, a nd  t he i r i mpact on the  b iota ( Tu c ke r  et a l . ,  197 5 ) . 

P ropert i es 

The  PCBs  are i ne rt , stabl e c hemi c a l s wi th low water so l ub i l i t i e s  and  

low vapo r pre s s ure s at amb i ent  temperature s. Due  to t he i r  low wate r  

so l ub i l i ty ,  a n  exact  determ i nat ion  o f  aq ueo u s  so l ub i l i ty o f  PCBs  i s  v e ry 

d i f f i cu l t  ( Ha q u e  and S c hmedd i n g , 1975 ). P ub l i shed water  so l ub i l i ty va l ­

u e s  vary a g reat dea l , rang i ng from 0 . 9 53 to 8 . 8  �g 1-l for 

2 , 21 , 4 , 4 1  ,5,5 ' -hexac h l orobi phenyl  and  637 to 1900 �g  1
- 1  for 2 ,  

4 1 -d i ch l o robi phenyl  ( Wa l l nofer  et a l . ,  1 973; Haque  a nd  Sc hmedd i ng , 197 5 ) . 

Water so l ub i l i ty decreases  wi t h  i n c re a sing  c h l o r i ne  content  o f  t he PCB  
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( Haque a nd  Schmeddi n g , 197 5 ) . Due to the i r l ow water  s o l ub i l i t i e s , PCBs  

are h i g h l y  ads orbed by s urfaces ,  s uch  a s  g l a s s , part i c u l ate s a nd  sed i me n t  

( Hammo n d ,  e t  a l . ,  1 9 72; Freed , e t  a l . ,  1 977 ) .  

Chem i ca l  and  phy s i ca l  propert i es of PCBs  a re g i ven  i n  Hutz i nger  et 

a l . ( 19 74 ) . Vapor  pres sure and  vapori za t i o n rate are re l a t i v e l y  l ow; 

howev e r ,  they a re much  h i gher  i n  the  l e s s  c h l o r i n ated PCBs  than  i n  the 

more c h l ori n ated PCB s . Th i s i s  i mporta nt  to the l o ng term fate of PCB 

m ixture s ,  beca u se the  l e s se r  c h l ori nated PCBs can  evaporate i n to the  at­

mosphere where they may be destroyed by p hotodecompos i t i on , wh i c h  w i l l  

re su l t i n  a greater percentage of env i ronmenta l contam i n a n t s  be i ng the  

h i gher c h l or i n ated P CB s .  

U se 

Due to t he i r  p hy s i ca l  a nd  c hem i ca l  stabi l i ty ,  PCBs  have had n umerous  

u sage s such  as  d i e l ec t i c  f l u i d s , i ndustr i a l  f l u i d s , heat t ra n sfer a pp l i­

cat i o n s ,  and f i re reta rda n t s  ( Hutz i nger  et al . ,  1 974 ; Brown a n d  Jon e s , 

1 98 1 ) . By far, the  g reatest u se of  PCBs  produced i n  the  U . S .  h a s  been  a s  

a l i q u i d  i n s u l ati n g  materi a l  for e l ectri ca l  capac i to r s  and tran sformer s  

( Brown a n d  Jone s ,  1 98 1 ) .  PCBs  have  a l so been u sed i n  the  formu l at i o n  o f  

l ubri cat i ng a nd  c utt i ng o i l s ,  a nd a s  p l a st i c i zers  i n  pa i n t s , ca rbon l e s s  

copyi n g  paper , adhes i ve s ,  sea l an t s , and p l a st i c s .  P C B s  had been  recom­

mended as extenders  of the e ffecti ve  l i fe of i n se ct i c i de s  ( Tsao  et a l . ,  

1 953 ; Duda , 1 9 5 7 ); h owever , t hey we re apparen t l y  never  u sed o n  a l a rge  

sca l e  for th i s  p urpose  (Hutz i n ger  et  a l . , l974 ) . 
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Lega l Stat u s  i n  USA 

Due  to the w i de spread recog n i t i on of the d i str i but i o n  a nd  bi oac­

cumul at i o n  of PCB s , the Mon san to I n dustr i a l  Chemi ca l s Company, the  so l e 

U . S. p roducer of  PCBs , vo l un t a r i l y  l i m i ted i t s  s a l e s  i n  1 971 to tho se  

PCBs  u sed i n  c l o sed systems , i . e . , capaci to rs and  tra n s fo rmers , a nd  soon  

t e rmi n ated i ts product i on of  the  most  h i g h l y  ch l o r i n ated Arocl o rs 

( Hutzi nger  et a l . ,  1 974; Anonymou s, 1976a ) .  D uri n g  1972 and  1 973 , the 

Food and Drug Adm i n i strat i on p l aced l i m i ta t i on s o n  PCBs concentrat i on s  

f o r  d i etary i tems a n d  packag i n g  mate r i a l s u sed for food s .  These  re­

str ict i on s  rei n forced the e l i m i nat i on o f  PCB u sage  i n  the U . S. except for 

c l o sed systems . The Tox i c  Substances  Contro l  Act o f  1 9 76 p l aced l i mi ts  

o n  the ma n u factu re a nd use o f  PCB, a nd  st i p u l ated that a l l product i on  o f  

PCBs i n  the U . S. end  January 1, 1979, a n d  that a l l U . S .  sa l e s a n d  d i s­

tr i but i on o f  PCB end Ju l y  1 ,  1979 ( Brown and Jon e s , 1 98 1 ) . I n  1 977, the 

FDA p l aced the l i mi t of  PCB i n  edi b l e f i sh t i s s ue  at  5 ppm , and 2 ppm 

i n  the spri ng  o f  1979 . Howeve r ,  due to the  adve r s e  i mpact o n  the f i s h i n g  

i ndustry, the 2 ppm l eve l i n  f i s h  t i s s ue was soon  resci nded , a n d  the 5 

ppm leve l rema i ned i n  effect un t i l Au g u s t , 1 984 , at wh i ch t i me the 2 ppm 

l evel wa s once a g a i n re i n stated ( Ano nymo u s , 1 984).  

A l though p roduct i on  and u se of  PCBs have been  banned i n  the U . S . , 

they con t i nue  to be o f  concern due to: ( 1 )  t he i r p er s i stence a nd  re l a­

t i ve l y  l ong  bi o l o g i ca l  hal f- l i ve s ;  ( 2 )  t he i r  w i d e spread geograph i c  

occurance; ( 3 ) t h e  demon s trated l on g  ra n g e  atmo sphe r i c  tra n s port of these  

s ubstance s ;  ( 4 )  t he abi l i ty to  accumu l ate i n  food cha i n s  l ead i n g  to man; 
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( 5 )  t he i r con t i n ued u s e i n  other  countr i e s ; and ( 6 )  con t i n ued r e l ease  from 

product s i n  u se ( Gre i c hus et a l . , 1978 ; Say l er et a l . ,  1 982 ) .  

En v i ro nmenta l H i s to ry o f  PCB  

Al tho u g h  PCBs  have  been i n  i ndustri a l  use s i n ce  192 9 , the d i stri b­

ut ion  of PCBs  i n  t h e  env i ronment  wa s not recogn ized u nt i l Je n sen , i n  1 9 64 , 

began a n  i n ves t i gat ion  to a s certa i n  the o r i g i n s  o f  un known peaks  observed 

dur i ng  gas  c h romatographi c separat ion  of organo c h l or i ne  pe sti c i des  f rom 

wi l dl i fe samp l e s. After Jen sen ' s  repo rted d i scovery (J e n s e n, 196 6 ) ,  a n  

o n s l a ught  of  en v i ro nmenta l a n a l yses  fo l l owed a nd t he ub i q u i to u s  d i str i b­

ution  of  PCBs  became appare n t .  P r ior  to t h i s t i me , PCBs we nt  unrepo rted 

e i ther  bec a u s e  the a n a l yt i c a l  p rocedures  for PCBs  had not been ref i ned , 

or often , the  res i dues  were wro n g l y  i dent i f i ed a s  other  organoch lor i n e  

compo unds, s u c h  a s  DDT . PCBs  have been  i dent i f i ed i n  a i r ( Ha rvey a n d  

Ste i n hauer, 1974 ; At l as a n d  G i am , 1 98 1 ) , so i l  ( Carey a nd Gowe n ,  1976 ) , 

and  water  ( D u ke et a l . ,  1 970 ) from a l most  every co n ce i v ab l e e n v i ro nment . 

T ra n spo rt P ro c e s s e s  

Of t h e  tota l wo rl d production  o f  PCB , more t ha n  o n e-ha l f  i s  be l i eved 

to be i n  wa ste dumps a nd l a n d f i l l s  ( Anonymou s ,  1976b ) . T h e  mo vement  o f  

PCB f rom dump s i te s  s ho u l d  b e  l i m i ted  by t he i r l ow so l ub i l i ty i n  water  

a nd  by  t he i r te nde n cy to so rb to so i l  s u rfaces . T h i s  con c l u s ion  h a s  been  

suppo rted by the  mon i tor i ng of  surface  and  gro undwaters  a ro u nd l a ndfi l l s ,  

wh i ch have  fou n d  l i tt l e o r  no co n tam i n a t i o n  by PCBs  ( Li d gett a nd Vodde n ,  

1970 ; Robert so n  a n d  Li , 1 976 ; He s se ,  1 97 1 ; Moo n et a l  . ,  1 976 ) . Much  o f  
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t h e  rema i n i ng PCBs  a re d i spersed i n  the e n v i ronme nt  pr i n c i pa l l y  through  

i ndustri a l  u se , ma n u facturi ng , produc t i o n , acc i denta l  s p i l l s , and de l i b­

e rate d i sc harge  ( S ay l e r et a l . ,  1982 ) .  I n  1 972 , the  rate o f  l os s  of  PCBs­

wa s esti mated to be o n  the o rder  of 1 . 35 - 2 . 25 x 1 03 metri c ton s per year 

i nto the  atmo sphere , 3 . 6  - 4 . 5  x 1 03 metri c  ton s per  year i n to f re sh and 

c o a sta l waters a nd  1 . 62 x 104 metr i c ton s per year i nto dump s i tes  

( Hammond , et a l  . ,  1972 ) . Howe ve r ,  due  to  the  redu c t i o n  i n  produ cti o n  and  

usage , pre se n t  e n v i ronment  i n puts  wou l d  be expected to  be  much  l es s . 

Atmospher i c con tami nat i o n wi th  PCBs occurs  dur i n g  the  i nc i nerati o n  

o f  i ndu stri a l  a nd mu n i c i pa l  wa ste s and  from vo l a t i l i za t i o n  from sp i l l s ,  

so i l s a nd  sewage s l udge (Anonymous, 1 976 b ) . Atmo spher i c tra n sport i s  

b e l i eved to be t h e  major route of  d i s sem i n a t i o n  of  PCB  a nd  other 

c h l ori nated hydro carbo n s  t hroughout the  e n v i ro nmen t  ( Mac kay and  Wo l koff , 

1 9 73; Ha rvey and  Stei n hauer , 1 976 ; N i sbet a nd Sarof i m ,  1972 ; R i sebrou g h  

et a l . ,  1 968) , a n d  ha s  been i mp l i cated a s  a pr i mary i n put  pat hway t o  

f re shwa ter a n d  ma ri ne  e n v i ronments  ( E i senre i c h et  a l . ,  1 98 1 ) . 

N umerous  reports  con f i rm the  ub i q u i tous  a tmo spher i c d i st r i but i on of  

PCBs  tra n s ported wi t h  the  preva i l i ng wi nds , a nd  dep o s i ted by parti c l e  

sedimentat i o n  or ra i n-o ut (Hammond , et a l . ,  1972 ; R i sebrough  a nd  Delappe , 

1 972; Ka l maz and  Ka l maz , 1979 ) . S i nce  the vapor pre s s u re s  of  P C B  

c o n g e n e r s  dec rea se  wi th  i n crea s i ng c h l or i n e  content, t h e  l owe r 

c h l ori n ated congeners  wou l d  be  e x pected to d i sperse  to a greater degree  

than  t he more  h i g h l y  c h l o r i n a ted PCBs  ( Hammond , et a l . ,  1 9 72 ) . 

Aquat i c  ecosy stems serve a s  the  pr i n c i p l e  reservo i rs of PCB  that  

e n ter t h e  e n v i ron me n t  ( Anonymo u s , 1978) . The  entry of  PCBs  i nto water 
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occurs  ma i n l y  at the po i n t s  of  d i s c harge of i nd u str i a l  a nd urban  wa ste 

i n to wa ter s  ( Anonymous , 1 976b ). Other l oca l i zed sources  of P CB contam­

i n ati on are l e a kage  and wa ste d i s p o s a l  f rom sh i p s ( Ta t s u kawa , 1 976 ) . Due 

to th ei r l ow water  so l ubi l i ty and h i g h spec i f i c  gra v i ty ,  most PCBs  d i s­

charged i n to a q uat i c  e nv i ronmen t s  wi l l  be adsorbed to part i c u l ates  and  

sed i me n t s  ( Hammon d , et a l  . ,  1972 ; We st and Hatche r ,  1 98 0 )  Tra n s port i n  

a q uat i c  sy stems wi l l  be  p r i mar i l y  by mea n s  of wa terborne part i c l es 

( Hammond , et a l . ,  1972 ; Ka l maz  and Ka l maz , 1979 ) , add i t i on a l  tra n s p ort 

i s  a ccomp l i s hed by the upta ke of t h e  PCBs  by b i ota (Young  et a l . ,  1977 ) . 

B i o l og i c a l  Di stri but i on of  PCB  

The  b i o l og i ca l  d i stri but i o n  of  PCBs  has  been  revi ewed by Hammond  et 

a l . ( 19 7 2 )  a nd Ka l ma z  and  Ka l maz ( 19 7 9 ). N i sb i t  and  Saro f i m  ( 1972 )  e st i ­

ma ted that le s s  than 900  met ri c ton s o f  P CB s  a re l oc a ted i n  l i v i ng 

orga n i sms throughout t h e  wor l d ;  therefore, b i ota wou l d  appear  to have 

l i ttl e i mpact  o n  the wo rl dwi de fate and d i str i buti on of PCB s . Howeve r ,  

the presence  of PCBs  i n  l i v i ng org a n i sms i s  o f  g reat ecoto x i co l og i ca l  

s i g n i f i c a nce (Ano nymo u s ,  1976b ) . The bi o l og i c a l  accumu l a t i on  of  P C B s  o r  

o f  any compound become s i mporta n t  when  the  acute toxi c i ty o f  t he compound  

i s  l ow .  U s u a l l y  the p hy s i o l o g i c a l  effects  g o  u n n ot i ced  u n t i l there are 

ch ron i c  e f fects  due to i n c re a s i ng c hemi c a l  accumu l at i on ( Nee l y  et a l  . ,  

1974 ; Bruggeman et a l . ,  1 98 1 ). By t h e  t i me ch ron i c  effec ts  are not i ced, 

correcti ve act i o n  may be too l ate to a l l ev i ate the s i tuati o n before 

i r reparab l e damage has been done to  the  orga n i sm ,  popu l at i o n, and 

eco system . 



1 1  

Low l ev e l s o f  P CB s  are so wi de s pread that i t  i s  v i rtua l l y  i mpo s s i b l e 

to f i nd a q ua t i c o rg a n i sm s wi t hout  some re s i dues  ( Ha n s e n  et a l. , 1 9 76 ) . 

The a ccumu l at ion  o f  PCBs  i n  aq uat i c o rga n i sms may be exp l a i ned by PCBs  

h i g h a f f i n i ty for l i p i ds and the i n ab i l i ty o f  the  o rg a n i sms to e nt i re l y  

metabo l i ze t hem ( Gruger e t  a l . ,  1975 ; Hutz i n ger et a l  . ,  1972 ; Me l anco n 

a nd  Le c h , 1 976 ) . T he actua l  PCB  l e ve l s  i n  a quat i c o rga n i sms v a ry wi th  

the spec i e s , age , body we i g h t, t i s s ue type s ,  l i p i d  conten t ,  and appear  

to s how sea so n a l  f l uctuat ion s ( Tats u kawa , 1976 ) . T i s s u e s  o f  h i g h  l i p i d  

content  tend to have  h i g h PCB  l eve l s ,  and  the mo re stab l e  h i g h l y  

c h l o r i n ated PCBs  tend to accumu l ate mo re read i l y  t h a n  low c h l o r i ne  PCBs  

( Hammond  et a l . ,  1 972 ; Kal maz and Ka l maz , 197 9 ) . 

At e nv i ronmen ta l l y enco un tered l eve l s ,  PCBs  are ge nera l l y  thought  

not to be  a c u te l y  tox i c ( H utz i nger  et  a l . , 1974 ) , a l t hough  i n  l aboratory 

experi ment s , PCBs  have been s hown to a f fect  s urv i va l  ( Ha l te r  and Jo h n so n , 

1 974; Mau c k  et a l . ,  1 978 ; Verma et a l . ,  1978 ; We i s  and  We i s ,  1 982 ) ,  growth 

( Ha n se n  et a l . ,  1 976 ; Mauc k et a l . ,  1978 ), reproduct ion  ( Freema n and  

I d l er, 1975 ; Ha l te r  and  Jo h n son , 1 974 ; Nebe ker et a l . ,  1 974 ) ,  and behav ior  

( Camp et  a l . , 1 974; Fo l mar and Hodg i n s ,  1 982; Han sen  et  a l . ,  1 974) of  

var ious  a q ua t i c o rga n i sms . The e ffect s of  PCBs  are spec i e s  s pec i fi c ,  and  

t he re appears  to be l i tt l e  rel at io n sh i p  between taxonomi c  l eve l  a nd  re­

spo n se to PCB . The  to x i co lo g i ca l  c haracte r i zat ion  o f  PCBs  i s  con fo unded 

by the fact that many PCB co ngener s  have d i fferent c hem i c a l  and  phy s i c a l  

propert i e s  ( Hammond  e t  a l . ,  1 972 ; Han sen  e t  a l. , 1 976 ) . 
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A n a l y s i s of  E n v i ronmenta l  Sampl e s  for P CB s  

The  a n a l yti c a l  determ i n at i on  of  PCBs  i n  e n v i ronmenta l  samp l es d i f­

fer s  l i ttl e f rom t hat  of c h l ori n ated hydrocarbon pe st i c i de s  ( Hutz i nger  

et a l . ,  1 97 4 ) . The a na l yt i c a l  p rocedure s  for  PCB  a n a l y s i s i n c l ude ; s am-

p l i n g ,  extra c t i o n, c l e a nup, separat i on  from i n terfe r i n g  compound s , and  

q ua nt i tat i o n . S i n ce  PCBs i n  e n v i ronmenta l  samp l e s  are u s ua l l y  pre se n t  

i n  mi n ute q u a nt i t i e s  ( n g 1
- 1  

t o  mg 1
- 1 ), care m u st b e  ta ken  t h roughout 

the  a n a l ytica l  p rocedure s to  a vo i d  l aboratory contami n a t i on . To avo i d  

contami n a t i on, a l l mate ri a l s ,  g l as sware , a n d  reag e n t s  shou l d  be 

c hemi c a l l y  c l ean . 

A rev i ew of  proced ure s  for PCBs  determ i nati on  i n  e n v i ronme n ta l sam-

p l e s  i s  prov i ded by Hutz i nger  et  a l . ( 1974 ) . T h i s d i scu s s i o n wi l l  be 

l i m i ted to PCB determ i n at i on i n  water, sed i me n t  a nd  b i o l og i ca l  samp l e s . 

PCBs  c a n  be ea s i l y  recovered f rom water samp l e s by extract i ng wi th 

non-pol a r  so l vents . Hexane  i s  t he so l vent  of  c ho i ce for extracting  PCBs  

from water ( Hutz i nger  et  a l ., 1974 ) . More  e l aborate extract i on p rocedures 

have  been u s ed ( Ah l i ng and  J e n s e n , 1970; Ge s se r  et a l ., 1 9 7 1 )  which  i n ­

vo l ve the u s e  of  non-p o l a r  c hem i ca l s coated on supports  for reverse 

l i q u i d- l i q u i d  part i t i on i ng between water a nd  the  n o n - po l a r chem i c a l . The 

adsorban t  i s  then  extracted w i t h  a non-po l a r  s o l vent , s u c h  a s  hexane  or 

petro l eum ethe r .  

So l vent  m i x tu re s  a re u s ua l l y  u sed, often  w i th  a sox h l et  a pp a rat u s , 

to extract PCBs  from sedi men t  a nd  b i o l og i ca l  s amp l e s . P op u l a r  mixtures  

i n c l ude vary i ng  hexane- aceto n e  ( Goerl i tz a nd  Law, 1 974 ) , hexa ne-ether  
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( Schm i dt et  a l  . ,  1 971 ), hexan e- i sopropano l  ( H o l den , 1970 ) , a nd  hexane­

ethano l  ( Wa k i moto et a l . ,  1 9 7 1 ) .  

A maj or p rob l em w ith  the extract i o n  of PCBs f rom e n v i ronmenta l  sam­

p l e s  i s  the coextract i o n  of other compounds , part i cu l a r l y  non-po l a r  com­

pounds  such as l i p i ds ,  ch l or i n ated hydroca rbon s ,  a nd  po l y n uc l e a r  

a romat i cs ( Hutz i n g e r  et a l . ,  1974 ) . L i p i d s  i nterfere wi th ga s  chroma­

tog raph i c  ( GC )  q uant i tat i on of  PCBs  by contami n at i n g the GC co l umn a nd 

detecto r .  The remova l of  l i p i ds from extract s i s  accomp l i shed thro ugh 

c l ea nup  procedure s .  L i p i ds a re common l y  removed from extract s by u s i n g  

procedures  i n vo l v i ng chemical  decompo s i t i on o f  the l i p i d s , so l vent  par­

t i t i on i n g  or  co l umn chromatog raphy .  

C l eanup  p rocedu re s  u s i n g  the chem i ca l  decompo s i t i on of l i p i ds a re 

based o n  the fact that PCBs are stabl e i n  the presence of  concen trated 

s u l fur ic  aci ds  and a l ka l i n e medi a ,  whe rea s  l i p i d s  a re dest royed 

( Hutzinger  et a l  . ,  1 974 ) . Thi s cl e a n up procedu re ha s been w i d e l y  u sed 

( Murphy , 1 972 ) ; howeve r ,  does  have the d i sadvantage  of  destroy i ng some 

chl or i n a ted and organophosphate p e s t i c i des . Separat i on  o f  l i p i d s  and  

PCBs  by l i q u i d  part i ti on i ng i s  l e s s  w i de l y  u sed a nd  i s  ba sed o n  the 

prefere n c e  o f  PCBs for  aceton i tr i l e ,  d i methy l formami de or  d i methyl s u l f­

ox i de ,  whi l e  l i p i d s  rema i n  i n  the hexane  extract ( H utz i n g e r  et  a l . ,  1974) . 

Co l umn chromatography i s  commo n l y  used for extract i o n  cl ean up . Al um i n a  

a nd  Fl or i s i l ® a re us ed a s  the co l umn pack i ng  and  reta i n l i p i ds whi l e  a l ­

l owi ng  PCBs and  o ther chl o r i nated hyd rocarbons  to be co l l ected i n  the 

e l uate . S o l vents  a nd so l ve n t  m i xtures  reported for co l umn 

chromatog raph i c  cl eanup i nc l ude methy l e n e  chl or i de-hexa n e , aceton i t i l e-
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water , petro l eum eth er , and  hexane-meth a n o l  ( H orwi tz , 1970 ; Mi l l s  et  a l . ,  

1 972 ; Porter and  B u r ke , 1973 ) .  

I f  ch l o r i n ated hydroca rbo n s  are extracted f rom the  samp l e along  wi th 

PCBs , i t  may be nece s sary to separate the se compo unds  i n  o rder to 

q uant i tate the  PCB s . I n  add i t i o n  to col umn ch romatography on  F l or i s i l ® ,  

s i l ica g e l  i s  f reque n t l y  u sed a s  a n  adso rbant  for  the separat i on o f  PCB  

and  ch l o r i nated p e s t i c ides  ( Hutz i n ger et  a l . ,  1 9 74 ) . 

PCBs  are mo st  of ten qua n t i tated by ga s  ch romatography - e l ectron 

capture detecti on , and mo re rece n t l y  wi th ga s  ch romatog raphy cou pl ed wi th 

mass  spectrometry . 

2.2 B i o l og i ca l  Accumulati on  

The  b i o l og i ca l  accumu l at i on of p e r s i stent po l l utants , such a s  DDT 

and  mercury , f i r st  g a i ned publ i c  atten t i o n  i n  the 1960's wi th the wi de­

s p read di scovery of  re s i dues  i n  f i s h and wi l d l i fe ( Spaci e and  Hame l i n k ,  

1 985 ) . The term s  bi oconcentra t i on , b i oaccumuia t i o n , a nd b i omag n i f i cat i o n  

a re somet i me s  used to denote the source o f  the accumu l ated re s i dues  i n  

a n i ma l s .  The i nco n s i sten t u s e  of  these  terms i n  the  l i terature h a s  

s omet i me re s u l ted i n  conf us i on . F o r  t h e  purpose  of  th i s d i scu s s i on ,  t hese 

terms wi l l  be  us ed a s  def i n ed by Bru n g s  and  Mount  ( 1 978 ) . B i oconcen tra­

t i o n refe rs  to  an  i ncrease  i n  re s i due concen trat i on i n  a n  orga n i sm by 

d i rect uptake f rom wa ter; b i oaccumu l at i o n i nd i cate s the combi ned i ntake 

from wa te r a s  wel l a s  f rom d i e t ;  a nd  b i omagnif i cat i on re fers  to the 

p roce ss  by wh ich  t i s s ue  concentrati o n s  of  bi oaccumu l ated r e s i dues  i n­

creas e a s  the materi a l s pas s up  the  food cha i n .  
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The  direct upta ke of PCBs  a nd  other persis tent  o rganoc h l orine  com­

pounds  h a s  bee n  experiment a l l y  demo n strated for many aqu atic  organisms  

i n c l uding  phytop l a n kton ( Biggs  et a l . ,  1 980 ) , a rth ropods ( Lync h  a nd  

Johnson , 1 982) , mo l l u s ks ( Courtney a nd  Denton , 1976 ) , and  fi sh 

( Frederic k ,  1975; Gruger et a l  . ,  1 975 ) . Uptake i s  defined here a s  the  

t ra n sfer  o f  a c hemi c a l  in to ( abso rption ) o r  onto ( adsorption ) a n  organi sm .  

A l though  a v a riety of mech a ni sms  may be i nvo l ved i n  the  upta ke , the  most 

significant  a re di ffu sion , active  and faci litated tran sport , a n d  

adsorption ( Spacie a n d  Hame l i n k ,  1985 ) . 

P a s sive di ffusion  c a n  occur  whenever there exi s t s  a concentrati o n  

g radient , and  s u rfaces  which  are permeab l e  t o  the  c hemic a l . M o s t  exper­

imenta l  evide nce  i n dicates  that t h e  upta ke of  c h emica l s by a quatic 

organi sms occurs mo st often by p a s sive di f f u sio n , whi c h  u s ua l l y  occ u r s  

through sem i permea b l e s u rfa ces  s u c h  a s  t he gi l l s ,  lining  of t h e  mo uth , 

or  ga strointestina l  tract ( Spacie and  Hame l i n k ,  1 985 ) . Di f f u si o n  i s  a l so 

known to occ u r  through  t he cuti c l e  of arth ropod s ( Derr and Zabi k ,  1974 ; 

Wi l kes  and Wei s s , 197 1 ; C ro sby and T u c ker , 1 971;  Wi l di s h  and Zit ko , 1 971 ) .  

The hig he r  concentration s of  x e nobiotics  i n  sma l l e r organi sms  compared 

to l arger organisms  ( Ni sbet and  Sarofim , 1 9 72 ) , wou l d  i ndicate that di rect 

absorption i s  the primary route of  accumu l ation . 

Ac tive and faci li tated tran sport proce s s e s  invo l ve the  compl exi n g  

of the c hemica l with  a carrie r  mol ec u l e  in  t h e  ce l l u l a r membra n e . Al though  

these  transportation  mechani sms a re a n  important mea n s  of  meta l accumu­

l ation in  organisms , ( Spaci e a n d  Hame l in k ,  1 985 ) they wou l d  not be e x­

pected to sig nifica n t l y  contribute to  the  accumu l ation of  c hemic a l s ,  s uch  



16 

as  PCBs a nd  organo c h l o r i ne pe st i c i de s , wh i ch are read i l y  so l ub l e i n  l i p i d s 

o f  c e l l u l a r membra n e s . Ad sorpt i o n refe rs to the  b i n d i ng o f  a chemi c a l  to 

a s urface by chem i c a l  or p hy s i c a l  fo rce s .  Al tho u g h  adsorpti o n  contr i bute s 

to the  tota l  body b u rden , i t  genera l l y  does  not co ntr i bute to the tox i c  

e ffect l ev e l  w i t h i n the  orga n i sms  ( Sp ac i e  and Hame l i n k ,  1985 ) . 

B i o co n c e ntrat i o n  o f  res i dues  f rom  wa ter h a s  been co rre l a ted w i th  

hydrophob i c i ty o f  the  chem i c a l  ( Nee l y  et  a l . ,  197 4 ;  Bra n son et a l . ,  1975 ; 

C h iou  et a l  . , 1977 ; Kur i hara  et a l . ,  1973; Ve i t h  et a l . ,  1979; Tu l p a nd 

Hutz i nge r , 1978 ; O l i ve r  a nd  N i i m i , 1 983) , wh i c h  i s  o fte n expre s sed a s  the 

part i t io n i n g coe f f i c i e n t  ( K ) .  The p a rt i t io n i n g coe f f i c i e nt  exp re s se s  the 

eq u i l i b r i um co ncentrat i on rat i o  of  an  orga n i c  c hem i c a l  part i t io ned be-

tween a n  orga n i c  l i q ui d a nd  water ( Ch o i u  et a l . ,  1977 ) .  Octano l  i s  the  

mo st  w i de l y  u sed  orga n i c  phase , beca u s e  of  i ts s i m i l ar i ty i n  po l ar i ty w i th 

b i olog i c a l  membra nes  ( Freed et a l  . , 1977 ) .  T he part i t i o n i n g coef fi c i e n t s  

i nd i cate t he propen s i ty fo r uptake a nd storage of  c hem i c a l s  i n  b i o log i c a l  

sy stems ( Freed et  a l . ,  1977 ) .  The refore , t he octano l -wa ter part i t io n i ng  

coe ff i c i e n t  ( K  ) seems to be a u se f u l  i nd i cato r  of  b i oaccumu l a t i o n  po­ow 

te n t i a l  i n  ma ny i n sta nces  ( V e i t h et a l . , 1979) , w i t h  chem i ca l s  w i t h  h i g h 

K0w v a l ues  h a v i ng the  h i g he st b i oaccumu l at i on pote n t i a l .  

B ioaccumu l at i o n  o f  orga n i c  compounds  by  a q ua t i c organ i sm s  occur s  

through  at  l ea s t  three pathways: d i rect part i t i on i ng  from the  a q ueou s  

p h a se v i a  the g i l l s , i n te gumenta l  sor p t i o n  and d i et ( Swartz a nd Lee , 

1980 ) . Water i s  the probab l e med i um o f  exchange  for  a l l t hree pathways 

( Rubi n ste i n et a l . ,  1984 ) . B ioaccumu l at i on ca n o c c u r  o n l y  i f  the  rate 

of uptake of a c hemi c a l  by an o rgan i sm i s  g reater t h a n  t he rate of  i t s  
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e l i m i nat ion  ( Spac i e  a nd  Hame l i n k ,  1 985 ) . Facto r s  known to a f fect 

b i o accum u l at ion  i nc l ude: con centrat ion  i n  the s u rro u n d i ng  en v i ro nment , 

d u rat ion  o f  expo s u re , sol ubi l i ty of  the  c hemi c a l ,  a nd  l i p i d  con tent o f  

the  o rga n i sms ( Gooc h  a nd  Hamdy, 1983 ; Han sen  et a l  . ,  1 9 74 ) . 

U n t il recent years , b iomagn i f i cat ion  ha s  been  a domi nant  t h eory ex­

p l a i n i n g the accumu l at ion  of  per s i stant  c hemi c a l s i n  f i s h  and w i l d l i fe .  

The theory wa s s uppo rted i nd i rect l y  by the  observ at ion  that the  h i g he s t  

conce ntrat ion s  o f  PCBs  and  o t h e r  pers i ste nt organ i c  compo unds  we re fo und 

i n  the h i gher  tro ph i c  l eve l s ,  and appeared to i n crease  i n  a stepwi se 

f a s h ion  from one tro ph i c  l ev e l  to t he next (Woodwe l l  et a l . ,  1967 ; 

Gre i c h u s  et a l . ,  1 978 ) . An understand i n g o f  the  contr i but ion  o f  d i e ta ry 

expo sure to the  tota l accum u l at ion  of  re s i dues  by organ i sm s  i s  n eeded , 

because  c u rren t l y , water q u a l i ty standards are based o n  wate r concen­

tration  a lo n e . 

The biomagn i f i cat ion  proce s s  can  occur  bec a u se no n-degradab l e ,  

l i pop h i l i c compounds  accum u l ate i n  fatty t i s s ue s , a n d  effect i ve  tra n s­

fo rmat ion  and  excret ion  mec h a n i sm. s  do not e x i st fo r the co n s umed xeno­

biot i c s  t here fore , t he con s umed re s i dues  co nt i n ue to accumu l ate 

throughout  the l i fe of the con sumer ( Bruggeman et al . , 1981 ; S pac i e  a nd  

Hamel i n k 1985 ) . The  w i de spread d i str i but ion  o f  DDT h a s  become a c l a s s i c 

examp l e  o f  th i s p henomena ( Ne e l y  et a l . ,  1974 ) . 

Acc um u l at ion  o f  xenobio t i c s  f rom  food wi l l  be dependent  o n  the upta ke 

ef f i c i e n cy and  on  the  c l eara n c e  rate o f  the  compo und ( Bruggeman et a l. ,  

1 981) .  A low c l earance  rate ha s bee n determ i ned to be the  m a i n factor  

re spo n s i b l e fo r a h i g h  bioco ncentrat ion  factor  o f  c hemi c a l s i n  f i s h  ( Ne e l y  
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et a l . ,  1974 ; Konema n n  1980 ) . It  has  been s ugge sted that the corre l at i on 

betwe en  amo u n t  of  a l i poph i l i c compound  and trop h i c l eve l i s  due to the 

i n c rease  i n  l i p i d  content  wi t h  troph i c  l e v e l . Al though  th i s i s  a l og i ca l  

and  someti me s  emperi c a l ly  supported exp l a nat i o n , there a re re ports o f  

i n c rease  i n  xenob i ot i c s  wi th  trop h i c  l ev e l  wi t hout  a concu rre nt  i ncrease  

i n  l i p i d s ( Gre i c h u s  et  a l  . , 1978) . I t  i s  n ow c l e a r  that the  route o f  

uptake a n d  a ccumu l at i on o f  r e s i dues  i n  aquat i c  orga n i sms  depen d s  u p o n  the 

speci f i c food c h a i n ,  o n  the  ava i l ab i l i ty and  p e r s i stence  o f  t he contam­

i n a nt i n  wate r ,  a n d  e spec i a l l y  on  the p hy s i ca l -chem i ca l propert i e s  of the 

compound  ( Spa c i e a n d  Hame l i n k ,  1985 ) . 

Al though  b i omag n i f i cat i on  i s  st i l l  a ccepted a s  the p r i ma ry mea n s  o f  

a ccumu l at i on  of  c hem i c a l  res i du e s  i n  terre stri a l  f a u n a  ( B ruggeman et a l . ,  

198 1 )  i t s v a l i d i ty a s  a mea n s  of  e xp l a i n i ng acc umu l at i o n  i n  h i g her  troph i c  

l eve l s w i t h i n a quat i c env i ro nme n t s  i s  a matter of  controve r sy . D i etary 

compou nds , e s pec i a l l y  e xtreme ly  hydrophob i c  compounds , have been repo rted 

to be a maj o r  source  of  a c c umu l ated orga n i c compounds  i n  o rg a n i sms at  o r  

n ear  t h e  top of  t h e  troph i c  structure ( Macek  a nd Korn , 1 97 0 ; Har ri s o n  e t  

a l . ,  1970 ; J o h n so n  et a l . ,  1 97 1 ; Ebe rhart et a l . ,  1 9 7 1 ; Jarv i nen  et  a l . ,  

19 77 ; B ruggema n n  e t  a l . ,  1981 ; J e n s e n  et a l . ,  1 982 ; P i z z a  a nd O ' Con n o r , 

1983 ; T homa n n  and C o n no l l y ,  1 984) . However ,  Mori a rty ( 1 972) c o n c l uded 

that  for a q u at i c  o rga n i sms , d i rect i ntake of the c hem i ca l  from the p hy s ­

i ca l  e n v i ronment  i s  the  m o s t  i mpo rta n t  so urce o f  accumu l at i on , a nd  t h a t  

any p o l l utant  i ng e sted wi th  t h e  food i s  o f  m i n o r  s i g n i f i ca nce . Th i s  

c o n c l u s i o n ha s  been  supported by other  researchers  ( Hamel i n k  et a l . ,  1 97 1; 

C l ayt o n  et a l . ,  1977 ; J a rv i v n e n  e t  a l . ,  1 977 ; Wi l l i am s  a nd Gi e sy ,  1978 ; 
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Nor strom e t  a l . ,  1 976 ) . Mace k e t  a l . ,  ( 1 979 ) concl uded that food cha i n 

transfer  wa s i n s i g n i f i cant  compa red to upta ke from water by f i s h  for 6 

o f  7 compo unds  exami n ed . DDT wa s t he o n e  except i o n, w i th  the  d i et i n­

crea s i n g  t he accumu l at i on i n  the f i s h by 30 - 60% over  that of  uptake from 

t he water a l one . Add i n g  con fu s i o n to the controversy i s  the study of  P i zza 

a n d  O ' C o n nor  ( 1 982 ) wh i ch reported that the i ntroduct i o n  of PCB contam­

i nated a l gae ( Chroococcu s )  re su l ted i n  a decrease i n  PCB upta ke by i t s  

amphi pod predator Gammaru s da i be r i , a s  compa red wi th PCB  accumu l at i on 

resu l t i n g  from expo sure i n  water o n l y .  

2 . 3  Ads orpt i ve Fate 

Ext reme l y  hydrophob i c  compounds, s uch a s  PCBs , have a strong af f i n ­

i ty f o r  part i cu l ate mater i a l s ( Rube n ste i n et a l . ,  1 984 ) . C o n se­

q ue n t l y, i n  aq uat i c  sy stems these compounds  are common l y  a s soci a ted wi th 

bottom sed i me n t s  ( Sode rg re n , 1 973 ; Ruben ste i n  et a l . ,  1984 ) .  Remob i l i ­

zat i on o f  the  compounds  can occur through  s l ow desorp t i on i nto over l y i n g 

waters , re s u spe n s i o n  and  red i str i but i on dur i n g  per i od s o f  pe rtuba t i on s ,  

a nd  tra n s l oca t i on  through b i o l og i ca l  act i v i ty ( Ha l te r  a nd  Johnson , 1977 ) . 

Due to the i r p hy s i ca l  and  chem i ca l  prope rt i e s, Sodergren a nd  Lar s son  

( 1 982 ) concl uded that once PCBs adsorb to sedi men t  they a re u n l i ke l y  to 

desorb i n to wate r .  

PCB  concen trat i on s  i n  sed i me n t  vary g reat l y  ( Fowl e r  et a l . ,  1978 ) ; 

reported v a l ue s range from �g kg- 1  ( Hom et  a l . ,  1 974 ) to hundreds  o f  mg 

kg- 1  ( Du ke et al . ,  1 970 ) .  I n  genera l ,  reported amounts  of PCBs are  h i gher  

i n  sed i ment than i n  over l y i n g  wa ter  ( C ourtney and  La n g s ton, 1 978 ) . N i mmo 
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et a l . ( 19 7 5 )  reported PCB l ev e l s i n  sed i ments  of E scamb i a  Bay , Fl o r i da 

- 1  - 1  a t  2 . 3  'llg g a nd seawater at < 0. 1 11g 1 . Marte l l e t  a l . ,  ( 1 9 7 5 )  repo rted 

the rat io of PCB i n  water to sed i ments  of 1: 500 fo r a wate r s hed i n  

Vancouve r .  T hese examp l e s demo n strate the  tende ncy fo r sed i me n t s  to co n -

ta i n  mo re PCB re s i due  than  t h e  over l y i ng water, wh i ch i s  ex p l a i ned by 

P CB ' s i n so l ub i l i ty. 

The  b ioav a i l ab i l i ty of  s ubstrate - so rbed chem i c a l  wh i ch have low wa-

ter so l ub i l i t i e s a nd/or  a re stro n g l y  sorbed to the substrate i s  of spec i a l  

i n terest bec a u se the accumu l a t i o n  o f  c hem i c a l s by a q uat i c  o rga n i sm s  i s  

a s sumed to be co n t ro l l ed by the tru l y  d i s so l ved conce nt rat ion  o f  the  

c hemi ca l s  i n  the  wa ter  (Hame l i n k a nd  Spac i e  1977 ; Mac e k  et a l . ,  1979 ; 

Hame l i n k ,  1 977 ) . Extreme l y  hydrophobi c c hemi ca l s  m i ght  be expected to 

demonstrate low b ioaccumu l at i on , s i nce  o rgan i sm s  wou l d  be expo sed o n l y  

to m i n ute q uan t i t i e s  i n  amb i ent  wate r .  However , extreme l y  hydro p hob i c  

c hemi c a l s have  demo n strated t he g reatest b ioacc umu l at i o n  poten t i a l  ( C h i o u  

et a l . ,  1 977 ) , wh i ch i s  probab l y  due  to the  i na b i l i ty o f  t he o rgan i sm to 

degrade and  e l i m i nate the  compounds . 

The extent to wh i c h org a n i c  compounds  part i t ion  betwee n  a substrate 

a nd  the  s urro u nd i n g so l ut ion  i s  dete rm i ned  by p hy s i c a l  and  c hem i ca l 

propert i e s o f  both  t he c hemi c a l  a nd  t he s ubstrate ( Freed et a l  . , 1 977 ) . 

A chem i ca l  i s  sa i d  to be adsorbed to a substrate i f  the  con c e n trat i o n  o f  

the c h em i c a l  i s  h i g her  i n  a bo undary reg i on , ( i . e . , sub strate ' s  surfac e )  

than  i n  a n  adj acent  med i um ( T i n s l y , 1 979 ) . The degree  o f  a c hemi ca l ' s  

adsorp t i o n  onto a s ubstrate i s  i mportant  because  i t  w i l l  a ffect  the 
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chem i ca l ' s  mobi l i ty ,  b i oava i l abi l i ty and  to x i c i ty ( P i on ke and  Cheste r s , 

1 973 ; lyman ,  1982 ; Stre k and Weber , 1982 ) . 

The  i mp o rtance  of  orga n i c  matter to t he sorpt i o n of  orga n i c  chemi ca l s .  

to sub strates  h a s  been recogn i z ed for over 40  yea r s  ( Ch i s ho l m  and  

Kob l i t s ky ,  1 9 43 ) , and  h a s  s i nce  been  emp ha s i zed i n  severa l rev i ews of  so i l 

sorpti o n  of  o rg a n i c  chem i ca l s ( Ba i l ey and Wh i te ,  1 964 ; Go r i n g , 1 967 ; 

Hama ke r a n d  Thomp son , 1 972 ; Kenaga and  Gor i n g , 1980 ) . Sorpt i on i n ter-

act i on s respon s i b l e  for the b i nd i n g of  o rga n i c  chem i c a l s to s ub strates  

can  be  ext reme l y  comp l ex and  i n c l ude van  der  Wa a l ' s  i n teract i on s ,  

hyd rophob i c  bond i n g , hyd rog e n  bond i ng , i on exchange , d i po l e -d i po l e  

i nteract i o n s  a nd chem i sorpt i on ( T i n s l ey ,  1 979 ; Hama ke r a n d  Thomp son , 

1 972 ) .  Desp i te the comp l ex i ty of  the sorpt i on proc es s ,  i n  most c a se s ,  

i t  i s  p o s s i b l e to desc r i be the adsorpt i o n  o f  a chemi c a l  to a s ubstrate 

i n  terms of the pa rameter K ( pa rt i t i on i n g  coeff i c i e n t  for  organ i c  c a r­oc 

bo n ) , whi ch  i s  the amount  o f  c hemi c a l  adso rbed per  u n i t  we i ght  of orga n i c  

ca rbon i n  the substrate d i v i ded by t h e  concent rat i on of  the chemi c a l  i n  

so l uti on  ( Lyman , 1 982 ; Kenaga and  Gori n g , 1 980 ) . E xpre s s i n g sorpt i o n  o f  

chemi c a l s u s i n g  K i n stead of  the tot a l  substrate e l i m i nates  much o f  the  oc  

v a r i ati on i n  sorpt i on coeff i c i en t s  o rd i n a r i l y  e ncounte red amo ng  d i fferent 

sub strate s ( Ke n aga  and  Gori n g , 1 980 ) . 

C h a racte r i zat i on of  Sub strate Adsorba n t s  

Sed i me n t  repre sents  a heteroge n eo u s  m i xture o f  var i ous  c o n s t i tuen t s , 

n ame ly  orga n i c matter , s a nd , c l ay s ,  and  i n o rga n i c  sa l t s ( Freed et  a l . ,  



22 

1 9 77 ) . The n ature of  the i n terac t i on  between sed i ment  and the chem i c a l  

i s  o f  g reat i mportance  i n  determi n i ng t h e  fate a n d  i mpact  o f  t h e  compo und 

on the e n v i ronme n t . To predi ct the  behav i o r of  a part i cu l ar  ch l or i nated 

hyd roca rbon over a ran g e  of sed i me n t s , the fundame n ta l rea so n s  for the 

d i ffere nce s i n  t he beha v i or  mu st be known . 

Mo st non - i on i c  organ i c  mo l ec u l e s  fo l l ow a phy s i c a l  type sorpt i on , 

w i th the amount  of chem i c a l  so rbed be i ng i n ver se ly  rel ated to i t s  so l u­

b i l i ty ( Lambert , 1 967; Freed et a l . ,  1977 ) .  The spec i f i c  surface  area 

of  the s ub strate i s  very i mportant a nd wi l l  determi ne  the ava i l a bi l i ty 

of ad sorpt i on s i tes  ( H i ra i zumi  et a l . ,  1 9 79; T i n s l ey ,  1 979 ; Morri l l  et  

a l . ,  1 98 2 ) .  The n umbe r and  d i str i but i on  of hydrophob i c adsorpt i ve s i tes 

are a l so i mportant ( T i n s l ey ,  1979 ) . Strek and Weber ( 1 98 2 )  con c l uded that 

the type o f  s u rface  i s  as  i mportant as  the  amo unt of s urface for PCB  

adsorpt i on . 

The two maj or fract i o n s  of sed i ment , the org a n i c  fract i o n a nd the 

mi nera l fract i o n , i n f l uence  the adsorpti o n  proces s  ( T i n s l ey ,  1 979 ) . The 

mi nera l fract i on con s i sts of c l ays  and sand . C l ay m i nera l s are compo s ed 

of s i l i c ate s and  meta l  hyd ro x i de s , each  of  whi c h  form l aye r s  whi ch 

i n teract i n  v a r i ous  combi n at i o n s  to the t he character i s t i c  l ayered 

structure of c l ays . A deta i l ed d i sc u s s i o n  o f  the propert i e s  of c l ay s  i s  

prov i ded by Morri l l  et  a l . ( 1 982 ) .  Kao l i n i te i s  the most c ommon and s i mp l e  

type o f  c l ay m i nera l , be i n g  composed o f  o n e  a l umi n um hydro x i de s heet and  

one  s i l i co n  tetrahedra l sheet . Montmo ri l l on i te c l ay s  a re compo sed of  two 

s i l i ca sheets per  a l um i na  sheet . 
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The  adsorpt i ve capaci ty o f  the  mo ntmor i l l on i te group  of  cl ays  i s  

q u i te l arge due to adsorpti on  s i te s  o n  both the  outer  s urface a nd an  ex­

pandab l e i n ter l ayer  ( Huang  a nd Li ao , 1 970 ; Morri l l  et  a l . ,  1982 ) .  

ad sorpt i on  p roduces rel at ive l y  strong  organa-mon tmor i l l on i te comp l exes  

a nd  a l l ows for  very l i ttl e desorp t i o n  of org an i c  compounds  from the c l ay 

( Lambert , 197 5 ) . The a ff i n i ty of PCBs to  montmori l l i o n i te cl ay i s  re­

ported strong  e nough  to reduce the tox i c i ty to p l a n t s  ( Strek and Webe r ,  

1 9 82 ) . 

The two l ayers  formi ng  the  l a tt i ce structure of  kao l i n i te ca rry op­

po s i te cha rge s  at  th e i r  p l a n e s  of contact, as a re s u l t ,  kao l i n i te has a 

l i m i ted capaci ty for  i nte r l ayer  sorpt i on ( Morr i l l  et  a l . ,  1 982 ) . 

Ad sorpt i on i s  l i mi ted , for t he most p a rt , to  the exte r n a l  surface of 

ka o l i n i te m i nera l s ;  hence organ a-cl ay comp l exes  i nvo l vi n g  ka o l i n i te a re 

l e s s  stabl e than those  wi th montmo r i l l o n i te .  

Sand  ha s a re l a t i ve l y  s i mp l e  s truct u re when comp ared to the cl ay s .  

There i s  n o  i nter n a l  l att i ce structure wh i ch wou l d  af fect adsorpti o n ; 

therefore , a l l bo nds  mu st form on  the externa l  su rface . I n  pe s t i c i de 

ad sorpt i o n stud i es u s i n g  sand  a s  a substrate ( Bouch l er  a nd Lee , 1 972 ; K i ng  

et  a l . ,  1969 ) , sand  had  a ve ry l ow adsorpt i on capaci ty when compared to  

c l ay s . Th i s may be due to i t s  l ow cat i o n exchange  capaci ty a nd/o r the 

re l at i ve l y  sma l l q ua n t i ty of surface a rea ( Lambert , 1975 ) .  

The orga n i c  matter i n  sed i me n t  con s i sts  o f  decompo s i t i on p roduct s 

of  p l ants  a n d  a n i ma l s .  They form very comp l ex mo l ecu l a r  structure s  a n d  

are  s i gn i f i cant  to  t h e  sorpt i ve behavi or  o f  chem i ca l s beca u se of  the i r 

very l a rge s u rface s ,  i ncl ud i ng many i n te rst i t i a l  spaces a n d  a very h i g h  
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cat i on exchange  capa c i ty ( Weber and Weed , 1974 ; Morri l l  et a l . ,  1982 ) . 

The  orga n i c fra c t i o n  i s  hydrophob i c  a nd org a noph i l i c ,  wh i c h i s  s i g n i f­

i cant  to the sorp t i o n  of  non- i on i c organ i c  compo unds ( T i n s l ey ,  1979 ) , s uch  

a s  PCB s . 

Sed i ment  orga n i c  matte r c a n  be broad l y  c l a s s i f i ed i n to hum i c and  

non-hum i c  substance s .  Non-hum i c substa nces  con s i st of  u n a l te red rema i n s  

of orga n i sms such  a s  ce l l u l o se , starch , prote i n s ,  c h i t i n ,  a nd  fa t s .  H um i c 

substa n c e s  a re b i o l og i ca l  components  wh i c h  have been  a l tered by m i crob i a l  

a nd/or chemi c a l  proce s s e s  ( Morri l l  e t  a l . ,  1982 ) . H um i c  materi a l s  a re 

structura l l y  q u i te heterogeneo u s ; howeve r ,  they can  be  opera t i ona l l y  de­

f i ned as orga n i c  mate r i a l s extractabl e i n  m i l d l y  ba s i c  so l ut i o n s .  When 

the bas i c  extract i s  ac i d i f i ed ,  the hum i c  ac i d s are prec i p i tated ( Ba l l a rd ,  

1 9 7 1; Schn i tzer , 1978 ) . I t  ha s been  sugge sted that h umi c substances  may 

be i mportant to the movemen t  of organ i c  compounds because  s o l u b l e hum i c 

a c i d s  may carry sorbed compounds  i nto s o l ut i on ( Ba l l a rd ,  1 97 1 ) .  

The  i mporta nce  o f  orga n i c  ma tter to the b i oava i l ab i l i ty o f  l ow 

water- so l ubl e ,  n o n- i o n i c  compounds  i s  recog n i zed ( Weber and Weed , 1 974 )  

a n d  appears  to  be the most  i mportant component i n  s o i l i n f l ue n c i n g  PCB  

sorpt i o n  ( Haque  e t  a l . ,  1974 ; H a que a nd Schmeddi n g , 1 976 ; Lee e t  a l . ,  

1 979 ) . Strek and Webe r ( 1 982 b )  found orga n i c  matter to be more i mportan t  

than  montmori l l on i te c l ay a t  decrea s i n g  the b i oav a i l ab i l i ty and to x i c i ty 

o f  Aroc l or® 1 2 54 to p l ant s .  
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3 . 0  OBJ ECTI VES 

Al though  a g reat  dea l  of  researc h  has  been conducted i n  recent years  

o n  the  e n v i ronmen t a l  d i stri but i on  a nd tox i co l og i ca l  characte r i zat i on o f  

PCBs a n d  other organoch l ori n e  compound s ,  re l at i v e l y  few stud i e s  have e x ­

ami n ed t h e  b i oava i l ab i l i y of sedi ment- so rbed P C B  to a q ua t i c o rgan i sms . 

Any mea n i n g f u l  eva l uat i on  of  t he s i gn i f i ca n ce of b i o l og i ca l  expos u re to 

these  compo unds  must  co n s i de r  the ab i ot i c  and bi ot i c factors  wh i c h  govern 

the  b i oava i l ab i l i ty of  s ed i ment-sorbed re s i dues . W i th th i s  i n  m i n d ,  t he 

p r i n c i p l e objec t i ves  o f  th i s i n vest i gat i on were to i n ves t i gate the re l a­

t i ve i mporta n c e  of abi ot i c a nd b i ot i c  factors  o n  the b i oava i l ab i l i ty o f  

sedi men t-sorbed hexac h l o robi pheny l ( HCB ) , a n d  t o  c h a racte r i ze  the  rel a­

t i ve ro l e  o f  e n v i ronmenta l  a nd  d i etary exposure to the  b i oacc umul at i on 

o f  HCB . I n  order to a c h i eve these  goa l s i t  wa s nece s sa ry to deve l op re­

p roduc i bl e  p rocedure s  for the q ua n t i tat i on of bi oac c umu l ati on of 

s ed i ment-sorbed HCB . 
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4 . 0  MATERIAL  AND METHODS 

4 . 1  Exper i menta l Des i gn 

As d i s c u s sed i n  the i ntroduct i on ,  severa l  factors  may i n f l uence the  

f l ux o f  HCB i n  a quat i c  sy stem s .  Expe r i me n t s  were de s i gned  to e l uc i date 

the contr i but i on of ab i ot i c and  b i ot i c  factors to t he acccumu l a t i o n  of  

sed i ment-sorbed HCB by aquat i c  organ i sms . Amon g  the  factors  exam i ned  were 

sed i me n t  type , organ i c  content  of  sed i men t , HCB conce n trat i on o f  

sed i me n t , a nd t he i n f l uence  of  b i o l og i ca l  proc e s s e s  o n  accumu l at i on . 

Super i mpo sed o n  a l l proce s se s  wa s exposure  t i me .  

Sed i me n t  HCB concentrat i on s  were chosen  to expose  exper i menta l  te st  

organ i sm s  to e n v i ronme n ta l l y  real i st i c  concentrat i on s  of HCB . Aquat i c  

organ i sms  u sed i n  the se  stud i e s  were m i xed s ed i me n t  bacte r i a ,  m i dge l arvae 

( C h i ronomus  tenta n s ) , and  mosq u i tof i sh  ( Gambu s i a  a f f i n i s ) . These 

o rgan i sm s  repre sent  t h ree troph i c  l eve l s a nd  are i nd i cat i ve o f  the  d i ­

vers i ty o f  b i ota i n  a quat i c ecosy stems potenti a l  expo sed to PCB s .  These  

o rgan i sms  were exam i ned i ndepende n t l y  to determi ne  the  sed i me n t  

b i oav a i l ab i l i ty of  HCB  a t  e a c h  trop h i c  l eve l . 

P ri n c i p l e re search ta sks  i nc l uded : 

1 ) Deve l op i ng a quant i tat i ve procedure to separate bacter i a 

from sed i men t . 

2 )  Determi n i n g the  t i me course  b i oaccumu l at i on o f  HCB for each  

b i o l og i c a l  popul a t i o n . 
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3 )  Determi n i ng t h e  steady-state k i net i c s  o f  bi oaccumu l ati o n  a nd  

part i t i o n i ng of HCB  by each  l aboratory b i o l og i ca l  po p u l a t i o n  

expo sed t o  HCB contam i n ated s ubstrate s .  

4 . 2  Reage n t s  and  Chemi cal s 

Hexane , aceton i tr i l e ,  aceto n e , methan o l , a nd i soocta n e  u sed for the  

extract i o n  and  a n a l y s i s o f  samp l e s  were  a l l F i sher pest i c i de grade s o l -

vents  ( Fi sher  Sc i ent i f i c ,  Norc ro s s , Ga . ) ,  and  were u sed wi thout add i -

t i ona l  pur i f i cat i o n . Forma l dehyde ( 37% w/w) wa s obta i ned f rom Al dri ch  

(A l dri c h  C hemi ca l  Co . ,  M i l wa u kee , Wi . ) .  Merc u r i c  c h l o r i d e , u sed  as  

bacter i oc i de ,  wa s obta i ned f rom F i sher , as  wa s the  Fl o r i s i l ® a nd  a n hydro u s  

sodi um s u l fate u sed i n  c l eanup p rocedure s .  

1 4c-2 , 2 '  , 4 , 4 '  , 5 , 5 ' -hexach l orob i p henyl  ( 1 4c-HCB)  wa s purcha sed f rom 

Pathf i nder  Laborator i e s ,  I n c . ( St .  Lou i s ,  Mo . )  1 4c-HCB wa s u n i form l y  l a ­

be l l ed ,  wi th a spe c i f i c  act i v i ty o f  1 4 . 09 mC i mmo l - 1 . D- [ 1 -3H] g l ucose , 

u sed to rad i o l abe l bacter i a ,  was obt a i ned f rom Amer sham Corp . ( Arl i ngton  

He i g hts , I l  . ) ,  a nd  had  a spec i f i c  act i v i ty o f  1 2 . 7  mC i mmo l - 1 . Ready- so l v  

HP/b sc i n t i l l a t i o n  coc kta i l wa s p urcha sed f rom Bec kma n  ( Beckman , I n stru­

men ts , I n c . F u l l e rton , Ca . ) .  2 , 2 1  , 4 , 4 '  , 5 , 5 ' -hexac h l o robi pheny l  ( HCB )  wa s 

p u rc ha sed f rom U l tra S c i e nt i f i c ,  I nc .  ( Hope , R . I . ) ,  a nd  had a reported 

p ur i ty of 9 9% ;  i t  was u sed w i t hout f urther pur i f i c at i on . 

4 . 3  Med i a 

Yeast  extract po l ypepton e  g l ucose a g a r  ( YEPGA ) ( Sayl er ,  et a l . ,  

1 979 ) was u sed to cu l ture sed i me n t  bacte ri a .  The formu l at i on ( i n g 1 - 1 ) 
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wa s : p u r i f i ed agar  ( Fi sher ) , 18 ; dextrose ( Fi s h e r ) , 1 . 0 ;  po l ypepto ne  

( BBL) , 2 . 0 ;  yeast  extract ( BB L ) , 0 . 2 ;  NH4No3 , 0 . 2 .  The  m i n i ma l  sa l t s  me­

d i um u sed f o r  c u l tur i n g  bacte ri a conta i ned ( i n  g 1 - 1 ) : NaN03 , 4 . 0 ;  

KH2Po4 , 1 . 5 ; Na2
H P04 , 0 . 5 ;  FeS04-7H

20 ,  0 . 00 1 1 ; Mg S04-7H20 ,  0 . 2 ;  

CaC 1 2 -2H20 ,  0 . 0 1 ;  f i n a l  pH 7 . 0 .  

4 . 4  Water 

D i s t i l l ed water wa s doub l e  d i st i l l ed and had a pH o f - 6 . 3 .  De i o n i z ed 

water wa s obta i n ed f rom tap  from the He s l e r B i o l ogy Bu i l d i n g ( Un i ve r s i ty 

of Ten n e s se e )  and  had a pH of - 6 . 2 .  Re serv o i r  water was  c o l l ected f rom 

Cente r H i l l  Reserv i o r ,  near  C ro s s v i l l e ,  Tennes see . T h i s reserv o i r i s  

pr i st i ne i n  n ature a nd  e s sent i a l l y  f ree o f  PCB contam i n at i o n ( Sayl e r  et 

a l . ,  1979 ) . Reserv i o r  water was f i l tered i n  the l aboratory , u s i n g  a 

sta i n l es s  stee l  m i l l i po re appa rat u s  ( M i l l i po re Corp . , Bed ford , Ma . )  w i th 

N u c l eopore po lycarbonate f i l ters  ( 0 . 2  � .  90 mm d i amete r )  a n d  M i l l i pore  

type AW p re f i l te r .  The  f i l tered reservo i r water wa s stored i n  a ste r i l e  

Na l gene  c arboy ( 1 5 1 ) .  The pH  of  the f i l te r  re s e rvo i r  water wa s - 7 . 5 .  

4 . 5  P hys i c a l  Substrates for So rbed HCB 

The s ub strate s u sed i n  t h i s i n vest i gat i on we re kaol i n i te ,  

montmo r i l l o n i te ,  sand , natu ral  re serv o i r sed i me n t , o x i d i zed re servo i r  

sed i me n t , a nd  h um i c ac i d s .  Kao l i n i te wa s obta i ned from F i sher  S c i e nt i f i c .  

Mo ntmo r i l l on i te ( No .  25 , Upton , Wy . )  was obta i n ed from the  re ference  

c o l l ect i on  o f  the Department  of  P l a n t  and  S o i l s  at  the U n i ve r s i ty of  

Ten nes see . S i l i ca sand , p rev i o u s l y  a c i d  washed , was  s e i v ed between 0 . 5  
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a nd  0 . 25 mm  s e i v e s  and wa shed w i th  de i on i zed water . H um i c  ac i d s were 

obta i ned from A l dr i c h .  Natural  sed i ment  wa s co l l ected from the Li t t l e 

R i ver embaymen t o f  Fort Loudoun Re serv i o r ,  Knoxv i l l e ,  T n . ,  adj a cent to  

t h e  Tenn e s see  Va l l ey Author i ty ' s  S i n g l eton P l ant  ( Kong  a n d  Say l e r ,  1 983) . 

L i ttl e R i ver  sed i ment , co l l ected wi th  an E kman dredge , had a l oo se 

con s i stency and  wa s free of  obv i o u s  detr i t i a l  mater i a l  ( i . e . , l eaves  and  

st i c ks ) . Sed i me n t  was tra n sferred to the l aboratory i n  4- 1 g l a s s  j ar s , 

where i t  wa s spread over  a l um i n um fo i l  and a l l owed to a i r dry a t  room 

temperature ( 20 - 22° C )  for severa l mont h s . The  dr i ed sed i ment  wa s ground 

to a f i n e  powder wi t h  a mortar and pest l e a nd stored i n  4- 1 g l a s s  j ar s . 

The sed i ment co n s i sted of 49% s i l t ,  34% c l ay a nd  17% sand , a s  de­

termi ned by a hydrometer method ( Day; 1 965 ) . C ombustab l e  carbon content  

wa s 4 . 5% ( SD = 0 . 08 )  by dry we i g ht , as  determi ned w i th a ca rbon 

deteri m i nator ( Mode l CR 12 , Leco Corp . ) .  A d i fferen t i a l  scann i n g 

c a l o r i meter ( Mode l 9 1 0 , R-90 Therma l Ana l yz e r ,  Dupo n t )  ope rated at 20°C 

m i n- 1  f rom 255 - 585°C , showed that most a ct i v i ty wa s due  to  organ i c s .  

A q u a l i ta t i ve a na l y s i s  u s i ng  Nore l co X-ray D i ff rac t i on Ana l yz e r  ( P h i l i p s  

E l ectro n i c s ) , showed that t h e  sedi ment conta i ned sma l l q uant i e s  of m i ca , 

kao l i n i te ,  vermi c u l i te and/or c h l o r i te , a nd  a l arge amount o f  q uartz ; 

these  determ i nat i on s  were prov i ded a s  a courte sy by Dr . Dav i d  Li etzke . 

Sed i ment  free of  organ i c  matter ( ox i di zed sed i me n t )  wa s obta i n ed by 

combu st i ng a samp l e  of  dry natura l sed i ment  i n  an  oven  a t  5 50°C  for one  

hour  ( Dean , 1 974 ) . An a l y s i s o f  o x i d i zed sed i ment  w i t h  a carbon dete rm i ­

na tor ( Mode l  C R1 2 ,  Leco Corp . ) showed that i t  conta i ned < 0 . 1% c ombu stab l e 

c a rbon . 
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4 . 6  P repa rati on  of HCB Contami n ated Sed i ment  

Sed i ment  experi menta l l y  contam i n ated wi th HCB wa s prepared sepa­

rate ly  for  each g roup of experi ment s .  
1 4

c-HCB o r  HCB , d i s so l ved i n  

aceton e , wa s added wi t h  m i crosy r i n g e  ( Ham i l ton Co . , Reno , Nv . )  to the  

s urface of  a we i g hed a l i q uot of dry sed i men t .  The acetone wa s a l l owed to  

evaporate before further proce s s i ng . The prepa rat i on of sed i me n t  for each  

g roup o f  exper i me n t s  a re desc r i bed be l ow .  

P reparat i o n  of  Sed i ment  f o r  Bacter i a l Expo s ures  

Sed i ments  co ntami nated wi th 1 4
c-HCB were prepared pr i o r  to each  ex­

per i ment . A l though  the quant i ty of  sedi ment  p repared depended upon the 

s i ze  o f  the i nd i v i dua l expe r i me n t , a l l batches  conta i ned sed i ment  ( dry 

we i gh t )  to water rat i o  of 3 . 7  mg m l
-1 . Natura l sedi me n t  and ox i di zed 

sed i me n t  were u sed i n  bacter i a  HCB accum u l a t i on  expe r i ments . 

An  a l i q uot  o f  dry sed i me n t  ( us u a l l y  67 . 5  mg ) wa s we i ghed and  tran s­

ferred to a 25-ml , Tef l on®- l i ned  capped , g l a s s  bott l e .  
1 4

c-HCB , d i s so l ved 

i n  aceto n e , wa s d i spe r s ed wi th m i c ro syr i nge  ( Hami l to n ) onto  the  sed i ment . 

Amounts  of  
1 4c-HCB u sed i n  the  p reparat i on s  ran ged f rom 54 to 320 pg HCB 

g- 1  sed i me n t , i n  v o l umes  of  acetone rang i n g  f rom 25  to 100  p l . The acetone  

wa s a l l owed to evaporate , then  18 . 7 5 m l  o f  di st i l l ed water  wa s added . The 

conte n t s  of  the  bott l e  were then  m i xed by son i cat i on ( Son i c  300 

d i smembra tor , Artex Sy stem s Corp . , Fa rmi ngda l e ,  N . Y . ) for  approx i ma t l y  

th ree m i n u te s . T h e  bott l e a n d  HCB- sedi ment m i xture were the n p l aced on a 

mec ha n i ca l  s hake r  a n d  gent ly  a g i tated for at l ea st  48 hours  pr i o r  to be i n g  

u s ed i n  a n  exper i ment . 
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P repa ra t i o n  o f  Sed i ment  for  M i dg e  Expo s ure s 

S ed i ments  u sed i n  m i dg e  HCB  accumu l at i on exper i me n t s  were : natural  

sed i ment , o x i d i zed sedi ment , kao l i n i te , mon tmor i l l on i te ,  sand , hum i c  

a c i d ,  and  m i xture s o f  n atura l sed i ment  wi th h um i c  a c i d .  

1 4c-HCB contami nated s ed i me n t s  used  i n  mi dge exper i ments  were pre-

p ared i n  a s i m i l ar fas h i on  as those  for bacte r i a  exper i me n t s . An a l i quot  

of  a i r-dr i ed sed i me n t  ( 4 . 0  g )  wa s we i g hed and  t ra n s ferred to  a 250-ml 

g l a s s bea ke r .  The  1 4c-HCB , d i s so l ved i n  acetone , wa s added to the sed i ment  

u s i ng a m i c ro sy r i nge . Vo l ume s o f  acetone added ran g ed f rom 25  to 1 00  

� 1 . Once  the  acetone  had evapo rated , d i s t i l l ed water  ( 1 00  m l ) wa s added 

a nd  the bea ke r 1 s contents  m i xed for app rox i mate l y  t h ree mi n utes  wi t h  

son i cat i on . The  m i xture ( sed i men t/water ,  1 : 25 )  wa s a l l owed to sett l e  for 

at l ea s t  72 hours p r i o r  to be i ng u sed . Sed i men t  HCB concentrat i on s  ranged 

f rom 1 to 6 �g g- 1  Dup l i cate bea ke r s  were p repared for  each  exper i men ta l 

t reatment . 

1 4c-HCB s ed i men t ,  u s ed to contam i n ate m i dg e  l a rvae to  be u sed a s  f i s h  

p rey , wa s obta i ned i n  a s i m i l ar man n e r . An  a l i q uot  o f  s ed i me n t  ( 50 . 0  g )  

wa s tran s f er red to a round , f l at bottom bowl ( 20 x 7 em)  a n d  5 0  �g 1 4C-HCB 

d i s s o l ved i n  acetone wa s added . Afte r the aceto n e  had  evaporated , 750  

m l  d i st i l l ed wa ter  wa s added . The m i xture wa s then son i cated for  ap-

prox i mate l y  three  m i n ute s ,  and  a l l owed to settl e for  24  hours  before m i dge  

were  added . 
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P repa rat i on of Sed i ment  for Fi s h  Exposures  

Sed i me n t s  u sed i n  mosq u i tof i s h  HCB a ccumu l a t i o n  studi e s  were : na­

tura l  s ed i ment , o x i d i zed sed i ment , sand , a nd  kaol i n i te .  Each  batch  of 

HCB-con tam i nated sed i ment  wa s obta i n ed by tra n sferr i n g  a n  a l i quot  of  dry 

sedi ment  i n to a 4- 1  g l a s s  j a r  and  add i n g e i ther HCB , o r  1 4c-HCB d i s so l ved 

i n  aceto n e . Once  the  a ceton e  evaporated , the j a r ' s contents  we re sha ken 

by hand for  appro x i mate l y  30 m i nute s .  Expe r i menta l  sed i me n t  HCB concen­

trati o n s  ra n ged  f rom 0 . 03 to  1 0 . 03 �g H C B  g-1 . 

4 . 7  Col l ect i on ,  Cu l ture and P repa rat i on of Orga n i sms 

Bacte r i a 

Mi x ed bacte r i a stra i n s  we re ta ken  from benth i c  sed i me n t  samp l e s  

c o l l ected from the Li tt l e R i v e r  embaymen t  of  Fort Lo udo un Reserv i o r .  Many 

a q ua t i c bacte r i a  a re k nown to be sen s i t i ve to PCBs i n  l ow conce ntrat i o n s  

( Gooch a nd Hamby , 1 983) ; therefore , the se bacte r i a were chosen  beca use 

they occur  at a s i te kn own to be contami n ated wi th PCBs . Bacte r i a  we re 

c u l tured  to a h i g h  den s i ty ( OD > 1 . 0  a t  660 nm)  i n  500-ml  f l a s k s  co n­

t a i n i ng ster i l i zed rese rvo i r  water supp l emented w ith  m i n i ma l  sa l t  med i um 

( 10% v/v ) and  g l ucose  ( 2% w/w) . T he c u l tu re wa s then f i l te red through 

g l a s s  f i ber f i l ters  ( Type A- E ,  25  mm , Ge l man S c i e nce s , I nc . )  i n  order to 

remove ce l l aggregates and c e l l s  too l arge  to pa s s  through the  f i l te r .  

C e l l s  i n  the f i l t rate were then  pe l l eted by centr i fugat i o n  ( 4060 x g for 

10 m i nute s ; Sorva l l RC2-B , Dupo n t )  a nd wa shed two t i me s  w i th reservoi r 
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water . The f i n a l  vo l ume o f  s u spended bacteri a was adj us ted to  the  de s i red 

d i l ut i o n  w i t h  add i t i o n s  of re s e rv o i r wate r .  

Opt i c a l  den s i ty of  the  s u spended bacter i a c e l l s  wa s determ i ned wi th 

a spectrop hometer ( S pectron i c  70 , Bau sch and  Lomb ) ; d ry we i g h t  determ i ­

n at i o n s  were made from 5 m l  a l i quots  p i petted i nto  pre-dr i ed tared 6 em 

d i ameter a l um i n um pan s ,  and  heated at 105°C  unti l a con stant  we i gh t  was 

obta i ned . E n umerat i on s  o f  v i ab l e  bacte r i a were determi ned u s i n g  s er i a l  

d i l ut i o n s  o n  a g a r  p l ates  ( Sayl er et  a l . ,  1 979 ) . The c arbon a nd n i t rogen  

content  of  the mi x ed bacter i a wa s determ i ned w i th a n  e l eme n ta l  a n a l yzer  

( Perki n E l me r ,  Mode l  2408)  to be  50 . 7% ( SO = 3 . 1 )  a nd  1 0 . 7% ( SO = 0 . 5 ) 

by we i ght , respect i ve l y  ( n  = 4 ) . 

The rel at i o n sh i p between  opt i c a l  den s i ty ( 00)  at  660 nm  a nd  dry 

we i g ht of  se r i a l  d i l ut i on s  o f  c u l tured bacter i a  ( i n i t i a l de n s i ty = 1 . 27 

x 109 co l ony form i n g  un i ts m l - 1 ) i s  adequate l y  descr i bed ( r2 = . 99 )  wi th  

the  l i near  regres s i on mode l : 

Y = 1 . 7 X 10-5  
+ ( 6 . 7  X 1 0-4 X )  

where : Y = bacter i a dry we i g ht ( mg m l - l
) 

a nd X = 00 o f  bacter i a l  d i l ut i on at  660  nm . 

Th i s  mode l wa s u sed to determi ne the b i oma s s  o f  bacter i a u sed i n  the  ex-

pe r i me n t s  from the 00 mea s ureme n t s  t a ken at the i n i t i at i on  of  each  ex-

per i me n t . 

Mi dge ( Ch i ronomus  tenta n s )  egg  ma s s e s  we re obta i n ed f rom a popu­

l at i on ma i nt a i n ed a t  Oa k R i dge  Nat i on a l  Laborato r i e s  ( Oa k  R i dge , T n . )  
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court e sy of Pau l  Franco . M i dge  were c u l tu red i n  35- 1  a quar i a ,  f i l l ed to  

a depth  o f  approx i mate l y  5 em  wi th  de i o n i zed tap  wate r .  Shredded paper  

towel s ,  r i n sed for  at  l ea st 24 hours  w ith  de i o n i zed wate r ,  se rved a s  

sub strate for  the l a rvae . I n i t i a l l y ,  f i l te red pond water  ( - 1 1 )  wa s 

added to each  tan k i n  order to establ i sh a m i c rob i a l  pop u l at i on . M i dge 

c u l tures were fed 0 . 5  g Tetram i n® f i s h  food ( Tetre We ke , F . R . G . ) m i x ed 

i n  10 m l  de i on i zed wate r twi ce  per  wee k .  About 1 0  g Cerophy l  ( powde red 

g rass  l ea ve s ; Cerophy l  Labo rator i e s ,  I n c . , Kan sa s  C i ty ,  Mo . )  wa s added 

a s  a food supp l eme nt approx i mate l y  every two mo nth s .  

T h i rd and fourth i n star  m i dg e  were u sed for  HCB accum u l a t i on  exper­

i ment s .  Wet we i ght of  i nd i v i ua l  m i dg e  ranged from 5 . 6  to 1 7 . 2  mg ; dry 

we i ght  wa s 8 . 73% ( SD = 1 . 1 1 )  o f  t he wet we i ght . Wat e r  was ma i nta i ned  at  

room temperature ( 20 - 22° C )  and  cont i n uo u s l y  aerated . The c u l t u re d i d  

n o t  req u i re a ny s pe c i a l l i g hti n g . 

M o sgu i to f i sh  

Mo sq u i tof i sh ( Gambu s i a  aff i n i s )  were c o l l ected wi th d i p  net  from two 

aba ndoned hatc hery ponds  at the Rhea Spr i n g s  Fi sh Hatchery ,  Fou n ta i n C i ty ,  

Te n ne s see . To reduce var i abi l i ty f i sh we re separated by sex , and o n l y  

ma l e  mo sq u i to f i sh o f  a pprox i mate l y  the same s i ze were kept . The  

mosqu i to f i sh  u sed i n  th i s study wei g hed 0 . 09 to 0 . 18 g ( wet  we i g ht ) . The  

f i sh were ma i n ta i ned at room temperatu re ( 20 - 22°C ) i n  an  ae rated , f i l ­

te red 3D-ga l l o n a q uar i a .  F i sh  were fed Tetrami n® f l a ke f i sh food d a i l y .  

Ana l y s i s o f  mosqu i to f i sh  a n d  f i sh food by so l vent  extrac t i o n  and  e l ectro n  

c apture g a s  c h romato g ra p hy showed both t o  b e  free  o f  H C B  re s i dues . 
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4 . 8  Bacter i a and Sed i ment  Sepa rat i on 

To  dete rm i n e  the fate o f  HCB  i n  expe r i ments  i nvo l v i n g the expos ure 

o f  bacte r i a  to HCB-contami nated sedi me n t s , i t  wa s nece s sa ry to  dev i se  a 

p rocedure wh i ch wo u l d  separate bacte r i a a n d  sed i men t . A f i l trat i on  pro-

cedure wa s adopted wh i ch p rov i ded a reproduc i b l e ,  q ua n t i f i ab l e sepa-

rati o n , wh i c h  a l l owed for the determ i n at i on  of HCB i n  the  bacter i a a nd  

sed i me n t  fract i on s .  

The f i l t rat i o n  apparatus  con s i sted o f  a vacuum f i l ter  ho l der  ( K25 , 

M i c ro Fi l trat i on Sy stems , Dubl i n ,  Ca . )  mou n ted through  a rubbe r stopper 

onto a n  a s p i rator f l a s k  ( 500-ml ) .  Fi l ters  were g l a s s  f i ber  f i l te rs ( Type 

A-E ,  Ge l ma n ) .  Asp i rator pre s s ure wa s 450 p s i . A p l a st i c  sc i nt i l l at i o n  v i a l 

( 20-ml ) wa s taped to  the ex i t  port  o f  the  f i l trat i o n  apparatu s to co l l ec t  

t h e  f i l trate . 

The recovery of  bacte r i a u s i n g  the f i l t ra t i on procedure wa s deter­

m i ned wi th  3H- l a be l l ed bacteri a .  A h i g h den s i ty c u l t u re of bacter i a  wa s 

d i l uted w i th d i st i l l ed water to 1 0 0  m l  i n  a 250-m l f l a s k .  3H-g l ucose 

( Amersham )  wa s added to  the cu l ture a nd the  f l a s k  a nd co nte n t s  we re p l aced 

o n  a sha ker for  18 hours . The 3H- l abe l l ed bacter i a were centr i fuged ( 4060  

x g for 5 m i n ute s )  a nd  the  s upernatant  decan ted , a nd  the c e l l s  were wa s hed  

wi t h  d i st i l l ed water  three t i me s .  Wa shed bacter i a we re brought  to a f i n a l  

vo l ume o f  7 5  ml  w i th d i sti l l ed water . Fou r  bac te r i a l  co ncen trat i o n s  were 

obta i ned  by d i l ut i ng the 75 ml  bacter i a c u l ture w i th  a dd i ti on s  of d i s -

t i l l ed water a t  c u l ture t o  water rat i o s  of  20 : 0 ,  7 : 1 ,  3 : 1 ,  a nd  5 : 3 .  

Al i q u o t s  of  each  d i l uti on  were ta ken for dry we i ght  a nd o pt i c a l  den s i ty 
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dete rm i n at i on s .  Bacte r i a ( 1  m l ) we re then tra n s fe r red wi th p i pet i n to 

4-ml v i a l s ,  wh i ch conta i ned e i ther 0.5 m l  of water and  1 . 83  mg sedi me n t ,  

o r  on l y  0 . 5  m l  wate r .  The con te n t s  o f  the v i a l were then separated u s i ng 

the fi l trat i on p rocedure . Recover i e s  of rad i o- l abe l l ed bacte r i a i n  each  

f ract i on we re dete rm i n ed u s i ng l i q u i d  sc i n t i l l at i on spectrometry . 

The recoveri e s  of 1 4C-HCB l abe l l ed sed i ment  u s i n g  the f i l t ra t i on 

p rocedure were dete rmi ned for each expe r i ment from control s ( w i thout 

bacteri a ) . The s ame expe r i menta l  p rocedures  we re fo l l owed ; however , d i s-

t i l l ed wate r i n stead of d i l uted bacte ri a ,  wa s m i x ed i n  the  4-m l v i a l  wi th 

the contam i n ated sed i ment . The conten t s  of the v i a l s we re then  f i l te red 

and  the HCB recover i e s  dete rm i ned u s i ng  l i q u i d  s c i n t i l l at i on 

s pectrometry . 

4 . 9  HCB Acc umu l at i on by Orga n i sms  

Bacte r i a Acc umu l a t i on of HCB 

The fol l owi n g  p rocedu re wa s fol l owed for a l l expe r i ments  i nvo l v i n g 

bacter i a .  A schema t i c of the expe r i menta l p rocedure i s  shown i n  F i g ure 

1 .  An a l i q uot of s u s pe nded 1 4C-HCB contam i nated sed i ment (0.5 m l ) ,  con­

ta i n i n g 1 . 83  mg sedi ment , wa s t ra n sfe rred wi th a Corn i ng 1 m l  boros i l i cate 

g l a s s  p i pet ( F i s he r )  to a 4-m l g l a s s  v i a l ( F i she r ) . To reduce v a r i ab i l i ty 

i n  the HCB conten t  among rep l i cate samp l e s , the p i pet wa s repeated l y  

f i l l ed a n d  empti ed p r i or to the f i rst  t ra n s fer  i n  orde r to saturate the 

s u r face of the p i pet wi th HCB . I n  addi t i on , the sed i me n t  wa s s u spended 

by son i ca t i on before eac h t ra n sfer . 



0.5 m l  14C-HCB Sediment 
Pipetted into 4 ml via l  

l 
Ad d 1 m l  of Ce l l  

Suspension 

l 
Exposure Period 

Separate Ce l l  and 
Sediment by Fi l tration 

Scin ti l l ation 
Spectrometry 

3 7  

Figure 1. Schematic of the experimenta l procedure for the exposure 
and separation of bacteria to 1 4 C - H CB contami nated sed i ment. 
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One  ml of the  bacter i a l  samp l e  wa s tra ns fer red w i th a second  p i p e t  

t o  e a c h  v i a l  conta i n i n g HCB- sed i me n t  ( sed i men t/wate r , 1 : 8 18 ) . T h e  v i a l s 

were then  sea l ed wi th  Tef l on®- l i ned caps , vo rtexed ( - 3 seconds ) ,  and  

p l aced i n  a test  tube rac k for the  durat i o n  of  the exposure per i od .  

At the e n d  o f  each  expo sure per i od , v i a l s conta i n i ng each  e xper-

i me nta l treatment a n d  contro l were random l y  chosen  for  f i l trati on . The 

v i a l ' s  contents  we re m i xed wi th a vortex , and  tra n s ferred wi th a c l ea n  

Pa stuer p i pet  t o  the s urface  of  the f i l te r .  Care was  ta ke n  to avo i d g et­

t i ng a ny of t he m i xture on the wa l l s  of the f i l trat i on apparatu s .  The 

f i l trate was c o l l ected i n  a p l a st i c  sc i nt i l l at i on v i a l , wh i c h wa s then 

removed and rep l a ced wi th a second s c i n t i l l at i on v i a l . T he 4-ml expos u re 

v i a l  wa s then  ri n sed  w i th 1 . 5  m l  d i st i l l ed water , wh i ch wa s tra n s ferred 

to the f i l ter  wi th  p i pet . The second s c i nti l l a t i on v i a l  w i t h  f i l trate wa s 

then  rep l aced wi th  a th i rd s c i n t i l l at i on v i a l . The e x po sure v i a l wa s 

ri n sed for a second t i me wi th  1 . 5 m l  d i st i l l ed wate r ,  wh i c h  was tra n s-

ferred to the f i l ter  a nd  co l l ected a s  the th i rd f i l trate . The th i rd 

s c i n t i l l at i o n  v i a l  w i th f i l trate wa s then  removed . 

The f i l ter wa s removed wi th forceps  from the apparat u s  a nd p l aced 

i n  a fourth  s c i n t i l l at i on v i a l . The f i l trat i on apparatus wa s then r i n sed  

w i th  1 0  m l  s c i n t i l l at i on  coc kta i l ( Be c km a n  Ready- so l v  HP/B ) , wh i ch wa s 

co l l ected i n  the f i fth sc i nt i l l at i o n v i a l . The 4-ml e xposure v i a l  i s  then  

p l a ced i nto a s i xth s c i n t i l l at i on v i a l . The f i l trat i o n  apparat u s  wa s then  

ri n sed w i th tap water , b l otted dry wi th  paper towe l and  rea ssemb l ed for  

the next  samp l e  f i l trati on . The q u a nt i ty o f  1 4
C-HCB i n  each  of  the s i x  
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spectrometry . 
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Bacter i a and  sedi ment HCB concentrat i o n s  we re c a l c u l ated ba sed o n  

t h e  a s sumpt i on , t h a t  o n c e  t h e  H C B  recove r i e s  were corrected f o r  the 

f i l trat i on separati on  eff i c i ency , the 1 4c act i v i ty of the f i l trate and  

the  f i l te r  repre sented HCB  sorbed to  bacter i a and  sed i ment , re specti ve l y .  

HCB concentrat i o n s  o f  bacter i a a nd sed i ment  we re ba sed o n  dry we i g ht .  

Con centrat i o n s  facto r s  we re ca l c u l a ted a s  the HCB concentra t i on of  the 

bacter i a  d i v i ded by the sed i ment  HCB concentrat i on .  Steady-state HCB 

con centrat i o n s  i n  bacteri a were a s s umed whe n there wa s no  s i g n i f i cant  

d i fference ( a = 0 . 05 ) , as  dete rm i ned with  l i near  reg re s s i o n , i n  mean  HCB 

concentrat i o n s  o f  bacter i a samp l e s  poo l ed f rom each  e xper i menta l  treat-

ment . 

M i dge Accumu l at i o n o f  HCB 

G l a s s  bea ke r s  ( 250-ml ) we re u sed as expo s u re conta i ne r s  fo r m i dge 

HCB accumu l at i o n expe r i men t s . Each beaker conta i ned 4 g o f  1 4c-HCB 

sed i ment  and  100 m l  de i o n i zed wate r .  Immed i ate l y  p r i o r  to beg i n n i ng an 

e xperi men t ,  3 rd and  4th i n star  m i dge were c o l l ected f rom rea r i n g  tan k s , 

r i n sed i n  a beaker o f  d i st i l l ed water a n d  tra n s fe rred to the exper imenta l  

bea kers .  Approx i mate l y  1 5  m i dg e  were added to  each  beake r . Two bea kers  

were used for each  expe r i menta l  treatme n t .  Mi dge we re not fed duri n g  the  

course o f  the expe r i ments . Wate r l eve l wa s ma i nta i ned at 100  m l  

throug hout each  expe r i ment . Durat i o n s  o f  expo sures  ran ged from 3 hou r s  

t o  8 day s . 
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A t  the e nd of each  e xposure peri od , 3 - 5 m i dge were c o l l ected wi th 

forcep s  f rom each rep l i cate bea ker . Each  m i dg e  wa s r i n sed  for app rox i -

matel y  1 0  seconds  i n  a bea ker o f  de i on i zed wa te r ,  then  b l otted wi th paper  

towel . The wet  we i ght of  the b l otted m i dg e  was me asured wi th  a Ro l l e r­

Sm i th ba l an c e  ( Bi o lar  Corp . , North Gra fton , Ma . ) .  The we i g hed m i dge  wa s 

then  p l a ced i n  a 20-ml  s c i nt i l l at i on  v i a l , and  l ater a n a l yzed for 14c-HCB . 

M i dge  HCB  concentrat i o n s  we re determ i n ed on  a wet-we i g ht ba s i s .  

Concentrat i o n factors  were ca l cu l ated a s  HCB concentrat i on of m i dge ( wet 

we i gh t )  d i v i ded by HCB  concentrati on i n  s ed i ment  ( d ry we i g h t )  ( Mc leese  

et a l . ,  1980 ) . Steady- state m i dge  HCB conc entrat i o n s  we re determ i ned  

u s i ng l i near  reg re s s i on as  descr i bed w i th bacte ri a .  Dead or pupa t i n g  

m i dge were removed a n d  not u sed i n  t h e  a n a l yse s . 

HCB  C o n tam i nated  M i dge as P rey for  Fi s h  

M i d g e  ( 3rd a n d  4th i n s ta r ) , contami nated wi th 1 4C-HCB , we re u sed a s  

prey for f i s h to determ i n e  the cont r i but i on  of d i et to the f i sh HCB body 

burde n . App rox i ma te l y  200 m i dge  were c o l l ected f rom the rea r i ng tan k s  

a n d  tran sferred to  the  bowl conta i n i ng 50 g of 1 4C-HCB natura l sed i ment . 

The  bowl wa s cont i nua l l y  ae rated , and  the water l ev e l  wa s ma i nta i ned at  

7 5 0  m l . M i dg e  were  fed 0 . 5 g Tetram i n® f i s h  food m i xed i n  1 0  m l  de i on i zed 

water on  the  3 rd o r  4th  day o f  exposure . At the end of e i ght  days expo s u re , 

mi dge were t ra n s fe rred to a bowl co nta i n i n g 750  m l  water and  50 g o f  

HCB-free natura l  s ed i ment . Afte r 24  hours , m i dge  were co l l ected w i th  

forcep s ,  r i n sed i n  a beaker of  de i on i z ed water , then  b l otted wi t h  a paper 
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towe l . M i dge we re p l aced i nd i v i dua l l y  i n  the we l l s  of  a mu l t i we l l t i s sue 

c u l ture p l ate  ( Fa l con Corp . , Oxnard , Ca . )  and  frozen  at -5°C . 

Mosq u i to f i sh Accumu l at i o n of HCB 

Mosq u i to f i sh  HCB a ccum u l at i o n experi ments were condu cted i n  4- 1 

g l a s s  j a r s , conta i n i n g 20 g of  HCB contami n ated sed i ment  and  3 1 o f  

de i on i zed water ( sedi men t/wate r ,  1 : 1 50 ) . Expe r i men ta l c o nta i ners  were 

prepared a nd a l l owed to eq u i l i brate for at l ea st one week be fore f i sh  were 

added . F i sh we re random l y  co l l ected wi th  a d i p net  f rom the 30-g a l l on 

tan k ,  and  one  f i s h  wa s p l aced i n  each  j a r . Food wa s spr i n kl ed onto the 

water ' s  s u rface , and  was read i l y  c o n s umed by the f i s h  throughout  the ex­

per i ment . Da i l y food rat i o n s  o f  Tetram i n® were  e s t i mated a t  5% o f  body 

we i g ht .  Water  l ev e l  was ma i nt a i ned at  3 l throughout each  expe r i ment . 

After each  expo s u re p e r i od , f i ve j a r s  we re random l y chosen  f rom each 

exper i menta l  treatment . The f i s h  were c o l l ected w i th a d i p net , r i n sed 

i n  the net w i th  de i on i zed wate r ,  and sacr i f i ced . The f i s h  were then i n­

d i v i d ua l l y  wrapped i n  a l um i n um fo i l  and  frozen at - 5°C  u nt i l a n a l yzed . 

Re s u l t s  were determ i ned  on a whol e-body , wet-we i g ht bas i s .  Conce ntra t i on 

factors and steady-state HCB concentra t i o n s  we re determ i ned a s  wi th 

m i dge . F i sh that d i ed dur i n g  e x posure s  were not i n c l uded i n  the  a n a ly s i s .  

4 . 1 0 Depurat i on and  B i o l og i ca l  H a l f-L i fe o f  HCB  

The  depurat i on rate  con stant s , Kd , were  c a l c u l ated f rom HCB con tam­

i n ated organ i sm s  that had been tran sferred to uncontam i nated water u s i ng 

the  equat i on : 



l n  Ca = l n  C 0 - Kd t 

where : C0 = [HCB] o f  the  organ i sm a t  t i me z e ro 

C
a = [HCB] o f  the  organ i sm a fte r depura t i on  

and  t = l ength  of  the depurati on  p h a se . 
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T he b i o l og i ca l  h a l f- l i fe ( t� )  of  HCB i n  a n  organ i sm wa s determi ned a s : 

l n  0 . 5  t� = 

where : t� = ha l f - l i fe of e l i m i n a t i o n  

and  Kd = depurat i on rate con stan t . 

Depu rat i on o f  HCB f rom Bacte r i a 

Depurat i on o f  HCB  from bacte r i a wa s determi ned u s i n g  the same c u l ture 

and  exper i menta l procedure s a s  were u sed i n  the a c c umu l at i on  expe r i me n t s .  

Bacter i a  were c u l t ured for four  day s  i n  a f l a s k  co ntami nated wi th  
1 4

C-HCB . 

The  bacte r i a were then wa shed and  d i l uted . Mean bacte r i a 1 4c-HCB concen­

t rat i on a t  the  beg i n n i ng of  the depurat i on phase  wa s 220 . 8  pg  g-1  

Depurat i o n exper i men t s  were conducted u s i n g natura l sed i ment  and o x i d i zed 

sedi ment . Depura t i o n s  were mea s u red over  a 48 hour  per i od . 

Depu rat i on o f  HCB  f rom M i dge 

The depura ti on of HCB f rom m i dge  wa s dete rm i n ed fo l l owi n g  96  hours  

expo su re s  to  natura l  sedi ment c ontami nated wi th 1 pg 1 4C-HCB g - 1 . M i dge  

contam i nated w i t h  
1 4

C-HCB were  tran sferred to 250-ml  bea kers  conta i n i ng 

e i ther 1 00 m l  de i on i zed water  and  nat ura l or  o x i d i zed sed i me n t  ( 4  g ) , o r  
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o n l y  1 0 0  m l  de i on i zed water .  Mi dge HCB  concentrati o n s  were t h e n  determ i ned 

at  0 ,  24 , 48 and 72  hours . 

Depurat i on of  HCB  f rom Mo sgu i to f i sh  

The c l e a ranc e of HCB f rom mo s q u i tof i sh  wa s determ i ned u s i n g  f i sh  

expo sed for  46 day s to natu ra l s ed i ment conta i n i n g 1 . 03 �g  HCB g- 1 . After 

the  upta ke phase , each f i sh wa s tran sfe rred wi th net  to a 4- l jar con­

t a i n i ng 3 1 of  de i on i z ed wate r .  At 0 ,  5 ,  1 0 , 2 0 , a nd  30 day s ,  f i sh we re 

ra ndom l y  se l ected , sacr i f i ced , i nd i v i du a l l y  wrap ped i n  a l um i n um foi l ,  and 

f rozen at  -5°C  u nt i l a n a l yz ed for  HCB . 

4 . 1 1  Mosgu i to f i sh  HCB Accumu l at i on f rom D i et versu s  Sed i me n t  

Three e x pe r i menta l  treatmen t s  were u sed  t o  determ i n e the  re l a t i v e  

i mportance  o f  d i etary a n d  s ed i me n t  H C B  exposures  to  mo sq u i to f i sh  a c c umu­

l at i o n  of HCB . Mo s q u i tof i sh  HCB concen trat i on s  were determi ned for :  ( a )  

expos ure to HCB  contami nated sed i me n t , ( b )  d i etary expos ure to 14c-HC B ,  

a nd ( c )  both sed i ment  a nd d i eta ry HCB exposure s .  Acc umu l at i on re su l t i n g 

f rom d i et and  sed i me n t  sources  were d i st i ng u i shed by u s i n g  1 4C-HCB to 

contam i nate m i dge p rey and non -rad i o l abe l l ed HCB to contami n ate sed i me n t . 

The contami nated sed i me n t  wa s obta i ned by sp i ki n g  n atura l sed i ment wi th 

HCB to a f i n a l  c o n centrat i o n  of 1 . 03 �g g- 1
. Contami nated p rey were ob­

t a i ned by rear i n g m i dg e  ( 3rd a nd 4th i n star)  for  e i ght  days i n  natura l 

sed i me n t  c on tam i n a ted wi th 1 4c-HCB a t  a concen t rat i o n  o f  1 �g g- 1 . D u r i n g  

the  expe r i me n t , f i s h were fed e i ther  uncontami n ated o r  contami n ated m i dge 

each day , a l ternat i ng between one a nd two m i dg e  per  day for  the expos ure  



44  

pe ri od ,  wh i ch wa s eq u i va l ent  to a food  rati on o f  approx i mate ly  8% of  the  

-1  1 4  - 1  f i sh body we i ght day and a mean dosage  o f  5 . 1  n g  C-HCB day . 

To  determi ne accumul ati o n  of  HCB re s i due s i n  f i s h ,  f i ve f i sh were 

removed f rom each  expe r i menta l  treatme nt  at  1 2 ,  23 , 3 5 , a nd  46 day s , a nd  

each  f i s h  wa s a n a l yzed f o r  HCB a nd  1 4C-HCB , u s i n g  g a s  c h roma tog rap hy and  

l i qu i d  sc i nt i l l at i o n  tech n i q ue s . The amo u n t  of  HCB mea s u red wi th l i q u i d 

sc i nt i l l at i o n  spectrometry e st i mated the re su l t of  d i etary exposu re ; the 

d i f fe rence  i n  t he amount s of HCB determi ned by g a s  c h romatography and 

l i q u i d  sc i n t i l l at i on tec h n i q u e s  wa s a s sumed to  be the  re su l t  o f  sedi me n t  

expo s u re . Re s u l t s  were determ i ned o n  a who l e-body , wet-we i ght ba s i s .  

The d i et concentra t i o n  factor  ( DC F) wa s ca l c u l ated a s : 

DCF  = Ct 

TO 

where : Ct = [HCB] i n  f i s h  at t i me t 

TO = tota l HCB i n  the d i e t .  

Mo squ i tof i sh D i eta ry HCB Accumu l at i o n  Eff i c i e n cy 

To ca l c u l a te the  a s s i mu l at i on o f  HCB  from m i dge p rey , f i s h  we re fed 

14c-HCB contami nated p rey and  the  fecal  s c l era  ( eaten m i dge )  were recov­

e red and a n a l yzed for 1 4c-HCB conte n t .  S i nce m i dge  l arvae  were swa l l owed 

who l e by t he f i s h  a nd  the feca l sc l e ra rema i ned  i n tact , i t  wa s po s s i b l e  

t o  co l l ect  the wa ste p roducts  w i th forcep s .  Du r i n g  the exper i men t ,  each  

f i sh wa s fed  o n e  m i dge , a nd the  feca l sc l era  were  co l l ected 24  hours  

l ater . F i ve f i s h  were u sed , each  fed o n e  m i dg e  o n  t h ree  non-con sec uti ve 

days , for  a tota l  of  1 5  s amp l e s . 
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Control  ( not eaten ) 1 4c-HCB contami nated m i dg e  ( n  � 1 5 )  a nd the fec a l  

sc l era ( n  � 1 5 )  were a n a l yzed for 14c-HCB u s i n g  l i q u i d  sc i n t i l l a t i on 

procedures . The ex tracti on e f f i c i ency wa s ca l cu l ated a s : 

1 _ HCB feca l s c l era 

HCB non-prey 

4 . 1 2 HCB Extract i on and  Sampl e Preparat i o n  

Water 

Wa ter samp l e s ( 5  m l ) from m i dge  expe r i ments  were a n a l yzed for 1 4c-HCB 

u s i n g l i q u i d  s c i nt i l l a t i on spectrometry . Each water  samp l e  wa s t a ke n  wi th  

a 5-m l  vo l umetr i c  p i pet and  t ra n s fe rred to a 20-ml  sc i n t i l l at i o n v i a l . 

The p i pet  was then  r i n sed wi th  hexane , wh i c h was c o l l ected i n  the  same 

sc i n t i l l at i on v i a l . The contents  of the v i a l wa s concentrated i n  an oven  

at  80°C  unt i l approx i ma te l y  1 m l  rema i ned . Sc i nt i l l at i on c o c kta i l 

( Beckman Ready-s o l v HP/b) wa s then added to each v i a l and  ac t i v i ty de-

te rmi ned w i t h  sc i n t i l l at i on spectrometry . 

Water samp l e s  f rom bacte ri a  and  mo sq u i tof i s h e x p e r iments  were ex­

tracted wi th hex a n e  ( F i sher)  u s i ng a p rocedure adapted from Konema n n  and 

van Lee uwen ( 1980) . To obta i n  water  s amp l e s from bacter i a l  HCB acc umu-

l at i on e x pe r i ment s , exposures  were c onducted i n  1 . 5  m l  p l a st i c  centr i fuge  

tube s . Fo l l ow i n g  s amp l e  c e nt r i fugat i on  ( 12 , 500 x g for  30 seconds , 

Eppendor f  Centr i fuge  5414 , B r i n kman I n strumen t s , I nc . , We stbu ry , N . Y . ) 1 

m l  water samp l e s  were t a ke n  w i th p i pet and  each t ra n s fe rred to a 1 0-ml  

g l a s s  v i a l . The  p i pet  was then r i n sed th ree t i me s  wi th hexane , wh i c h wa s 
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c o l l ected wi th  the  water  samp l e .  The  water and hexane  were v i gorous l y  

s h a ken  and  then  a l l owed to separate . The organ i c  pha se wa s tr an sferred 

to a concen trator t ube , a n d  the extract i on of the water wa s repeated . 

Water samp l e s f rom mo sq u i tof i s h  expe r i ments  were remo ved f rom the 

exper i menta l  conta i n e r s  w i th a 20-ml vo l umetr i c  p i pet , and  tran sfe rred 

to a 250-ml sepa ratory funne l . The p i pet  wa s then r i n sed three t i me s  w i t h  

hexane ( 10 m l ) ,  w i t h  t h e  r i n se be i n g co l l ected i n  t h e  separatory f u n n e l . 

The  sepa ratory f u n ne l  was s h a ke n  v i g o ro u s l y  for  app rox i mate l y  one  m i n ute , 

then  a l l owed to stand q u i e scent  for c omp l ete separat i o n of  t he phase s . 

The aq ueous  l aye r wa s col l ected i n  a g l a s s  bea ker and the organ i c  p h a se 

i n  a round bottom f l a s k  ( 1 25-ml ) .  The  water  wa s returned to the  or i g i na l  

separatory funne l , and  the beake r was r i n sed tw i ce w i th 1 0  m l  hexane , 

wh i ch was a l so transferred to the  separatory funne l . The m i x i ng and sep­

a rati on  of the p h a s e s  was repeated , w i t h  the organ i c  p h a se be i n g added 

to 125-ml f l a s k  conta i n i n g the  f i r st separated p h a se . 

The o rgan i c  phase from bacter i a l  and  mosq u i tof i s h  water ex tract i on s  

were then concent rated to approx i ma te l y  0 . 5  m l  u s i ng a rotovap  ( Br i n kman ) 

and  heat bath ( 40°C ) . The ext ra c t  wa s then  t ran s ferred wi th P a steu r p i pet 

to a 1 0-m l vo l umet r i c  concen trator tube . T he 125-ml f l a s k  wa s r i n sed 

three t i me s  wi th hexa n e , and the r i n sate wa s tran sfe rred w i t h  the p i pet  

to the  concentrator tube conta i n i ng the  extract . C l eanup  of  the extract 

was not  req u i red . The  extracts  were stored at  -5° C un t i l a n a l yzed by g a s  

c hroma tography . 
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Sed i ments  

Sed i me n t  HCB  concentrat i on s  for  the  bacter i a l  accumu l at i o n  exper­

i ments  were determ i ned ,  on a d ry we i g ht ba s i s u s i n g  the  s ame proced u re s 

a s  for bacteri a l  HCB dete rm i n at i o n s  wi th l i q u i d  s c i n t i l l at i on 

spectrometry . 

Sed i me n t  HCB concentrat i on s  f o r  the m i dge accumu l at i on expe r i me n t s  

we re determ i n ed o n  a d ry we i g ht ba s i s by s ubtract i n g t he q uan t i ty of  HCB 

accumu l ated by m i dge  from the  i n i t i a l sed i me n t  HCB concentrat i o n . Th i s 

ma s s  ba l a n c e  a pproach  a s s umed that a l l HCB not  accumu l ated by m i dge wa s 

s o rbed to the  sed i me n t . 

Sed i me n t  i n  the mosqu i to f i sh a ccumu l at i on expe ri ments  wa s extrac ted 

u s i n g p rocedure s  adapted from tho se  of Goerl i tz and Law ( 1 974 ) a nd Watts 

( 1 980 ) . Sed i ment  wa s a l l owed to  a i r dry at room temperature before 2 g 

subsamp l es we re t a ken f or extract i o n . Eac h samp l e wa s t ra n s fe rred wi th 

spatu l a  to 50-ml  te st  t ube s w i th Te f l o n®- l i ned caps . The s amp l e  wa s 

mo i stened wi t h  1 m l  d i st i l l ed wate r ,  fo l l owed wi th  the add i t i o n  of 2 0  m l  

hexane-acetone ( 1 : 1 ) .  The  te st  tube ' s contents  were m i xed for  24 hours  

u s i ng a wr i s t-act i o n  shake r .  T h e  p h a s e s  were a l l owed to separate , t hen  

the  o rga n i c phase  wa s tran sferred wi th Pa stuer p i pet to  a 125 -m l  

separatory f u n n e l . The extract i on p rocedure wa s then  repeated two add i ­

t i o na l  t i me s  w i t h  1 0  m l  hexane-acetone  ( 1 : 1 ) a nd a 30 m i nutes  m i x i n g  pe­

r i od .  The orga n i c  phases  were tra n s ferred  to t he separa to ry f u n n e l , a nd 

m i x ed w i th 50  m l  o f  hexane-extracted d i s t i l l ed wate r .  The l ayers  were 

a l l owed to separa te , then the aqueous  phase  wa s dra i n ed i n to  a second  
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separatory funne l  ( 2 50-ml ) .  The  o rgan i c  phase i n  the  f i rst sepa ratory 

f u n ne l wa s then  was hed two more t i me s , by m i x i n g wi th 50 m l  d i st i l l ed 

wate r ,  each t i me wi th the aqueous  phase be i n g tra n s fe r red to the second 

separatory f u n n e l . 

The  conte nts  of the second separatory fun n e l  were then m i xed wi th  

appro x i mate l y  20  m l  hexane . The phases  we re a l l owed to separate and the  

aqueous  l ayer  wa s di scarded . The orga n i c  l ayer wa s dra i ned i n to the f i rst  

separa tory f u n n e l . The second sepa ratory funne l  wa s then  r i n sed twi ce 

w i t h  hexane , w i th the r i n se be i ng co l l ected to the f i rst  sepa ratory fun­

n e l . The o rga n i c  extract wa s drai ned i nto a 1 25-m l  round bottom f l a s k 

conta i n i ng approx i mate l y  1 g a n hydro u s  s od i um s u l fate ( Fi s her ) . The 

separatory f u n n e l  wa s then r i n sed twi ce wi th  hexane . 

The extract  wa s concentra ted to a pprox i mate l y  0 . 5  m l  u s i n g  a rotovap 

( Br i n kma n )  a nd heat bat h  ( 40 0° C ) , then tra n sfe rred wi th p i pet  to  a 1 0-ml  

vo l ume tr i c concentrator tube . The f l a s k wa s then r i n sed thre e  t i me s  wi th 

hexane  ( Fi sher ) . The de s i red f i n a l  vo l ume wa s obta i n ed by the  addi t i on  

of hexane  to the concentrato r  tube . 

Extract i o n  e f f i c i e n c i e s  were ca l c u l ated for  HCB- s p i ked sed i me n t  by 

d i v i d i ng  the  sedi ment HCB recovery ( �g g- 1 ) by the  amount of  HCB added 

to s ed i me n t  ( �g g- 1 ) .  Mea s u red sed i ment HCB concentrat i on s  we re corrected 

for extract i o n  ef f i c i enc i e s . 

Bacter i a 

T he s i x  sc i n t i l l at i on v i a l s c o l l ected dur i n g  the i n i t i a l  f i l tra t i on  

proced u re conta i ned  the f i l trate , two ri n s e  f i l trate s ,  the f i l te r ,  the 
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4-ml  g l a s s  e x p o s ure v i a l , a n d  t he 1 0  ml  s c i n t i l l at i o n  c o c kta i l u sed t o  

r i n se the  f i l trat i on apparatu s .  Ready - so l v  HP/b s c i n t i l l at i on cockta i l  

( 1 0 m l ) wa s added to each  of  the v i a l s ,  e xcept the v i a l  wh i ch a l ready 

conta i ned c oc kt a i l .  The v i a l s a nd content s  were then  p l a c ed o n  a mec han­

i ca l  s h a ke r  for  2 4  hour s .  The samp l e s  d id  not rece i ve any further  treat­

men t .  

One m l  o f  t i s s ue s o l ubi l i zer ( Proto s o l ® ,  New E n g l and  N uc l e a r ,  

Bosto n , Ma . )  wa s p i petted i nto e a c h  s c i nt i l l at i o n  v i a l  c o n ta i n i ng m i dge . 

The v i a l s were then  p l a ced o n  a mecha n i ca l  shaker for  approx i mat e l y  7 2  

hours . T h i s p rocedure pro v i ded suff i c i e n t  a g g i tat i on a n d  t i me to f u l l y  

d i g e s t  the m i dge t i s sue . L i q u i d  s c i n t i l l at i on  cockta i l ( 1 0 m l ; Bec kman  

Ready-s o l v HP/b)  wa s then  added , a n d  the v i a l s m i xed o n  the  mechan i ca l  

s h a ke r  for 2 4  hour s .  

Mosgu i tof i s h  

The p rocedure u sed for the extract i on a n d  c l e a n up o f  H C B  from f i s h  

t i s s ue wa s o n e  recommended by Watts ( 1980 ) for m i cro  quant i ty samp l e s . 

Each  frozen f i s h  wa s thawed , b l otted w i th paper t owel a n d  the wet we i ght 

determ i n ed u s i n g  a Mett l er b a l a n ce . The f i s h  wa s then  extracted wi t h  

aceton i tr i l e  ( Fi s h e r )  i n  a 1 0-ml  g l a s s  t i s sue g r i nder . T h e  re s i dues  were 

removed from the aceto n i tr i l e  w i th hex a n e , wh i ch wa s then concentrated 

wi th rotovap ( Br i n kman ) .  The  concentrated extract wa s c l e a n ed by e l u t i n g  

t h rough a Fl o r i s i l ®  pac ked g l as s  c o l umn . The hexane  e l uate wa s then c o n -
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c e ntrated wi th ropovap a n d  t ra n sferred to a 1 0-ml  concentrator tube . No 

further treatmen t  wa s nece s s a ry for  g a s  c hromatograph i c  a n a l y s i s .  

Extracts from f i s h  exposed to 1 4c-HCB we re c o l l ected i n  20-m l s c i n­

t i l l at i on v i a l s .  The e xtract s  were concentrated to approx i mate l y  1 m l  

under a stream of  n i t rogen  g a s .  L i q u i d s c i nt i l l at i on cockta i l ( 10 m l ; 

Bec kman Ready- so l v  HP/b)  wa s added to each  v i a l , and  the v i a l s were p l a ced 

on a mec ha n i c a l  s h a ke r  for 24 hou r s . 

4 . 1 3 HCB Quant i ta t i on  

Quant i ta t i o n  of  1 4c-HCB wa s done  by l i q u i d  s c i nt i l l at i on 

spectrometry u s i n g  a Tracer Ana l yt i c  Mode l 6892 l i q u i d  s c i n t i l l at i on 

s pectrometer ( E l k G rove V i l l ag e , I l  . ) .  Coun t i n g  t i me wa s set a t  2 m i n ute s 

o r  u nt i l 1 0 , 000 counts  were reac hed . Ten m l  a l i quots  o f  s c i n t i l l at i on 

cockta i l ( Be c kman  Ready- s o l v H P/b ) we re u sed for  a l l samp l e s .  Counts  per  

m i n ute ( CPM ) we re corrected for  bac kg round , and  converted to  

d i s i nte rg ra t i o n s per  m i n ute ( DPM)  by d i v i d i ng the c orrected CPM by the  

count i n g  e f f i c i en cy .  Mean bac kg round  l eve l s for  u ntreated test samp l e s  

were determ i ned to be 5 0  cpm for water , 5 0  cpm for  bacter i a s amp l e s , 5 0  

c pm for s ed i ment , a nd 6 5  c pm for m i dg e . Counti ng  eff i c i en c i e s ,  determ i ned  

u s i n g  3H and  1 4c standard s , we re a l way s g reater than  9 6% .  

Quan t i ta t i o n  of  the n o n -1 4c l abe l l ed HCB u s ed i n  th i s s tudy wa s ac­

comp l i s hed u s i n g  gas  c h romatog rap h i c ( GC )  techn i q ue s .  The GC u sed i n  t h i s 

s tudy wa s a Hew l ett-Pa c ka rd 5840A g a s  c h romato g raph  eq u i pped w i th a 63N i  

e l ectron c apture detecto r .  T h e  g l a s s  c o l umn ( 1 . 8 m x 2 mm I D )  wa s pac ked 

wi t h  80- 1 0 0  me s h  Ga s-Chrom Q coated wi th 4% SE-30/6% DV- 2 1 0 . The 
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i nj ecto r , co l umn and  detector temperatures  were 225 , 1 90 , and  275°C , re-

spect i ve l y .  Argo n -methane gas ( 95 : 5 ) se rved a s  the carri er gas at  a f l ow 

rate o f  20  m l  m i n - 1 . 

Afte r the  extract i on  a n d  c l eanup of  the samp l e ,  the  f i n a l  vo l ume of  

the so l vent  wa s reco rded . An  u n kn own qua n t i ty of  HCB wa s i n troduced i n to 

the GC by 5 �1 i nject i o n s  wi th a m i cro syr i nge ( Hami l ton ) . Under the pre-

v i o u s l y  de scr i bed GC  condi t i on s ,  i t  took  approx i ma te l y  1 1  m i n utes  for HCB  

to be e l uted from the c o l umn . Temperature prog ramm i n g  was u s ed as  a mea n s  

o f  i ncrea s i ng the  rate o f  e l ut i on o f  re s i dues  wh i ch were reta i n ed o n  the  

c o l umn after HCB . For temperature programm i n g , the co l umn temperature was 

i n c reased a t  1 3  mi n utes from 190°C  to 225°C , at a rate of 5°C m i n- 1 . Th i s 

procedure re s u l ted i n  the e l ut i o n of  a l l re s i dues  from the co l umn wi th i n 

3 5  m i n utes  o f  samp l e  i n ject i o n . 

Known concentrat i o n s  o f  HCB  i n  i sooctane ( Fi s her )  were prepared and  

s erved as  standard s . The  q u a nt i t i e s  o f  HCB  i n  samp l e s  we re determi ned by 

compari n g the  area o f  the samp l e s ' ch romatog rams to the area o f  a known 

quant i ty of the HCB standard . 

4 . 1 4 Stat i st i ca l  Ana ly s i s 

Data were s ubj ected to stat i st i c a l  a n a l y s i s  u s i n g  a Dec 1 0 ,  I BM 3081  

computer sy stem . Stat i st i ca l  a n a l y s i s  subprograms for  l i near  reg re s s i on 

a n d  t-te st were deri ved from SAS ( 1 982 ) . 

1 4c-HCB concentrat i on s  i n  samp l e s  we re ca l cu l ated afte r  correct i ng  

for  sc i nt i l l at i o n  count i ng e f f i c i e ncy , bac kg round , a n d  recovery . Steady-

state HCB concentrat i o n s  for each exper i me n t  was determ i ned from poo l ed 
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samp l e s u s i n g  l i n ear  regre s s i o n ; mean concentrat i o n s  not s i gn i f i ca n t l y  

d i fferent we re con s i dered at apparent  steady- state . S i g n i f i cance  l i m i t s  

we re set a t  t he 0 . 0 5 l eve l . 
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5 . 0  RESULTS 

5 . 1  F i l tra t i on  Recovery of Bacte r i a a nd  Sed i ment  

The  recovery e ff i c i en c i e s  of  bacter i a a n d  sed i me n t  were u sed as  

c orrect i on factors  for  f i l trat i on ef f i c i ency i n  bacte r i a l  accumu l at i on  

e x pe r i me n t s .  The  percent recovery of  
3

H - l abe 1 l ed bacteri a i n  the p re sence  

o f  1 . 83 mg  sed i me n t  u s i n g f i l trat i on for  the separat i on o f  bacte r i a a nd 

sed i ment  a re g i ven  i n  Tabl e 1 .  The  mea n  perce n t  recove r i e s  for  four  d i f-

fere n t  concentrat i on s  o f  bacte r i a were 7 5 . 22% ( SO = 2 . 1 6 ) , 24 . 5 9% ( SO = 

2 . 09 )  and 0 . 1 9% ( SO = 0 . 08 )  for  the f i l trate , f i l te r  a nd exposure v i a l , 

respect i ve l y . 

The percent  recovery of  1 4c-HCB l abe l l ed sed i me n t s  u s i n g  the  

f i l trat i o n  procedu re i s  g i ven  i n  Tabl e 2 .  Mean  percent  recove r i e s  o f  

sed i ments  f o r  t h e  f i l trate , f i l te r  a nd  e x p o s u re v i a l , respect i ve l y  were : 

5 . 9 1% ( SO = 1 . 42 ) , 9 1 . 1 0% ( SO = 3 . 24 ) , 2 . 9 9% ( SO = 2 . 93 )  for natura l  

s ed i me n t ; 1 4 . 1 6% ( SO = 3 . 06 ) , 83 . 3 8% ( SO = 2 . 69 ) , 2 . 46% ( SO = 0 . 87 )  for 

ox i d i z ed sed i ment . 

5 . 2  Water HCB C onc entra ti o n  

Water HCB  concentrat i on s  u s i n g  the  bacte r i a l  exper i men ta l  des i gn a re 

g i ve n  i n  Append i x ,  Tabl e A- 1 .  The mea n  water  HCB concentrat i on s  over  f i ve 

exposure pe ri ods were vari abl e ,  but averaged 0 . 64 �g 1 - 1 (S O = 0 . 34 )  

a n d  1 . 35 � g  1 - 1 (SO  = 0 . 85 ) for expos ures wi th bacteri a a n d  wi thout 

bacte ri a ( control s ) , respect i vel y .  
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Tab l e  1 .  Mean  percent  recovery of  3H- l abe l l ed bacte r i a  i n  the  f i l t rate , 
f i l ter  and  the  expo sure v i a l , u s i ng  the f i l trat i o n  p rocedure 
for  the separat i on of bacter i a  a nd sed i ment . 

C e l l m a s s  a 

( mg/m l ) n F i l trate F i l te r  V i a l  

b 
0 . 4840 5 7 1 . 52 ( 2 . 08 )  28 . 16 ( 2 . 00 )  0 . 32 ( 0 . 23 )  

0 . 43 5 6  5 7 6 . 98 ( 1 .  62 ) 22 . 87 ( 1 .  6 3 )  0 . 15 ( 0 . 1 1 )  

0 . 3872 5 7 6 . 08 ( 2 . 25 )  23 . 74 ( 2 . 25 )  0 . 18 ( 0 . 1 7 )  

0 . 2738 5 7 6 . 32 ( 1 .  90 ) 23 . 59 ( 1 . 89 ) 0 . 10 ( 0 . 1 6 )  

x = 7 5 . 2 2 ( 2 . 16 )  x = 24 . 59 ( 2 . 09 )  x = o . 1 9 ( 0 . 08 )  

a 
dry we i g h t  o f  cel l s dr i ed at 105° C 

b 
Standard dev i at i on 



Ta b l e 2 .  Me an p e rcent recovery of 14C- l abel l e d  n a t u r a l  a n d  oxi d i zed 
sed i men t i n  the fi l t rate , fi l ter , and the expo s u re v i a l , 
u s i ng the fi l trat i on p rocedu re for the separa t i on of 
bacte r i a a n d  sedimen t .  

55  

Sed i me n t  n Fi l trate F i l te r  Exp o s u re Vi a l  

Natura l 36 

O x i d i zed 6 

5 . 9 1  ( 1 .  42)  
a 

1 4 . 16 ( 3 . 06 )  

a 
S t an d a rd devi a t i on 

9 1 . 1 0 ( 3 . 24 )  2 . 99 ( 2 . 93 )  

83 . 38 ( 2 . 69 )  2 . 46 ( 0 . 87 )  
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T h e  HCB  concentra t i o n s  i n  water  u s i n g  the m i dge e xper i me nta l des i gn 

re su l t i n g from exposures  to four  d i fferent HCB-con tam i n ated sed i ment , 

each  contam i n ated wi th 1 pg 
1 4

c-HCB g- 1 , a re g i ven  i n  Tab l e A-2 . Me a su red 

HCB concentra t i o n s  w i th  m i dge  present  i n  the sed i ment  we re 2 - 8 t i me s  

g reater than  concen trat i o n s  mea sured wi thout m i dge pre sent . 

Wa ter HCB  concentrat i on s  d ur i n g  mosq u i to f i sh  expo s u res  to natura l  

sed i ment contam i nated w i t h  0 . 03 ,  0 . 1 3 ,  1 . 03 ,  a nd 1 0 . 0 3 pg HCB g- 1 , and  

ox i d i zed sed i ment  contami nated wi th  1 . 03 pg  HCB g- 1  
a re g i ven i n  Tab l e 

A-3 . 

5 . 3  I n f l uence of  Sed i ment on  B i oava i l ab i l ty 

Bacter i a HCB Acc umu l at i on from D i fferent  Sed i ments  

The  HCB  concentrat i on s  o f  bacte r i a  e x posed to  con tam i n ated sed i ments  

are g i ven  i n  Ta b l e 3 ,  a nd shown i n  F i g ure 2 .  The a c c umu l at i on of HCB by 

bacte r i a expo sed to contam i n ated natura l  and  o x i d i zed sedi ment  was char­

acter i zed by a rap i d  i n i t i a l  per i od o f  accumu l a t i on  fo l l owed by a second 

s l owe r phase of  accum u l a t i on ( Fi gure 2 ) .  Dur i n g  the  i n i ti a l  720 m i nutes  

exposure , mean  rates  of HCB  accumu l at i on by bacte r i a exposed to  the  na­

tura l  and  ox i d i zed s ed i ment were determi ned ( t-te s t )  s i g n i f i c a nt ly  d i f­

ferent and re s u l ted i n  bacte r i a l  HCB acc umu l at i on rates of 40 1 and 6 1 4  

v g  g - 1  m i n - 1
, re spect i ve l y  ( Ta b l e 3 ) . Mean rates  of  accum u l a t i on  d ur i ng  

the secondary p h a se ( 1 440 - 2880 m i n ute s )  we re not s i g n i f i ca n t l y  d i f fe re n t  

f o r  bacter i a e x po sed to t h e  two sed i ments  ( T ab l e  3 ) .  Re g re s s i o n a na l y s i s 

of  HCB concentra t i o n s  i n  bacter i a show that  apparent  steady-state con-



Ta bl e 3 .  Me an ba c teri a HCB con cen t ra t i on s , bacte r i a HCB a ccumu l a t i on rate s , sed i ment HCB con cen t ra t i on s , 
a n d  con ce n t ra t i on fac tors re su l ti ng from exposure of ba c te r i a to 14C-HCB con tam i nated natura l  
and ox i d i zed sed i men t .  

E x p o s u r e  
pe r i od 

Sed i me n t  n ( m i n )  

Na t u ra l 3 720 
s ed i me n t  

3 1 440 

3 2880 

Ox i d i z ed 3 720 
sed i me n t  

3 1440 

3 2880 

Bacteri a 
a 

HCB 
( pg / g )  

c 
288 . 48 ( 6 . 60 )  

407 . 77 ( 10 . 22 )  

485 . 65 ( 26 . 36 )  

442 . 20 ( 1 7 . 63 )  

475 : 8 1 ( 32 . 03 )  

535 . 57 ( 40 . 32 )  

Ba c te r i a l  
a c c umu l a t i o n 

r a t e  
( n g/g/mi n )  

400 . 66 ( 9 . 1 6 )  

1 68 . 65 ( 1 4 . 1 �) 

49 . 1 1 ( 18 . 3 1 )  

6 1 4 . 1 6 ( 24 . 49 )  

46 . 1 6 ( 44 . 49 )  *
d 

39 . 07 ( 2 8 . 00 ) * 

Sed i ment 
HCB 

( pg/g ) 

190 . 08 ( 2 . 29 )  

146 . 04 ( 3 . 75 )  

1 1 7 . 2 1  ( 10 . 32 )  

1 3 1 . 20 ( 6 .  67 ) 

1 1 9 . 09 ( 9 . 74 )  

98 . 85 ( 1 4 . 1 4 )  

a
Da t a  n o rma l i z ed to a n  i n i t i a l  sed i me n t  HCB conce n t ra t i on o f  2 98 ug/ g .  

C o n c e n t ra t i o n
b 

f a c t o r  

1 .  52  

2 . 79 

4 . 14 

3 . 37 

4 . 00 

5 . 42 

b
Con centra t i on facto r  c a l c u l a t e d  a s  bacte ri a HCB con c e n t ra t i on ( d ry wei g h t )  d i v i ded by sed i ment 

H C B  conce n t ra t i on ( d ry we i ght ) .  

c
S ta n d a rd dev i a t i on 

d 
Me a n s  fol l owed by * were de te rm i ned n o t  s i g n i f i can t l y  d i fferent ( a =  0 . 05 )  w i t h  l i n�ar re g re s s i on .  

<.11 
"' 
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centrat i o n s  were reached wi th i n  1 440 m i n utes  i n  bacter i a expo sed to 

ox i d i zed sedi ment ; however , steady- state concentra t i o n s  were not 

d i scernab l e i n  bacte r i a expo sed to natu ra l sed i ment ( Tab l e 3 ) . Mea n  

bacteri a l  HCB con c entrat i o n s  resu l t i ng f rom 2880 m i n utes  expos ure t o  

contam i n ated natura l  a n d  ox i d i zed sed i ment were n o t  s i g n i f i ca n t l y  d i f-

ferent ( t  = 1 . 7 9 ; df  = 4 ) . 

M i dge HCB Accumul at i on  f rom D i fferent  Sed i ments  

Mean mi dge c o nc e ntrat i o n s  of  HCB  re s u l t i ng from expo sures  to 
14c-HCB 

contami nated natura l  sed i ment , o x i d i zed sed i ment , sand , kaol i n i te a nd 

mon tmo ri l l o n i te a re shown i n  F i g u re 3 .  The mean m i dge we i g ht , m i dge HCB 

concentrat i on ,  subst rate HCB concentrat i on ,  a nd rate of m i dge HCB a cc u-

mu l ati on  for each substrate expo sure a t  each  exposure pe r i od are  g i ven 

i n  Tab l e 4 .  

The rates  of  HCB accumu l at i on by m i dge d ur i ng the i n i t i a l 24 hours  

e xpo sure per i od were  determ i ned s i g n i f i c a nt ly  d i fferent ( t-te st )  for a l l 

sed i men t s ,  exc ept sand and montmori l l o n i te ( Tab l e  A-4 ) . B i oava i l ab i l i ty 

o f  sedi ment- sorbed HCB to m i d ge , a s  i nd i cated by m i dge HCB concentra t i o n s  

after  120 hours exposu re , fo l l owed a sequenc e : natura l  sedi ment < o x i d i zed 

sed i me n t < sand < montmo ri l l o n i te < ka o l i n i te ( Tabl e 4 ,  Fi g u re 3 ) . They 

were determi ned by stati st i ca l  compar i son ( t-te st ) to be s i g n i f i cant l y  

d i f ferent  for a l l  sub strate s ,  ex cept ox i d i zed sed i ment  and  

montmori l l on i te ( Tabl e A-5 ) . 

Regre s s i on a n a l y s i s of HCB  concentra t i o n s  of  m i dg e  expo sed to each  

sed i ment  i nd i c ate that apparent  steady- states were  reached by 72  hours  
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Ta bl e 4. Mean m idge HCB concentra t i on s ,  mi dge HCB a ccumu l a t i on rates , mi dge we i ghts , sedimen t HCB 
concen trat i ons , and concentra t i on factors resul ting from m i dge exposure to natural sed i ment , 
oxi d i zed sediment , sand , kaol i n i te ,  and montmori l lon i te ,  each i n i ti a l ly contami nated wi th 
1 ug 1 4 C-HCB/g .  

Exposure Midge 
per i od wet we i ght 

Substratl! n ( hrs)  (mg) 

Natural 5 24 8 . 68 ( 0 . 89)
b 

sed iment 1 48 9 . 06 ( 3 .  02) 
6 72 8 . 52 ( 0 . 79) 
7 96 1 1 . 93 ( 1 . 70) 
5 120 7 . 70 ( 1 . 97 )  

Oll ldt zed 5 24 8 . 36 ( 2 . 40 )  
sedhrent 7 48 8 . 90 ( 1 . 37 )  

5 72 10. 1 0  ( 2 . 7 1 )  
9 96 1 1 . 00 ( 3 . 92) 
1 120 9 . 43 ( 1 . 68 )  

Sand 6 24 6 . 62 ( 0 . 68 )  
7 4 8  8 . 77 ( 1 . 2 1 )  
5 72 7 . 84 ( 0 . 8 1 )  
1 1  96 1 1 . 12 ( 3 . 44) 
4 1 20 6 . 58 ( 0 . 94 )  

kao l i n i te 5 24 8 . 98 ( 0 . 99) 
8 48 1 1 . 46 ( 3  . 08) 
5 72 1 0 . 08 ( 0 . 92) 
7 96 8 . 64 ( 1 . 26 )  
6 120 8 . 45 ( 0 .  7 1 )  

Mon tmrt l lonl te 7 24  7 . 69 ( 3 . 05) 
7 48 7 . 9 1  ( 2  . 45)  
7 72 7 . 00 ( 1 . 38)  
6 96 6 . 60 ( 1 . 1 1 )  
6 120 7 . 30 ( 1 . 32 )  

Midge 
HCB 

( ng/g) 

339 . 02 ( 77 . 80) 
352 . 9 1  ( 59 . 2 1 )  
689 . 8 5  ( 136. 00)  ,.c 
602 . 49 ( 1 1 9 . 58) . 
699 . 09 ( 132. 40 )  .. 

807 . 4 1  ( 66 . 86 )  
2039 . 29 ( 28 2. 34 )  
2058 . 3 1  ( 3 1 5 . 1 1 )  
2515 . 45 (64 3 . 96 ) • .  
2985 . 8 1  ( 395 . 08 ) . 

1038 . 48 ( 10 1 . 12 )  
251 4 . 88 ( 908 . 98) 
271 7 . 79 ( 297 . 44 )  
4186 . 57 ( 442 . 49 )  .. 
4369 . 7 7  ( 8 1 3 . 66) * 

3656 . 4 2  ( 662 . 02� 
3865 . 1 7  (906 . 27 
5248. 24 ( 488 . 94 
5230 .26 ( 894 . 86 )  
7050. 49 (722 . 32 )  

1 1 34 . 9 1  ( 2 1 6 . 60) 
1 396.05 ( 37 7 . 84 )  
1854 . 07 ( 2 1 4 . 76 )  
2635 . 63 ( 305.62) 
2996 . 5 4  ( 168. 98)  

Midge HCB 
Accumu l a t i on 

ratt 
( ng/g/hr) 

1 4 . 1 3  ( 3 .  24) 
0 . 58 ( 2 . 47) 

1 4 . 04 ( 5 . 67) 
- 3 . 64 ( 4. 98)  

4 .02 ( 5 . 52)  

33 . 64 ( 2 . 79) 
5 1 . 32 ( 1 1 .  76) 
- 1 . 29 ( 1 3 . 13)  
19. 06 (26 .83)  
1 9 . 60 ( 16 .46)  

4 3 . 27 ( 4 . 2 1 )  
61 . 52 ( 37  .87)  

8 . 45 ( 12 . 39) 
6 1 . 20 ( 1 8  . 44 )  

7 . 6 3  ( 3 3 . 90) 

i!2 . 35 ( 27 . 58)  
8 . 70 �3 7 . 76J 57 . 63 20. 37 

-0. 7 5  ( 37 . 29) 
7 5 . 84 ( 30 . 10) 

47 . 29 ( 9 . 02) 
1 0 . 88 ( 1 5 . 74) 
1 9 . 08 ( 8 . 95) 
3 2 . 57 ( 12. 73)  
1 5 . 04 ( 7. 04) 

Sed l mtnt 
HCB 

( ng/g) 

995 . 86 
991 . 9 6  
984 . 16 
977 . 01 
970 . 48 

995 . 40 
978 . 60 
955 . 09 
924. 95 
889.08 

992 . 19 
964 . 42 
948 . 98 
884 . 09 
867 . 70 

970 . 09 
926 . 28 
872 . 69 
8 1 5 . 22 
761 . 70 

990 . 79 
97 7 . 92 
964 . 2 3  
948 . 01 
925 . 25 

a 
Concentration factor calculated as mi dge HCB concentrat i on (wet weight) divided by sediment HOB 

concentration (dry wei ght ) .  
b

Standard dev i at i on 
c 

. Mean midge HCB toncentretf ons for each substrate e11posure wh i ch are fol lowed by * are not 
s i gni ficantly 4i fferent (a : 0 , 05 )  as delermlned wi th l i near regression. 

Conctnt n t l on 
a 

factor 

0 . 34 
0 . 36 
0 . 70 
0 . 62 
0 . 12 

0 . 81 
2 . 08 
2 . 16 
2 . 72 
3 . 36 

1 .05 
2 . 61 
2 . 86 
4 . 74 
5 . 04 

3 . 77 
4 . 11 
6 .0 1  
6 . 42 
9 .26 

1 . 15 
1 . 43 
1 . 92 
2 . 78 
3 . 24 

0"1 ........ 
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for m i dg e  exp osed to natural sedi ment , and 96  hours for ox i d i zed sed i ment 

and sand exposures ; however , a p pa rent  steady- state s were not reached 

d u r i ng  the 120  hours exposures  to kao l i n i te and montmo r i l l on i te c l ays  

( Tabl e 4 ) . 

M i dge HCB Acc umu l at i on from Sed i ments  Va ry i ng i n  Orga n i c  Content  

The  mean  HCB  concentrat i on s  of m i dg e  re s u l t i n g  from exposures  to f i ve 

1 4 c-HCB contami nated sedi men t s , each  vary i n g i n  organ i c  matter content , 

a re shown i n  F i g u re 4 ,  and the data g i ven  i n  Tab l e 5 .  The accumul at i on 

of  sed i ment- sorbed HCB by m i dge  wa s i nverse l y  proport i on a l  to  organ i c  

content  of the sed i ment  and f o l l owed the sequence : h um i c a c i d < 

sedi ment/hum i c ( 1 : 3 )  < sed i ment/hum i c  ( 1 : 1 ) < sed i ment/hum i c  ( 3 : 1 ) < 

sed i ment ( Tab l e 5 ,  F i g u re 4 ) . The rate s of mi dge  HCB accumu l at i o n dur i n g  

t h e  i n i t i a l  2 4  hour s  exposure per i od were s i g n i f i c a nt ly  d i fferent  ( t­

test )  for  a l l sed i ments , except for natura l sedi ment/hum i c  ( 1 : 1 ) a n d  na-

tura l  sed i ment/humi c ( 1 : 3 )  ( Tab l e A-6 ) . 

Re g re s s i on a na l y s i s of HCB concentrat i on s  o f  m i dg e  exposed to the 

f i ve  sed i ments  sugge sts  that apparent  steady- state s we re reac hed by 48 

hours for m i dge  expo sed to n atura l sed i ment , and by 24 hours for m i dge 

e x pos ed to the four sed i ments  conta i n i ng hum i c  mater i a l s ( Ta b l e 5 ) . T­

te st  compa r i son s of mean m i dge HCB concentrat i on s  re s u l t i ng from 96 hours  

expos ure to the f i ve d i fferent sed i ments  shows that accumu l at i on f rom 

natura l  sed i ment  wa s s i gn i f i ca n t l y  g reater than  accumu l at i on  f rom 

sedi ment  wh i c h conta i ned h um i c  ac i d ,  and  that a cc umu l at i on f rom sed i ments  
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Ta b l e  5 .  Mean mi dge HCB con cen t ra t i on s , mi dge HCB accumu l a t i on rate s ,  m i dge we i g h t s , sed i ment HCB 
con cen t ra t i on s , and concent rat i on factors resu l t i n g  f rom mi dge exposure t o  f i ve s u bs t rates 
v a ry i ng i n  organ i c  matter con tent ,  each i n i t i a l l y  con tami nated wi th l JJg 14C-HCB/ g .  

M i dge HCB 
Ex posure M i dge M i dge accumu l a t I on Sed i ment a 

pe r i od wet we i ght HCB rate HCB Concentra t i on 
Substrate n ( hrs)  ( mg ) ( ng/g ) ( ng/g/hr) ( ng/g ) factor 

Natural 5 24 6 . 38 ( 0 .  97 )
b 

528 . 2 6  ( 6 1 .  78 ) 22 . 01 (2.  57 ) 1991 . 7 0 . 2 7  
sed iment 5 48 1 4 . 52 ( 5 . 2 1 )  943. 16 (229 . 4 4 )  .c 1 7 . 29 ( 9 . 56) 1 959. 3 0 . 4 8  

4 72 8. 68 1 0. 72 l 1076. 80 12 18. 06)  * 5. 57 19. 09 )  194 1 . 2  0. 55 
4 96 1 1 .  73 2 . 26 1 1 1 4 . 03 179 . 02 )  * l. 55 7 . 46) 1920. 1 0. 58 

Natural 5 24 8. 96 ( 3 . 4 9 )  267 . 85 ( 36 . 96 ) * 1 1 . 1 6 ( 1 .  54 ) 1 993 . 9  0. 13 
sed i ment- 5 48 8. 78 ( 1 .  62 ) 325 .08 ( 74 . 89 )  * 2 . 38 ( 3. 1 2 )  1 985. 1 0. 16 

hum i c  (3:  1 )  4 72 1 2 . 08 ( 2 . 60) 323 . 65 ( 16 . 85 ) * -0. 06 (6 . 99 )  1 976 . 1 0. 16  
4 96 1 1 . 30 { 4 . 6 5 )  355. 4 7  { 7d. 73 )  * 1 . 33 ( 3. 28 )  1967 . 4  0. 18  

Natura l 5 24 7 . 64 { I . 20) 2 HJ. 4 7  { 2 1 . 8U )  * 9. 1 0  (0 . 9 1 )  1993 . 9  0. 1 1  
sed i ment- 5 24 9. 1 5  ( 3 . 9 7 )  287 . 08 ( 18. 24 )  * 2 . 86 ( 0. 76 )  1 987 . 1 0 . 1 4  

hum i c  ( 1 : 1 )  5 72 6. 70 (2. 06) 322. 29 ( 1 7 1 . 46 )  * I .  47  ( 7  . 14 )  198 1 . 2  0. 16  
4 96 10. 85 ( 2 . 6 1 )  343 . 2 1  { 133 . 98 ) * 0 . 8 7  (5 . 58 )  1975. 2 0. 1 7  

Natura l 5 24  9. 86 ( 2 . 0 1 )  1 92 . 66 ( 55 . 7 3 )  * 8. 03 ( 2 . 32 )  1 997 . 2  0.·1 0  
sed i ment- 5 48 10 . 98 �3. 40 � 261 . 02 �29. 83 )  * 2 . 85 ( 1 .  24 ) 1992 . 7 0 . 1 3  

hum i c  ( 1 : 3 )  4 72 10 . 40  1 . 36 229. 67 58. 01 ) * - I .  3 1  12 . 42 � 1989. 9 0 . 1 2  
5 96 7 . 64 2 . 30 200. 3 1  59. 70) * - I .  22 2. 49 1 987 . 9 0. 1 0  

Humic 5 24 10 . 30 ( 2 . 4 2 )  1 2 1 .  61 ( 54 .  99 )  * 5 . 07 (2 . 29 )  1 995. 9 0 . 06 
4 48 1 3 . 38 {6 . 65 )  1 63 . 72 ( 72. 34 ) * 1 .  75  ( 3 . 0 1 )  1 9U9. 9 0. 08 
5 72 6 . 82 ( 1 .  2 6 )  192 . 07 ( 69. 92 ) * 1 .  18 ( 2 . 9 1 )  1 985 . 6  0 . 1 0  
5 96 7 . 10 ( 1 .  05)  207 . 30 ( 5 7 . 04 )  * 0. 63 ( 2 . 38 ) 1 982 . 1 0. 1 0  

a
Concentra t i on factor cal cu l a ted as mi dge HCB concentra t i on {� t  we i ght ) d i v i ded by sed i ment HCB 

concentra t ion ( dry we i ght) . 

b 
Standard devi at ion 

c 
Mean m idge HCB concentra t i ons for each substrate exposure whi ch are fol l owed by * are not 

s i gn i f i cantly di fferent ( u = 0. 05) as determined wl th l l near regre s s i on.  
0') ..:;::. 
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conta i n i n g 50% o r  more hum i c ac i d  wa s not s i gn i f i c a n t l y  d i fferent  ( Ta b l e 

A-7 ) . 

Mo squ i tof i sh HCB Ac cumu l at i o n from D i fferent  Sed i me n t s  

The  m e a n  H C B  concen t rat i on s  of mo sq u i tof i sh re s ul t i n g from expo s ure 

to natura l s ed i ment , o x i d i zed sed i me n t , sand , and  kao l i n i te ,  each  

i n i t i a l l y  contami n ated wi th  1 �g  14c-HCB g- 1 , a re s hown i n  F i g ure 5 ,  data 

a re g i ven  i n  Tabl e 6 .  

The HCB conce n trat i on s  of mosq u i tof i s h re s u l t i n g  from f i ve-day ex­

pos ure to four contam i n ated s ubstrat e s  were l e s s  wi th  natura l  sed i me n t  

tha n the  othe r sed i me n t  type s ,  a n d  concentrat i o n s  were not  s i g n i f i ca n t l y  

d i f fere n t  amo ng t h e  other sed i ment  ty pes ( Tabl e A-8 ) . Howe ver , a fter  1 5  

day s e x po s u re , mosq u i to f i sh HCB concentrat i ons  were s i gn i f i ca n t l y  d i f­

ferent for a l l sub strate exp o s u res , except o x i d i zed sed i ment  and sand 

( Ta b l e  A-9 ) .  

The b i oava i l a b i l i ty of sed i ment- sorbed HCB to mo squ i to f i s h  after 1 5  

day s  fo l l owed t he sequence : natura l  sed i ment < sand < ox i d i zed sed i ment  

< kao l i n i te .  Regre s s i on a n a l y s i s  of  mosq u i tof i sh HCB  concentrat i on s  show 

that apparent  steady- state concentrat i on s were n ot reached dur i n g  the 1 5  

day s exposures  to the four d i f ferent  HCB contam i na ted substrate s ( Tab l e 

6 ) . 

Organ i c  Matter I nf l uence  on  HCB Ava i l i b i l i ty to  Mosgu i to f i s h  

T h e  i nf l uence  o f  sed i me n t  organ i c  matter ( OM )  on the b i o a v a i l ab i l i ty 

of HCB wa s a s se s sed by expos i ng mosq u i tof i sh  to n atu ra l sed i ment  ( OM = 
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E XPOSURE PERIOD ( days ) 

F i gu re 5 .  Mean mosq u i to fi sh HCB concentra t i ons  re s u l t i ng from e xpo s u re to natura l  sed i me n t ,  oxi d i zed 
sed i men t ,  sand , and kaol i n i te ,  each i n i ti a l l y contami nated wi th 1 �g 14C-H CB/ g . 

0\ 
0\ 
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Ta b l e 6 .  Mean mo sq u i tof i sh  H C B  con c e n t ra t i o n s , HCB accumu l a t i on rate s , and 
we i gh t s  o f  f i s h  expos ed to n a t u r a l  sed i men t , ox i d i zed sed i me n t , 
sand and kao l i n i te ,  each i n i t i a l l y  contami nated w i t h  1 �g 14C-HCB/ g .  

Expo s u re Fi s h  F i s h  
p e r i od we t we i g ht HCB 

S u bs t rate n ( day s )  ( g )  ( ng/g ) 

N a t u ra l 6 5 0 . 1 0 1  ( 0 . 02 0 )
a 

8 1 . 80 ( 1 1 . 26 )  
s e d i m e n t  6 10 0 . 1 1 6  ( 0 . 0 1 1 )  1 9 5 . 83 ( 38 . 5 9 )  

6 1 5  0 . 125 · ( 0 . 0 1 6 )  250 . 60 ( 26 . 25 )  

Ox i d i z ed 6 5 0 . 122 ( 0 . 00 4 )  823 . 4 1 ( 233 . 52 )  
sed i me n t  6 10 0 .123 ( 0 . 00 4 )  1 290 . 17 ( 268 . 3 1 )  

6 1 5  0 . 125 ( 0 . 006 ) 1686 . 27 ( 344 . 7 5 )  

Sand 6 5 0 . 1 1 7  ( 0 . 0 1 0 )  6 12 . 62 ( 24 1 . 52 )  
6 10 0 . 124 ( 0 . 009 ) 925 . 37 ( 137 . 50 )  
6 15  0 . 132 ( 0 . 009 ) 1462 . 02 ( 277 . 06 )  

Kao l i n i te 6 5 0 . 128 ( 0 . 00 5 )  6 7 5 . 06 ( 60 . 9 5 )  
6 10 0 . 1 3 0  ( 0 . 00 5 )  1294 . 06 ( 3 27 . 38 )  
6 1 5  0 . 123 ( 0 . 007 ) 2 1 09 . 00 ( 257 . 74 )  

a Sta ndard dev i a t i on 
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4 . 5%)  and  ox i d i zed sed i ment ( OM < 0 . 1% ) , each  i n i t i a l l y contam i nated wi th 

- 1  1 . 03 � g  HCB g , for  e xposure per i ods of up to 57 day s  ( Tab l e 7 ) . S em i -

l ogari thm i c  p l ots  o f  the mean HCB concentra t i o n s  i n  f i sh versus  the ex-

po sure per i ods  gave c u rve s wh i c h showed an  i n i t i a l pe r i od of rap i d  upta ke 

fo l l owed by a much s l owe r phase  of uptake characte r i zed by l i n ear  s l ope s 

wh i c h approach  hori zonta l ( F i g ure 6 ) . 

Stati st i ca l  compa r i sons  ( t-te st )  of the i n i t i a l mean a ccumu l at i on  

rates ( t  � 12 . 74 ;  df  = 8 )  a n d  the  me a n  accumu l a t i on rates dur i n g  the 

seconda ry phase  ( t  = 1 4 . 07 ;  df  � 7 )  show that the accumu l at i on  rates re-

s u l t i n g from expos ure to the natura l sed i ment or o x i d i zed sed i ment , each  

i n i t i a l l y  contam i nated wi th 1 . 03 �g HCB/g  were s i g n i f i can t l y  d i ffere nt . 

Mosqu i tofi sh  HCB concentrat i on s  a f te r  a 57 day s  expos ure per i od we re 

s i gn i f i can t l y  d i ff eren t for exposure to natura l  and  o x i d i zed sed i ment ( t  

= 22 . 03 ; df = 3 . 4 ;  u nequa l  var i anc e s ) . HCB concentra t i on s range  f rom 5 

to 7 . 7  t i me s  g reater i n  f i sh  e x po s ed to ox i di zed sed i ment  than  those ex-

p o sed to natura l  sed i me n t .  Concentrat i on s  of  H C B  i n  f i sh e xpo sed t o  na-

t u ra l  sed i me n t  reached a n  a pparent steady- state by 46 days  of exposure ; 

however , f i sh  expo sed to ox i d i zed sedi ment d i d  not reach a d i scernab l e 

e q u i l i b r i um w i th i n the 57  days  exposure  pe r i od ( Tab l e 7 ,  F i g ure 6 ) . 

5 . 4  I n f l uence of Sed i ment HCB Concentrat i on  on  B i oaccumu l ati on 

E f fect of Sed i me n t  HCB Concentrat i on on  Accumu l at i on by Bacte r i a  

The ro l e  o f  sed i ment HCB concentrat i o n i n  the accumu l at i on of  HCB  

by  bacter i a wa s exam i ned by expos i ng bacte r i a to  natura l  sed i ment  con-



Tabl e 7 .  Mean mosqu i tofi sh  HCB concent ra t i on s , f i s h  HCB accumu l at i on rates , f i sh wei ghts , sed iment HCB 
concent ra t i ons , and concentra t i on facto rs resu l t i ng from f i sh exposure to natura l  sed i ment 
contami nated wi th 0 . 03 ,  0 . 1 3 ,  1 . 03 ,  and 1 0 . 0 3 pg H CB/g , and oxi d i zed sed i ment contaminated 
wi th 1 . 03 pg HCB/g . 

In i t i a l F i s h  HCB 
sed imen t Exposure F i sh F i sh aecumul a t  I on Sed iment a 

HCB per i o d  w e t  we i gh t  HCB ra te HCB Concent r l t l on 
Sediment ( log/g) n ( days ) ( g )  ( ng/g) ( ng/g/day ) ( ng/g) he tor 

Natura 1 0 . 03 s 1 2  0 . 1 36 ( 0 . 02 7 )
b 

59 . 98 ( 7 . 53 )  5 . 00 ( 0 . 6 3 )  3 2 . 7  ( 4 . 8 )  1 . 8 )  
�edl me nt 4 23 0 . 1 1,_5 ( 0 . 0 1 2 )  1 0 7 . 50 ( 5 1 . 39 ) •C 4 . 32 ( 4 .  67 ) 30 . 7  ( 1 .  5 )  3 . 50 

5 35 0 . 1 08 ( 0 . 0 1 4 )  1 05 . 29 ( 1 3 . 65 ) • - 0 . 1 8  ( 1 .  1 4 )  35 . 6  ( 2  . 6 )  2 . 96 
5 46 0 . 1 1 5  ( 0 . 0 1 7 )  1 6 1 . 20 ( 42 . 80 ) .. ! L OB ( 3 . 89 )  3 2 . 2  ( 0 . 8 )  5 . 0 1  
5 57 0 . 1 36 ( 0 . 024 ) 1 35 . 57 ( 19 . 88 )  * -2 . 33 ( u p 3 3 . 0  ( 0 . 5 )  4 . 1 1  

Natura l 0 . 1 3  5 1 2  0 . 1 2 2  ( 0 . 02 3 )  58 . 62 ( 20 . 69 )  4 . 89 ( 1 .  7 2 )  1 20 . 4  ( 7 . 2 )  0 . 49 
sed iment 5 2 3  0 . 1 36 ( 0 . 05 1 )  89 . 10 ( 30 . 44 )  2 . 77 ( 2 . 77 )  1 35 . 6  ( 7  . 1 )  0 . 66 

4 35 0 . 1 1 7  ( 0 . 0 1 5 )  1 1 5 . 1 5 ( 19 . 75 )  * 2 . 1 7  ( 1 .  6 5 )  1 3 5 . 0  ( 1 1 . 9 )  0 . 85 
4 4 6  0 . 1 2 3  ( 0 . 02 6 )  1 69 . 19 ( 5 3 . 7 6 )  * 4 . 9 1 ( 4 . 89 )  1 24 . 3  ( 8 . 0 )  I .  36 
5 5 7  0 . 1 3 4  ( 0 . 02 8 )  1 56 . 92 ( 3 3 . 8 5 ) • - 1 . 1 2 ( 3 . 08 )  1 1 2 . 4  ( 9  . 1 ) 1 40 

N a tura l  1 . 0 3  5 1 2  0 . 1 3 6  ( 0 . 05 3 ) 239 . 95 ( 73 . 18 )  2 0 . 00 ( 6 .  1 0 )  1037 . 9  ( 162 . 7 )  0 . 2 3 
sed i ment 6 23 0 . 1 2 4  ( 0 . 08 7 )  282 . 8 3  ( 7 1 . 4 2 )  3 . 98 ( 6 . 49 )  1 0 18 . 7  ( 2 1 . 5 )  0 . 2 7 

4 35 0 . 1 4 3  ( 0 . 0 1 0 )  4 70 . 26 ( 2 1 . 96 )  1 5 . 62 ( 1 . 8 3 )  1079 . 8  ( 1 0 . 2 )  0 .  4 4  
5 4 6  0 . 1 4 5  ( 0 .  0 3 7 )  559 . 24 ( 6 7 . 9 1 ) . 8 . 08 ( 6 . 1 7 )  1 0 0 1 . )  ( 49 . 4 )  0 . 56 
5 5 7  0 . 1 72 ( 0 . 026) 6 1 5 . 60 ( 89 . 4 9 ) . 5 . 1 2  ( 8 . 1 4 )  922 . 8  ( 106 . 9 )  0 . 67 

Na tura 1 1 0 . 03 5 1 2  0 . 1 59 ( 0 . 0 3 1 )  804 . 7 3 ( 225 . 20 )  6 7 . 06 ( 18 .  7 7 )  984 7 . 2  ( 5296. 8 )  0 . 08 
sed i ment 6 2 3  0 . 1 35 ( 0 . 038) 1 520 . 0 1  ( 395 . 03 )  6 5 . 0 3  ( 35 .  9 1 )  8800. 9 ( 53 . 9l 0 . 1 7  

5 3 5  0 . 1 2 4  ( 0 . 0 1 2 )  349l . 4 7  ( 436 . 1 9 )  1 64 . 37 ( 3 6 . 35)  1 094 7 . 0 ( 1 3 1 4 . 1 0 . 32 
5 4 6  0 . 1 70 ( 0 . 0 1 6 )  4 54 6 . 64 ( 54 3 . 09 )  .. 95 . 83 ( 4 9 . 3 7 )  9748. 1 ( 1 50 . 2 ! 0 . 4 7  
5 5 7  0 . 1 4 4  ( 0 . 037 ) 4 4 92 . 54 ( 382 . 1 8 )  * -4 . 9 1  ( 3 4 .  7 4 )  9245 . 9 ( 62 3. 8  0 . 49 

Ox l d t zed 1 . 0 3  5 1 2  0 . 1 1 7  ( 0 . 008) 1 8 1 1 . 55 ( 265 . 9 1 )  1 50 . 96 ( 22 . 1 6 )  739. 6 � 7 5 . 5 }  2 . 4 5  
sediment 5 2 3  0 . 1 2 6  ( 0 . 03 7 )  2 1 7 0 . 4 5  ( 264 . 93 )  3 2 . 68 ( 2 4  . 08 )  6 91 . 1 1 8 . 2 ! 3 . 1 4  

5 35 0 . 1 1 2 ( 0 . 030) 252 4 . 68 ( 23 4 . 9 1 )  29 . 52 ( 19 . 58 )  652 . 4 ( 1 3 2 . 1 3 . 87 
5 4 6  0 . 1 5 7  ( 0 . 0 3 0 )  3489 . 46 ( 462 . 7 1 )  8 7 . 7 1  ( 4 2 . 06 )  700. 2 ( 12 1 .  9 )  4 .  98 
s 5 7  0 . 1 40 ( 0 . 03 8 )  4285 . 10 ( 323 . 4 1 )  7 2 . 3 3  ( 29 . 4 0 )  7 38 . 2 ( 93 . 3 )  S . BO 

a 
Concent ra t i on factor ca l cul a ted as mosqu l to f l s h  I!CB concentra t ion (wet we i ght ) d i v i ded by sed iment 

IICB conce n t ra t ion ( dry we ight ) .  

b 
Standard dev i a t ion 

c 0'1 Me an mosqu l to f l s h  IICB concen t ra t ions for each sed iment exposure whleh are fo l l owed by • are not \.0 
s i gn i f i can t ly d i f ferent ( a =  0 . 05 )  as determined w i th l i near regre s s i on .  
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tami nated wi th  77 . 7 ,  127 . 6  and 27 3 . 7  � g  14C-HCB g- 1 . The resu l t s o f  t h i s 

expo sure are g i ve n  i n  Tabl e 8 and  are shown i n  F i gure 7 .  Accumu l at i on 

by bacter i a  was p roport i ona l to the sed i ment HCB concen trat i o n and  can 

be descr i bed ( r2 
= . 99 ;  n = 9)  by the l i near  mode l : 

l og [HCB] bacte r i a = 0 . 90 + 0 . 89 l og [HCB] sed i ment . 

T h i s re l a ti on s h i p  compares favorab l y  wi th the re l at i o n s h i p betwee n  bac-

te r i a and natural  sed i ment HCB concentrat i on s  of  samp l e s  p oo l ed f rom n i n e 

separate exper iments  ( F i gure 8 ) , i n vo l v i n g both l i ve and dead bacte r i a ,  

wh i c h can  be descr i bed by the l i near  mode l ( r2 
= . 69 ;  n = 80 ) :  

l og [ HCB]  bacter i a = 0 . 88 + 0 . 87 l og [ HCB] sed i ment . 

E f fect of Sed i ment  HCB Concentra t i o n  o n  Accumul a t i on  by M i dge 

M i dge  e x posed to  n atura l s ed i me n t  and ox i d i zed sed i men t , each  i n i ­

t i a l l y  contam i nated wi th 14c-HCB concentrat i ons  o f  1 ,  3 ,  a nd  6 �g g - 1 , 

acc umu l ated HCB i n  amounts  p roport i ona l to the sed i ment  HCB concentrati on 

( Tabl e 9 ,  F i g u re 9 ) . The b i oava i l ab i l i ti e s of HCB to m i dge dur i ng the 

i n i t i a l 24 hours exposure per i od we re s i g n i f i cant l y  d i f ferent  ( t-te s t )  

f o r  mo st  sedi ment  H C B  concentrat i o n s  ( Tabl e A- 1 0 ) . Mea n m i dge HCB con-

centrat i o n s  re su l t i n g from 192  hours  e x p o s ure showed that concentra t i o n s  

were s i gn i fi c a n t l y  d i f ferent  f o r  a l l sedi ment H C B  concentrat i ons , and  for 

two sed i ments  wi th the same HCB con centra t i o n s  ( Tab l e A- 1 1 ) .  

Regre ss i on a n a l yses  show that apparent steady- state HCB concen-

t ra t i o n s  i n  m i dg e  were obta i n ed wi th  exposures  to natura l  sed i ment con­

- 1  tami nated wi th  1 ,  3 and  6 �g HCB g by 96 , 7 2  and  72 hou r s , re s pecti ve l y  

( Tab l e 9 ) . Steady� state HCB concentrat i on s  i n  m i dge expo sed t o  con tam-
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Tab l e 8 .  Mea n bacte r i a HCB concentra t i o n s , sed i ment - HCB concentrat i on s ,  
a nd concentrat i o n factors  res u l t i ng from bacte r i a expo sure 
for 24 hours  to natura l sed i ment contam i n ated wi th 77 . 7 ,  
1 27 . 6 ,  and  273 . 7  �g 14C-HCB/g . 

I n i t i a l  
sed iment  

HCB  
( �g/g ) n 

77 . 7  3 

1 27 . 6  3 

273 . 7  3 

B . a acten a 
HCB 

( �g/g ) 

1 06 . 1 6 ( 3 . 81 )
c 

169 . 07 ( 6 . 3 1 )  

3 5 3 . 22 ( 1 4 . 9 0 )  

Sed i ment  
HCB  

( �g/g ) 

46 . 59 ( 2 . 86 )  

75 . 76 ( 7 . 08 )  

17  9 . 60·  ( 6 . 8 5 ) 

a Bacter i a  dry we i g ht = 0 . 47 mg/ml  

Concent rat i o n 
factor 

2 . 28 

2 . 23 

1 .  97  

b 

b Concentrat i o n facto r  ca l c u l ated a s  bacte r i a HCB  concentrat i on 
( d ry we i g h t )  d i v i ded by sed i ment  HCB concen trat i o n  ( dry we i g h t )  

c Standa rd dev i at i o n  



< 
...... 
a: w 
...... w 
< m 

� 
<.!:1 
..._ 

5 . 6  

5 . 5  

5 . 4 

5 . J  

5 . 2  

Q; S . l c: 

m w 
:J:; 
<.!:1 o s . o­-' 

4 - 9  

• 

./ 

• + 

• 

+ 

+ + 

l og [HCB) bacteria  = 0 . 90 + 0 . 89 l og [HCB] sediment . 

( r2 = . 99 ;  n = 9)  

+ 

4 - 8 r�������������----����--�������������������������--�--��� 
4 - 5  4 . 6  4 . 7  4 . 8 4 - 9  5 . 0 5 . 1  5 . 2  5 . 3  

LOG HCB ( ng)  I GRAM SEDIMENT 

F i g u re 7 .  Mea n  b a c te r i a  H C B  concen tra t i on s  a fter 2880 m i n u t e s  e xpos ure to n a t u ra l  s e d i�me n t  i ni ti a l l y  
contami n a ted wi t h  77 . 7 ,  12 7 . 6 ,  a n d  273 . 7  � g  14C -HCB/ g .  

""-� 
w 



..-: -"' w 1-u ..-: eo 

� f.!) 
...... -1:1'1 <: � 
eo u ::t: 
c:l 0 ...J 

• •  

5 .s1 

j 
s.  

1 
) • 

) /. 
4 . 5 

• 

• 

.# • 

• F 
• • 

• , • 
• • 

:· + / • 

/ • 

• 

/ • 
• 

• 
• 

log (HCB I Bacter t a  • 0 .88 + 0 .87 log (HCB ] Sedtment 

( r2 • .69 ; n • 80) 

4 .  ..,.....,._ 
4 . 0  4 . 5 

s . o  $. 5 

lOG HCB (ng) I GRAM SEDIMENT 
1 . 0  

Fi gure 8 .  Re l a ti onshi p  be tween HCB concen tra ti ons i n  bacte r i a  and natural sed i ment at apparent s teady- s ta te . � � 
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Tabl e 9. Mean m i dge HCB concentra t i on s . midge . HCB a ccumu l a t i on rates , midge weights , sediment 1HCB 
concentrat i ons , and concen tra t i on factors resul t i ng from mfdge exposure to natura l and 
ox i d i z ed seu i n�n t ,  each tn t t f a l ly con taminated w i t h  1 ,  3 ,  and 6 �g 14C-HCB/g. 

I n i t  1 • 1  Hldgo IIUI 
Stdl,...nt bpolurt Hldg� Hldgt ICCU!OUhtiOft Srdt•ont 

ConuntrH l on1 HCB porl od ,.., wt l ght IICB rate HtB 
SubUrlto bglf) (hrs) (•g) (ng/g) (ng/g/hr) (ng/9) he tor 

Or ldl rrd s " 24 8 . 74 . ( � .  99) 444 . 1 8  

r 
.. 18.51  

r

a
�

, 

995.66 0. 45 
nd l•on t 5 48 6 . 30 ( 1 . 4 3 )  658.98 1 12 . 55 8 . 95 4 . 69 991. l5 0.66 

4 72 6 . 00 ( 1 . 82 )  818 .2]  1 9] . 1 5  &. 63 8 .05 985.65 0.83 
5 96 8. 76 ( 1 . 05 )  1454 . 57 I I  I .  94 •• 26.52 4 . 66
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i nated ox i d i zed  sedi ment were obta i ned by 1 2 0  hours  for  m i dge expo sed to 

1 and 6 �g  HCB g
-1 ; however , steady- state HCB concentrat i o n s  were not 

d i scern ab l e  d u r i n g  the exper i menta l  p er i od for mi dge expo sed to ox i d i zed 

sed i ment w ith  3 �g HCB g
- 1 ( Tab l e 9 ) . 

The r e l at i o n sh i p  a t  appare n t  steady-state be twee n  m i dge  and  natura l  

sed i ment HCB  concen trat i o n s  f rom samp l e s  poo l ed from e i g ht separate ex­

per i ments  i s  s hown i n  F i gure 1 0 ,  a n d  can  be  adequat e l y  descr i bed ( r2 = 

. 93 ;  n = 4 3 )  by the l i near  mode l : 

l og ( HCB] m i dge = 1 . 1 0 l og [HCB]  sedi ment - 0 . 47 .  

Ef fect of Sed i ment  HCB Concentrat i o n o n  Accumu l at i on by Mosgu i tof i s h 

Data o n  the HCB accumu l at i on by mos q u i to f i sh e xposed to natura l 

sed i ment contami n ated w i th 0 . 03 ,  0 . 1 3 ,  1 . 03 ,  and  1 0 . 03 �g HCB g
-1 i s  g i ven  

i n  Table 7 .  The accumulation was characterized by a n  init ial rapid period 

o f  accumu l a t i o n  f o l l owed by a second  s l ower phase o f  accumu l ati o n ( F i gu re 

1 1 ) .  Dur i ng  the rap i d  uptake pha se ,  mean  HCB accumu l at i on  rate s by 
. -1 - 1 mo squ i to f i sh were 5 . 0 ,  4 . 9 ,  20 . 0 ,  . a nd 98 . 8  ng g d for  exposures  to 

sed i ment contami n ated wi th 0 . 0 3 ,  0 . 1 3 ,  1 . 03 and 10 . 03 �g g
- 1 , re spec­

t i ve l y . The pe r i od  of ra p i d  HCB accumu l at i o n  l a sted for 1 2  days  for f i sh 

e x p osed to sedi ment contam i nated wi th 0 . 03 ,  0 . 1 3 ,  a nd  1 . 03 �g HCB g- 1 , 

but cont i nued for  46 days  for f i s h  exposed  to 1 0 . 03 �g  HCB  g
-1 ( Ta b l e 7 ) . 

After the i n i t i a l  upta ke phase , the mea n  accumul a t i on  rate s dropped to 

1 . 7 ,  2 . 2 ,  8 . 3 ,  and -4 . 9  ng g
- 1 d

-1 f o r  expo sure s  to sed i ment  c ontam i nated 

wi th 0 . 03 ,  0 . 1 3 ,  1 . 03 , and  1 0 . 03  �g g
-1 , respect i ve ly .  Regre s s i on a n a-
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l ys e s  s how that appa re n t  steady- s tate H C B  concentrat i o n s  i n  mo squ i tof i s h ,  

re su l t i n g  from expo s u re to sedi me nt contami nated w i th 0 . 03 ,  0 . 1 3 ,  1 . 03 

a n d  1 0 . 03 ,  were obta i ned w i t h i n 2 3 , 3 5 , 46 and 46 day s ,  re s pect i ve l y  

( Tabl e 7 ) . 

Mo s q u i tof i sh HCB  concentrat i on s  re s u l t i ng from expo s u re to the four  

d i f ferent sed i ment  HCB concentra t i o n s  we re dete rm i ned ( t-te st )  to be 

s i gn i f i c a n t l y  d i fferent for the i n i t i a l  12 day s  expo s ure ( Tabl e A-1 2 )  a s  

we l l a s  for the 5 7  day s exposu re ( Tabl e A- 1 3 ) , except for a cc umu l at i o n  

re s u l t i ng  from exposures  t o  s ed i ment  contami nated w i t h  0 . 03 a n d  0 . 13 � g  

HCB  g- 1 . T h e  re l at i o n s h i p a t  apparent steady- state between mo s q u i tof i s h  

and  n atura l sed i ment  HCB  concentrat i on s  i s  shown i n  Fi g u re 1 2 ,  a nd c a n  

be de s c r i bed ( r2 = . 95 ;  n = 1 2 3 )  by the l i near mode l : 

l og [ HC B] f i s h  = 0 . 64 l og [HCB]  sedi me nt + 0 . 99 .  

5 . 5  Effect of  Bacter i a l B i oma s s  on  HCB  Acc umu l a t i o n  

M e a n  bacteri a HCB  concentrati o n , we i ght o f  bacter i a ,  sedi ment HCB  

concentrat i o n , and  concentra t i o n  factor  for each  bacter i a l d i l ut i on are  

g i ve n  i n  Tab l e 1 0 . I n c rea s i ng  the bacte r i a l  b i om a s s  exposed to HCB con­

tam i n ated sed i ment  res u l ted i n  an  l i near  i nc re a se i n  HCB s o rbed to  bac-

teri a ( Fi g ure 1 3 ) , but  re s u l ted i n  a dec rea se i n  the q ua n t i ty o f  HCB 

s orbed per we i ght of  bacteri a ( Fi g u re 1 4 ) . Mea n  bacte r i a HCB concen­

trat i o n s  were s i gn i f i ca n t l y  d i fferent for  each  bacter i a l  d i l ut i on ( Ta b l e 

A- 1 4 ) . HCB  accumu l at i on by d i fferent bacter i a l  b i oma s s  can  be adequate l y  

descr i bed ( r2 
= . 95 ;  n = 1 2 )  w i t h  the l i near  regre s s i on mode l : 

Y = 1 6 0 . 68 + 1 84 . 85 X 
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Tab l e 1 0 .  Mean bacteri a HCB  con cen t rati ons , sedi ment HCB  con centrat i on s , 
and  concentra t i on factors resu l t i n g from 48 ho urs expo sure 
of  fou r  d i l uti on s  of bacteri a to  n atural  sedi ment i n i t i a l l y  
con tami nated wi th 3 2 0  � g  1 4C-HCB/ g .  

Bacte r i a Bacter i a Sed i ment  
dry we i ght HCB HCB Concentrat i o n 

( mg /m l ) n ( llg / g )  ( llg/ g )  factor  

0 . 3 4 3 6 8 1 . 1 3 ( 33 . 6 3 )
b 

187 . 34 ( 6 . 7 6 ) 3 . 6  

0 . 44 3 559 . 2 5 ( 37 . 54 )  180 . 85 ( 8 . 53 ) 3 . 1  

0 . 67 3 447 . 57 ( 1 4 . 02 )  167 . 53 ( 4 . 54 )  2 . 7  

0 . 82 3 377 . 27 ( 1 0 . 76 )  1 46 . 52 ( 5 . 10 ) 2 . 6  

a 

a Con centrat i on factor cal cu l ated as  the bacteri a HCB con centrat i on 
( d ry we i gh t )  d i v i ded by sedi ment HCB  con cen trat i on ( d ry we i ght ) 

b 
Standard devi a t i on 



-;:; 
..s 
co u :X: 

� IX w 1-u .q: co 
(!) 0 ...J 

I . S  

, . . 

1 · 4  

2 . 3  

1 · 3  

0 . 34 0 . 44 0 . 6 7 0 .82 
BACTERIA DRY WEIGHT (mg) 

Fi gure 1 3 .  Mean bacteri a HCB resul ti ng from expos u re of four bacteri a l  di l uti ons to natural sedi ment 
i n i ti a l l y  contamina ted wi th 320 �g 14C-HCB/g . CX) w 



oct: � 
a: 
w 
1-
w 
oct: 
co 
::E: 
oct: 
a: 
<.!) 
..... 
� 
0> 
c � 

co 
w 
:::t: 
<.!) 
Cl 
__j 

2 . 12 

2 . 7 4  

2 . !i!i 

2 . 58, I ����-.... 

0 . 34 0 . 44 0 . 6 7  
BACT E R I A  DRY W E I GHT (mg ) 

0 . 82 

f i gure 14 . Mean bacter i a  HCB concentrat i on re s u l t i ng from exposure of four bacteria l d i l ut i on s  to natura l 
s ediment initial l y  contaminated with 320 �g 14 C-H CB/ g .  00 � 



85 

where : Y = HCB s orbed to c e l l s  ( n g )  

a n d  X =  d ry we i g h t  o f  bacte r i a ( mg ) . 

5 . 6  Effect o f  B i o l ogi c a l  V i abi l i ty o n  HCB Ac c umu l a t i o n  

Ac c umu l a t i on b y  Li ve v e r s u s  D e a d  Bact e r i a 

Semi - l og a r i t h i m  p l ot s  of mean 
1 4

c-HCB c o n c entrat i on s  of l i ve bacte-

� a  and bacte r i a ki l l ed w i t h  f o rma l d e hyde and merc ur i c  c h l o r i de ( Hg C 1
2

) 

a re s h own i n  Fi g ure 1 5 .  The mean bac te r i a a n d  sed i me n t  H C B  c o n c e n trat i on s ,  

a n d  con cen trat i o n factor a t  e a c h  e x p o s u re per i od for each g roup o f  bac-

t e r i a a re g i v e n  i n  Tab l e  1 1 .  HCB c o n ce n trat i o n s  o f  l i v e , forma l dehyde­

k i l l ed and H g C 1
2

- k i l l ed bacte r i a ,  re s u l t i ng f rom 240 m i n ut e s  e x po su re to 

HCB c o ntam i n ated sed i me n t , were n ot s i gn i fi c a n t l y  d i fferent ( Tabl e A- 1 5 ) ; 

howe ve r ,  t he 2880 m i n ute e x p o s u r e s  r e s u l ted i n  s i gn i f i c a n t  d i f ference s 

for a l l t h ree g roup s o f  bacte r i a ( Tabl e A- 1 6 ) .  

Acc umu l a ti on by L i ve ve r s u s  Dead Mi dge 

The mea n  l oa d s  of 
1 4

c-HCB of l i ve a n d  f o rma l dehyde- k i l l ed m i dg e , e a c h  

e x po sed to n atura l s ed i ment c o n tam i n at ed wi t h  1 . 0 �g 
1 4

c-HCB g
- 1

, a re 

s hown i n  F i g u re 1 6 ,  a n d  the data s umma r i zed i n  Tab l e  1 2 . T-te s t  c ompar­

i s o n  o f  the HCB a c c umu l at i on rate s d u r i n g  the f i r st 3 h o u r s  o f  e xpo s u re 

s howed n o  s i g n i f i c a n t  d i ffere nce betwe e n  l i ve a n d  dead m i d g e s ( t  = 1 . 85 ;  

d f  = 6 . 3 ;  u n e q u a l  v a r i a n c e s ) . Howeve r ,  after three hour s , t he a c c umu-

l at i o n  by the l i v e  m i dge wa s s i g n i fi c a n t l y  g reater t h a n  that of t he dead 

m i dge (t  = 7 . 12 ;  d f  = 8 . 8 ;  unequal  v a r i a n ce s ) , wi t h  l i v e m i d g e s  a c c um u-



� a: w 1-� II) 

� (!J 
...... 
!; c .._ 
.., ..... :c 

g � 

,_. 

4-

J. 

t • 

, _  

r················· ·-········ ·· ······ ············-·· ····· ·· ... · ··· . .  - ······················· ············· ········· ····················• 

_ _ ...... _ _ _  _ 

- - - - - -
__ __ _ _ __  .__.,. ' __ ______......... 

-

�--- --- --

� n � 

l t ve 

····· -······ Forma1dehyde-l d 1 1 ed 

- - - HgC1-t t 1 1 ed 

· ·� 1111 ut t e ;• f' u•u t t' •unt 1 .. , ... u ; • •ut• a ; i t• t i • 
II 240 1440 2880 

EXPOSURE PERIOD (mf nutes) 
F i gure 1 5 .  Mean bacter i a  HC8 concen t ra t i ons resu l t i ng from exposure of T i ve t  forma l dehyde-k i l l ed ,  and 

HgCT - k i l l ed bacter i a  to na tura l sed i ment i n i t i a l l y  con t ami na ted wi th 7 1 �9 14 C-HC8/ g .  co 0"1 



87 

Tab l e  1 1 .  Mean bacteri a HCB concentrat i ons , sed i men t HCB con cen t ra t i ons , 
and  concentra t i on factors resul t i ng from exposu re of l i v e  
bacteri a ,  forma l dehyde- ki l l ed b a cteri a ,  and  mercur i c  c h l ori de-
k i l l ed ba cter i a  to natural  sed i me n t  i n i t i a l l y  contam i n a ted 
wi th 7 1  .AJ9 14C-HCB / g .  

Exp o s u re 
. a 

Sed i ment Bacter1 a 
Con centra t i on b pe r i od HCB HCB 

Bacte r i a n { m i n )  {�g/g )  {AJg/ g )  factor 

L i ve 3 240 9 . 99 { 2 . 60)
c 

68. 57 { 1 1 .  4 8 )  0 . 1 5  

3 1440 2 1 . 13 { 3 . 95 ) 66. 8 5  ( 1 4 .  64 ) 0 . 3 2 

3 2 880 4 7 . 47 { 2 . 96 )  62 . 22 { 3 . 39 )  0 . 7 6 

Forma l de-
hyde k i l l ed 3 240 2 4 . 68 { 8 . 46 )  6 6 . 13 { 7 . 2 6 )  0 . 3 7 

3 1440 4 4 . 40 { 5 . 53 )  62 . 89 { 5 . 1 9 )  0 . 7 1  

3 2 880 7 2 . 17 ( 10 . 25 )  58. 1 0  { 8. 43 ) 1 . 24 

HgCl  3 240 1 0 . 53 ( 3 . 89 )  68. 4 1  ( 7 .  64)  0 . 1 5  
k i  1 1  e� .. 

3 1440 3 1 . 48 ( 8 . 1 5 )  64 . 86 { 6 . 23 )  0 . 4 9  

3 2 880 38. 33 ( 2 . 58 ) 63. 6 0  ( 3 . 6 1 )  0 . 60 

a 
B a cteri a d ry we i g ht = 0 . 31 mg/ml 

b 
Concent ra t i on factor c a l cu l a te d  as the bacte r i a HCB con ce n t ra t i on 

{ d ry we i ght ) d i v i ded by s e d i me n t  HCB concen t ra t i on ( d ry we i gh t ) 

c 
Stan dard dev i at i on 
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Tabl e 12.  Mean  HCB l oads and  HCB accumu l at i on rates of l i ve and  
forma l de hyde-k i l l ed mi dge res u l t i n g  f rom exposure to 
natu ra l sed i ment i n i t i a l l y  con tami nated wi th  1 pg 
14C-HCB/g . 

Mi dge HCB 
Expos ure Mi dge accumu l a t i on 

per i od HCB rate 
Mi d ge ( hrs ) n ( ng )  ( ng/hr )  

L i ve 3 7 558 . 07 ( 39 . 26 ) a 22 . 6 1 ( 15 . 49 )  

6 8 622 . 38 ( 6 3 . 66 ) 2 1 . 6 1  { 2 1 .  22 ) 

12 8 735 . 31  { 97 . 8 1 )  18 . 82 { 16 . 30 )  

24  8 1077 . 48 { 146 . 54 ) 28 . 50 { 5 . 05 )  

Dea d  3 9 330. 78 { 2 9 . 1 5 ) 1 1 . 66 { 2 . 6 1 )  

6 9 365 . 44 { 50. 54 ) 1 1 . 66 { 16 . 85 )  

12 8 433. 88 { 7 1 . 52 )  1 1 . 4 1  { 1 1 .  92 ) 

24 1 1  502 . 86 { 60 . 64 ) 5 . 7 5  { 12 . 21 )  

astandard dev i at i on 

89 
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l at i ng  approx i mate l y  twi ce that o f  dead m i dge after a 24 hours  e x po su re 

( Tab l e  1 2 ) . 

5 . 7  Effect of  Tempe rature on M i dge HCB Accumu l at i on 

The mea n  mi dge HCB concentrat i on s ,  we i g ht s ,  and  HCB  accumu l at i on  

rates , as well as sediment H CB concentrations and concentration factors 

at three exposure temperatures are given in Table 13 . The mean 14c-HCB  

concentrat i o n s  of  m i dge  e xpo sed to sed i ment i n i t i a l l y  contam i nated wi t h  

1 pg 14c-HCB g- 1  i n c re a sed w i th exposu re temperature ( Fi g ure 1 7 ) . Dur i ng  

the  f i rst  24 hours , m i dge  accumu l ated HCB at the  mea n  rate s of 9 . 7 ,  14 . 1 ,  

and  20 . 7  n g  g- 1  h r
- l 

at expos ure temperature s of 13 , 20 , and  27° C ,  re­

s pect i v e l y  ( Tab l e 1 3 ) . There were no  s i g n i f i ca nt d i ffere n c e s  between 

m i dge  HCB concentrat i on s  at 13 and 20°C at  24 hours ; howeve r ,  HCB con-

centrat i on s  at 20  a nd 27°C , and  at 13 and  27°C  we re s i g n i f i c a n t l y  d i f­

ferent ( Tab l e  A- 17 ) .  Mean m i dg e  HCB  c oncentrat i on s  a fte r 1 20 hours 

expos ure s  were not  s i gn i f i ca n t l y  d i f fe re n t  for the  three exposu re tern-

perature s (Tab l e A- 18 ) . Regre s s i on ana lyses  show that m i dge steady- state 

HCB concentrat i on s  were reac hed w i t h i n  72  hours  at a l l three exposure 

temperatures ( Ta b l e 1 3 ) . 

5 . 8  Depura t i on of HCB from Organ i sms  

The bacte r i a  HCB concentrat i on ,  Kd ' and t� for each  pe r i od o f  the  

depura t i o n  phase  a re g i ve n  i n  Tab l e  1 4 ,  and  the  data  i s  p l otted i n  F i g ure 

18 . Mean bacte r i a l  HCB depurat i on rate con stants ( Kd ) ,  determ i n ed i n  the  



Tabl e 1 3 .  Mean m i dge HCB concen trat i on s , mi dge HCB accumu l a t i on rates , mi dge wei ghts , sed ime n t  H CB 
concentra t i on s , and concentra t i on factors re s u l t i n g  from expos ure a t  t hree temperature s  
( 13 ,  20 , a n d  27°C)  to natura l  sed i me n t  i n i t i a l l y contami nated w i t h  1 � g  14C-HCB/g.  

Mi dge H CB 
Expos u re Mi dge Mi dge accumu l a t i on Sed i ment 

Tempera ture per i od wet wei g h t  H CB rate HCB Concen t ra t i on a 
( oq n ( hrs ) ( mg )  ( n g/g ) ( n g/ g / h r )  ( ng/g ) factor 

1 3  6 24 7 . 1 0  ( 1 .  03 ) b 2 3 1 . 57 ( 1 .  03 ) 9 . 65 p· 49)  997 . 50 0 . 2 3  
7 72 7 . 70 ( 1 .  7 6 )  505 . 32 ( 1 . 7 6 ) *C 5 . 70 2 . 36 ) 992 . 25 0 . 5 1  
3 120 7 . 83 ( 1 .  58) 556 . 24 ( 1 .  58)*  1 . 06 ( 1 .  1 8 )  983 . 3 1  0. 5 1  

2 0  5 24 8 . 68 ( 0 . 89 )  339 . 34 �0 . 89 ) . 14. 14 ( 3 . 22 ) 996 . 1 7  . 0 .  34 
6 72 8 .  52 ( 0 . 79 ) 699 . 93 0 . 7 9 ) *  7 . 51 ( 3 . 2 1 )  988 . 42 0. 7 1  
5 120  7 . 7 0  ( 1 . 97 }  709 . 87 ( 1 . 97 } *  0 .  2 1  ( 2 . 73 ) 979 . 50 0. 72 

2 7  6 24 8 . 43 ( 1 .  3 8 )  496 . 52 ( 1 .  38 )  20. 69 ( 3 . 08 )  994 . 95 0 . 50 
8 72 6 . 60 (0 . 83 )  742 . 32 ( 0 . 83 ) *  5 . 1 2  ( 1 .  6 5 )  985 . 58 0 . 75  
9 120 7 . 78 ' ( 2 . 06 )  649. 14  ( 2 . 06 ) *  - 1 . 94 ( 3 . 1 6 )  978 . 85 0 . 66 

a Concentrati on factor c a l c u l ated as m i d g e  HCB concentrati on (wet we i g ht } d i v i ded by sed i ment 
HCB concen t ra t i on ( d ry we i g ht ) 

b Standard dev i a t i on 
c 

Mean mi dge HCB concentra ti on s  for each exposure temperatu re wh i c h are fo l l owed by * a re not 
s i gn i f i c a n t l y  d i fferen t ( a =  0. 05)  a s  determi ned w i th l i n ear regre s s i on .  

1.0 
1-' 
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i n i t i a l ly contami nated w i th l JUg 14C-H CB/g . 
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T a b l e 1 4 . Mea n bacte r i a HCB c o ncen tra t i o n s , depura t � o n  rate 
c o n stants  ( Kd ) , a nd HCB b i o l og i c a l  ha l f- l i fe ( t� )  
d u r i ng  depura t i o n  i n  t h e  pre sence  o f  n atur a l and  
ox i d i zed sed i me n t . 

Depura t i o n  Bac te r i a  
a 

pe r i od H C B  
Sub stra te n ( m i n )  ( Jlglg ) 

Ox i d i zed 3 0 220 . 8  ( 0 . 4 ) 
sed i me n t  

3 1 1 96 . 1  ( 1 . 3 }  

3 1 5  19 4 . 8  ( 0 . 5 )  

3 120 1 93 . 3  ( 0 . 4 )  

3 1 440  187 . 1  ( 0 . 7 )  

3 2880 183 . 3  ( 0 . 8 ) 

Natura l 3 0 220 . 8  ( 0 . 4 ) 
sed i me n t  

3 1 1 9 3 . 6  ( 0 . 7 )  

3 1 5  19 6 . 4  ( 0 . 3 )  

3 120  194 . 9  ( 0 .  9 )  

3 1 440 188 . 4  ( 1 . 1 ) 

3 2880 183 . 2  ( 0 . 7 ) 

a Bacter i a dry we i g h t  = 0 . 52 mg/ml  

b S tandard dev i at i on  

Kd t� ( mi n )  ( m i n )  

b 

0 . 1 187 5 . 8  

0 . 0005  1 386 

0 . 00 0 1  6930  

0 . 00002 34650 

0 . 000 0 1  69300 

x = 0 . 0239  x = 22454 

0 . 1 3 1 7  

0 . 00007  9900  

0 . 00003  23 100  

0 . 00002 34650 

x = 0 . 033  x = 1 6 9 1 3  
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9 5  

p re s ence o f  o x i d i zed sed i me n t  a n d  natura l  sedi ment , were 0 . 024  a n d  0 . 0 33 

m i n -1 , re specti ve l y  ( Tabl e 1 4 ) . Mean HCB b i o l o g i c a l  ha l f- l i fe ( t� )  i n  

bacter i a wa s 22 , 454  and  16 , 9 1 3 mi n ute s i n  the pre se n ce o f  o x i d i zed and  

natura l  sed i ment , re specti ve l y  ( Tab l e 14 ) . T-te st  compa r i son  showed no  

s i g n i fi cant  d i ffere n ce be tween bacter i a l  K
d 

after  2880 m i n ute s i n  the 

presence  o f  natura l  sedi ment  and  o x i d i zed sed i me n t s  ( t  = 0 . 43 ;  df  = 4 ) . 

M i dge HCB depurat i o n  rate constants  ( Kd ) were dete rm i ned fo l l owi ng 

a 96 hours  expo s u re to natura l  sed i me n t  i n i t i a l l y  contami n ated wi th 1 �g 

14c-HCB g - 1 . Mean m i dge HCB concentrat i o n , K
d

' and t� for each per i od 

o f  the depurat i on  phase  are g i ven i n  Tabl e 1 5 ,  and  s hown i n  Fi g ure 1 9 .  

M i dg e  Kd for  the 7 2  hours  c l earance  phase  i n  the presence  o f  n atura l 

s ed i me nt a nd  o x i d i z ed sedi ment , a n d  i n  the absence o f  sed i me n t  were 0 . 0 14 ,  

0 . 006 , and  0 . 005 hr- 1 , re spect i ve l y  ( Tab l e 1 5 ) . Mean HCB  b i o l og i ca l  

h a l f - l i fe ( t� )  wa s 50 , 1 16 ,  a nd 1 39  hou r s  i n  the pre s e n ce o f  natura l  

sed i me n t , o x i d i zed sed i ment , and  wi thout sed i ment , ( Tabl e 1 5 ) . There we re 

no  s i g n i f i cant  d i fferences  i n  depurat i o n  rates i n  the  p r e sence  of  nat u r a l  

sed i me n t , o x i d i zed sed i ment , o r  wi thout  sed i ment  d u r i n g  t h e  i n i t i a l 24  

hour s  depurati on  phase ( Tab l e A- 19 ) , or  d u r i n g the l a st  24 hours  o f  the 

7 2  hours depurati on  phase ( Tab l e A-20 ) .  

The mea n concen t ra t i on s  o f  HCB i n  mo sq u i to f i s h  dur i n g  the depura t i on  

pha s e , fo l l owi n g  46 days expo s u re to  natura l  sed i ment  i n i t i a l l y  contam­

i n ated wi th 1 . 03 �g HCB g
- 1 , a re g i ven  i n  Tab l e 1 6 ,  a nd  s hown i n  Fi g u re 

- 1 2 0 . The average Kd for  the 30 day depurat i o n  phase  wa s 0 . 00 147 day , 

a nd the mean t� was 591 day s .  



T a b l e 1 5 .  M e a n  m i dge HCB c o n c e n tra t i o n s ,  m i dge we i g ht s ,  depura t i o n  
r a t e  c o n s t a n t s  ( Kd ) ,  a n d  H C B  b i o l og i ca l  h a l f-l i fe ( t� )  
d u r i n g  de pura t i on  i n  t h e  p re s e n ce o f  n a t u ra l o r  o x i d i zed 
s ed i me n t ,  o r  w i thout s ed i me n t ,  fo l l ow i n g  a 96 h o u r s  e x p o sure 
to  n a t u ra l  s ed i me n t  i n i t i a l l y c o n ta m i n ated w i t h  1 pg 
14C-HCB/g . 

Depurat i o n  
p e r i od 

Substrate n ( hrs)  

Natural 
sed i me n t  

7 

6 

5 

5 

Ox1 d 1  zed 7 
sediment 

6 

5 

6 

W1 thout 7 
sed i me n t  

6 

5 

5 

0 

24 

48 

72 

0 

24 

48 

72 

0 

24 

48 

7Z 

1 Standard devi a t i o n  

M i dge 
wet we i gh t  

(mg) 

7 . 87 ( 2 . 24 )
a 

7 .  70 ( 1 .  6 5 )  

6 .  7 8  (0.  94 ) 

6 . 56 ( 2 .  20 ) 

7 . 8 7  ( 2 . 24 )  

9 . 33 ( 1 . 83 )  

6 . 42 ( 1 . 15 )  

7 . 12 ( 1 . 4 6 )  

7 . 87 ( 2 . 24 )  

8 . 23 ( 2 . 8 4 )  

8 . 7Z ( 2 . 26 )  

6 . 14 ( 1 . 25)  

M i dge 
HCS 

( ng/g ) 

767 . 07 ( 1 53 . 5 9 )  

5 33 . 56 ( 180 . 42 )  

398 . 06 ( 8 7 . 8 1 )  

283 . 42 ( 7 3 . 43 )  

767 . 07 ( 1 53 . 59) 

577 . 35 ( 1 1 1 . 23 )  

543 . 14 ( 43 . 44 )  

489 . 06 ( 74 . 1 4 )  

767 . 07 ( 153 . 59 )  

625 . 9 1  ( 46 . 48 )  

57 4 . 38 ( 3 5 . 96 )  

520 . 53 ( 2 7 . 7 4 )  

0 . 01 6  

0 . 0 1 1  

0 . 0 1 4  

r = o . o 14 

0 . 012 

0 . 002 

0 . 005 

tlt 
( hrs ) 

43 

63 

50 

r .  5 o  

58 

346 

139 

I • 0 . 006 I ·  1 1 6  

0 . 008 

0. 004 

0. 005 

87 

173 

173 

I = o .  005 I .. 139 

96 
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Tabl e 1 6 .  Mean mo squ i tofi sh HCB concentrat i on s , f i s h  we i g hts , depu ra t i on 
ra te constants ( Kd ) , a n d  HCB bi o l og i c a l  h a l f- l i fe ( t� ) du r i n g  
depura t i o n fol l owi n g  a 46 d ays expo s u re t o  natural  sed i men t 
i n i t i a l l y  contam i nated w i th 1 . 03 �g HCB/ g .  

Depura t i on Mosqu i tofi sh  Mo s q u i tofi s h  
per i od wet we i g ht HCB Kd t� 

98 

( day s )  n ( g ) ( ng/g ) ( day- 1 ) ( days ) 

0 4 0. 1 48 ( 0 . 042 ) 569 . 6 ( 7 3 . n a 

5 6 0. 1 40 (0 . 0 1 1 )  566. 1 ( 52 . 0 )  - 0 . 00 1 7  
b 

10  5 0 . 1 38 ( 0 . 014 ) 5 55 . 6 ( 24 . 3 }  0 . 0007 990 

20 4 0 . 123  ( 0 . 004 )  544 . 6 ( 52 . 1 )  0 . 00 1 4  495 

30 4 0. 1 37 ( 0 . 008 ) 52 1 . 1 ( 28 . 6 )  0 . 0024 289 

X =  0 . 00 1 5  x = 59 1  

a Standard devi a t i on  

b n o t  u se d  to ca l cu l ate the mea n  kd o r  t� 



2 - 7  

2 . 7  -,,�- ' -.... .. , _  
'""--� 

... __ _ 
2 .  7 4· 

X: Vl � 1.1.. 
::E � �-� -�� <!I 
...... 2 . 7  

m u X: 
<!I 0 ...J 2 . 7 2 

2 .  7 1  

2 · 7  
..--�-�-�-�-�-�-__...- �-�--.-0 1 0  2 0  JO 

DEPURATION PERIOD (days ) 

F i gure 20 . Mean mosqu i tof i sh HC3 concentrat i ons du r i ng depurat i on fo l l ow i ng a 96 hours exposure 
to natura l sed i ment i ni t i a l l y  contam i nated w i th 1 �g HCB/g . 

� 
� 



1 0 0  

5 . 9  F i sh  H C B  Accumu l at i on from D i et v e r s u s  Sed i me n t  

T h e  mean mosqu i tof i s h H C B  co ncentrati o n s  re su l t i n g from exposures  

to  e i the r :  ( 1 ) 1 4c-HCB contam i na ted d i e t ,  ( 2 ) HCB  con tami nated sed i me n t , 

o r  ( 3 )  contam i nated d i et  a nd  sed i ment  are g i ven  i n  Tab l e  1 7  a nd  shown i n  

F i gure 2 1 . HCB accumu l at i o n f rom the two sourc e s  was add i t i ve ,  w i th f i sh 

HCB  concen trat i o n s  res u l t i ng from exposure  to both HCB sourc e s  be i ng ap-

p rox i mate l y  tw i ce of those concentra t i o n s  resu l t i n g f rom expo sure to e i -

the r source  a l o n e  ( Tab l e 1 7 ) . For f i sh expo sed to both HCB source s for  

46 days , d i et a nd sed i ment exposures  accounted f o r  46 and 54% of  the  mean 

HCB concentra t i on , re spect i v e l y . 

T-test compa r i son s of  the  HCB c o ncen trat i o n s  i n  f i sh a fte r a 12  d ay s  

exposure per i od reve a l  n o  s i gn i f i c a n t  d i fferen c e s  betwee n  source s of HCB , 

e x cept  betwee n  concentrat i on s  re su l t i n g  from contam i ned  d i et ( a l on e )  a nd  

contam i n ated d i et i n  the  pre sence  o f  contam i na ted sed i me n t , a n d  betwee n  

contami nated d i et ( a l o n e )  a n d  contam i n ated sed i me n t  i n  the presence  o f  

contami n ated d i et ( Ta b l e A-2 1 ) . Howev e r ,  a fter 46 day s e xpo sure , t-test 

compa r i son s revea l ed that HCB c o n ce ntrat i o n s  re su l t i n g  from exposure to 

sed i ment  ( a l on e )  were s i g n i f i ca n t l y  d i fferent f rom concentrat i on s  re­

s u l ti ng  from d i et ( a l o ne )  and d i et i n  the presence  of c o ntami n ated 

sed imen t ; a l l othe r concentrat i o n s  were n ot si g n i f i ca n t l y  d i fferent ( Ta­

b l e A-22 ) . Regre s s i on a n a l y s e s  o f  mo squ i to f i s h  HCB  concentra t i on s  show 

that  mean steady- state concentra t i on s  were obta i n ed wi th i n 35  days a s  the 

re su l t of  d i eta ry HCB exposure  ( a l o ne ) .  The mea n  1 4
C-HCB content  of m i dge 

wh i ch served as  mosq u i t ofi sh  p rey wa s 3 . 84 ng  ( SO = 0 . 64 ;  n = 1 5 )  and  the 



Ta bl e 1 7 .  Mean mosqu i to fi s h HCB concentrati ons , f i s h  HCB accumu­
l at i on rates , and wei ghts o f  f i s h  exposed t o  natural 
s e d i ment i n i t i al l y  contami nated wi t h  1 . 03 �g HCB/g o r  
to a d i et o f  mi dge l a rvae contami nated w i th 3 . 84 ng 
14C-HCB/mi dge , or exposed to bot h  HCB contami nated 
s e d i ment and 14C-HCB contami nated mi dge. 

Source of Source of• Exposure Fish Fi sh 
HCB ac:c:umu l ated period wet weight HCB 

exposure HCB n ( days ) ( g )  ( n g/ g )  

Sed i men t  Sediment 5 12 0. 1358 ( 0 . 0532) b 239. 95 ( 73. 18) 
6 23 0. 1243 (0. 0876)  282. 83 ( 7 1 . 42 )  
4 35 0. 1432 (0. 1000) 470.26 (21. 96) 
5 46 0 . 1454 ( 0 . 0372 ) 559.24 ( 67 . 9 1 )  

1 0 1  

Fish HCB 
accumul ation 

rate 
(ng/g/day) 

19. 99 (6. 10)  
3 . 98 ( 6 . 49 )  

15 . 62 ( 1 . 83) 
8 . 09 (6. 1 7 )  

Di et Diet 5 12 0. 112 1  ( 0 . 0114)  294. 32 ( 18. 47 } 24 . 53 { 1. 53 ) 
f0 . 0156 l 5 23 0. 1272 363 . 98 160. 44 � 6 . 33 

5 35 0 . 1326 0 . 0 1 1 1  434.87 45 . 91 *c 5 .  9 1  
5 46 0. 1370 (0. 0190) 466. 83 (20. 2 1 ) * 2 . 9 1  

Sedi ment Both 5 12 0. 1492 ( 0 . 0160) 497 . 79 133. 77)  4 L 48 
and d i et sediment 258. 03 25. 96 )  2 1 . 50 

d i et 239 . 76 ( 46. 93 ) 19. 98 

Sed i ment Both 5 23 0. 141 (0. 0316) 687 . 98 ( 75. 67 )  18. 92 
and d i et sediment 355. 06 ( 86. 09) 8. 82 

d i et 332 . 93 ( 46 . 93 )  8.47 

Sediment Both 5 35 0. 1 545 ( 0 . 0077) 941 . 48 (63. 34 )  2 1 . 12 
and d i et sediment 531 . 91 �55. 80 )  14. 74 

d i et 409. 57 29. 90) 6 . 39 

Sediment Both 5 46 0. 1359 ( 0. 0233) 1090. 97 ( 189. 52} 13. 59 
and d i et sediment 622 . 51 ( 160. 1 5 )  8. 24 

d i et 468.46 (44. 36) 5 . 35 

il 
14C-HCB was attri buted to diet source and non-rad i ol abe l l ed HCB was attri buted to 

sediment source . HCB from both d i et and sediment i s  denoted as •both" . 
b 

Standard dev i at i on 
c . 

Mean s fol l owed by * · were determined not s i gni ficantly di fferent ( a : 0. 0 5 )  wi th 
l inear regre s s i on 

5 . 49 � 
3 . 83 

( 1. 84) 

�2.81 ) 
2. 16)  

(2. 81 )  

( 6 . 88 )  

f· 83) 
6 . 88 )  

( 5. 28 )  

�4.65)  
2 . 49 )  

( 17 . 2 3 )  
( 14. 56) 

( 4 . 03 )  



J . o  

2 . 5  

2 - 0  

:X: 
Vl .... 
ll... 
::E 
� 
l!l 
....... ' . s 

o; 
c 

c:o 
u 
:X: 
l!l 
0 ' . oo ..J 

o . s  

0 . 0  

0 

r--------�--------�----

1 

------

1 r·····------------------------ -------�--------------------

1 ,/ 
I /  

I .l 
1 /  // 1 /  

1/ 
// 

1/ jl 
f/ 1/ 1.1:· 

�' ( 
lJ ,; 

/; 

1 2  

Both Sed iment & D iet  
Sed i ment ( on ly )  
D i et  (on ly ) 

23 �5 46 

EXPOSURE PER IOD ( days )  
Figure 2 1 . Mean mosqui tofish HCB concentrations resul ting from exposure to HCB contaminated natural 

sediment, 14C-HCB contaminated midge diet , or both contami nated sedi ment and d i et. 

........ 
0 
N 



1 03 

mean 1 4c-HCB l oad  of  feca l  s c l e ra ( co n s umed m i dg e )  wa s 0 . 33 n g  ( SO = 

0 . 66 ) . Mean extract i on eff i c i e ncy , determ i ned a s  the percent decre a se i n  

1 4c-HCB content  o f  con sumed m i dge , wa s 9 1 . 5% .  

Ba sed o n  the ext ract i on eff i c i ency a nd  t h e  n umbe r o f  m i dge  co n s umed , 

the p otent i a l  HCB  l oad o f  f i s h  attr i buta bl e to d i et wa s 56 . 2 ,  1 08 . 9 ,  

1 65 . 1 ,  and  2 14 . 3  n g  a fter  1 2 , 23 , 3 5  and  4 6  days e xpo s u re s .  The 

mosqu i tof i s h d i etary concentrat i on  factors were i n verse l y  re l ated to ex-

p o s u re per i od and  ranged f rom 59 . 9% to 27 . 3% a fter  1 2  a nd  46 days ( Tab l e  

18 ) . 
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Ta b l e  18.  Mean d i etary HCB expo s u re , d i etary HCB a ccumu l a t i on and d i etary 
concentra t i on factor of mosq u i t of i s h fed a d i et of 14C-HCB 
contami nated m i dge. 

D i e t a ry 
b 

Fi s h  d i e t a ry c 
a E x p o s ure HCB HCB D i e t a ry 

HCB p e r i od M i d g e  e x po s ure accumul a t i o n concen t ra t i o n  
e x p o su r e  ( d ay s )  n con s umed ( n g ) ( n g ) factor 

D i e t  1 2  5 1 6  6 1 . 44 3 2 . 92 0 .  5 4  

D i e t a n d  1 2  5 16 ' 6 1 . 4 4 3 6 . 82 0 . 60 
sed i me n t  

D i e t  2 3  5 3 1  1 19 . 04 46 . 39 0 . 39 

D i et a nd 2 3  5 47 1 1 9 . 04 47 . 54 0 . 40 
s e d i m e n t  

D i e t  3 5  5 47 180 . 48 57 . 53 0 . 3 2 

D i et a n d  3 5  5 47 180 . 48 63 . 37 0 . 36 
s ed i me n t  

D i e t  46 5 6 1  234 . 24 63 . 9 1  0 . 27 

D i et a nd 46 5 6 1  234 . 24 6 3 . 86 0 . 27 
s ed i me n t  

X =  0. 39 

a 
Fi s h  were expo sed to 14C-HCB contami nated m i dge e i ther w i th non­

contami nated natura l sedi ment ( l ab e l l ed a s  " d iet " )  or w i th HCB con tami n ated 
natura l sediment ( l abe l l ed as " d i et and sed i ment " ) .  

b 
Cal cul a ted a s  3 . 84 n g  14C-HCB/mi dge t i mes the n umber of m i dge 

con s umed . 
c 

Cal cul a ted a s  d i etary HCB accumu l a t i on d i v i ded by d i et a ry HCB 
exposu re 
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6 . 0  D I SCUSS I ON 

6 . 1  Bi oaccumu l at i on of  HCB 

An obj ec t i ve o f  th i s i n vest i g at i on wa s to c ha racte r i ze  the accumu­

l at i on o f  HCB by aquat i c organ i sm s  and to e l uc i date the i mportance of 

a b i ot i c and b i ot i c  factors to the b i oaccumu l at i on p roce s s . Knowl edge o f  

t h e  b i oava i l ab i l i ty and  acc umu l at i o n  o f  c hemi c a l s by organ i sm s  i s  needed 

to a s s e s s  the potent i a l  for expo sure and detr i menta l  e ffects on  natura l 

commun i t i e s .  I n  t h i s study , the b i oaccumu l ati on  o f  HCB re su l t i ng from 

expo sure to contam i n ated s ub strate s was  c h a racteri zed by an i n i t i a l p h a se 

o f  rap i d  HCB uptake , fo l l owed by a progre s s i ve l y  s l owe r second uptake 

p ha se ( Fi gures  2-6 , 9 ,  1 1 ,  15 , 1 6 , a n d  1 7 ) .  The rates and  durat i on s of 

the f i rst  and  second accumu l a t i o n p h a s e s  var i ed wi th the d i fferent 

organ i sm s , s ub strate HCB  concentra t i on s , and wi th the type of  substrate . 

The i n i t i a l  p h a se of  rap i d  b i oaccumu l a t i o n  i s  a phenomenum reported 

for a wi de ran ge of chem i c a l s and organ i sm s  ( Soderge n , 1 9 68 ; Par i s ,  et 

a l . ,  1977 ; Roberts  a nd Me i er ,  1982 ; P i n kney et a l . ,  1 985 ) . 

B i oaccumu l at i o n  o f  chem i c a l  re s i dues dur i n g  the i n i t i a l  expos ure pe r i od 

i s  p r i mar i l y  the re s u l t o f  sorpt i on of the re s i due s o n to the surface o f  

the orga n i sm ( Sp ac i e  a n d  Hame l i n k ,  1985 ) . The rap i d i ty o f  HCB  

b i oaccumu l a t i o n  i s  the  re su l t  of  the concentrat i o n  g rad i ent  wh i c h ex i sts  

when  the  organ i sm s  are i n i t i a l l y  expo sed to the  contam i n a n t . A l so con­

t r i buti n g  to the  rap i d i ty of  b i oaccumu l at i on  i s  the  fact  that a n  i nverse  

re l at i o n sh i p  genera l l y  ex i sts  between the  rate of  chem i c a l  ad sorpt i on a n d  

t h e  so l ubi l i ty of t h e  c hem i c a l  ( Lambert , 1 9 75 ) . T h e  aqueo u s  s o l ubi l i ty 
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- 1  of HCB i s  extreme l y  l ow ( <  1 �g  1 ; Haque  a n d  Schmedd i ng , 1975 ) whi c h ,  

due t o  thermody n am i c con s i de ra t i on s ,  promotes the sorpt i o n  o f  HCB onto  

s urface s . 

S i nce  adsorpt i o n  i s  a s urface phenome n a , i t  i s  p roport i o n a l  to the 

s u rface area o f  the sorba n t  ( Weber , 1 9 72 ) .  Thu s ,  the rate of  HCB  

bi oaccumu l at i on dur i n g  the i n i t i a l  e xposure per i od wa s re l ated to s i ze 

( bacte r i a > m i dge > mosqu i to f i s h ;  Tabl e s  4 ,  5 a nd  7 ) .  Th i s i s  expected , 

s i nce the  s urface-to-vo l ume rat i o  decre a s e s  wi t h  i n crea s i n g  s i ze o f  the 

organ i sm ( Pro s ser  and Brown , 1 9 6 1 ) , thus  decrea s i ng the  area pe r vo l ume 

ava i l ab l e for  HCB  sorpt i on . 

I f  bi oaccumu l ati o n  were so l e l y  the re su l t of  sorpt i on of  HCB  onto  

the  s urface  o f  an  organ i sm ,  then  the  a c c umu l at i on p roce s s  shou l d cease  

when the  s urface  becomes saturated w i t h  HCB . Howeve r ,  HCB  accumu l at i o n  

by the bac te r i a ( Tabl e 3 ) , m i dge  ( Tab l e 4 ) , a n d  mos qu i to f i sh  ( Tabl e 6 )  

cont i n ued , a l thoug h a t  a pro g re s s i ve l y  s l ower rate , throughout the p e r i od 

of  expo s ure . The  second , s l ower p h a se of  b i oaccumul a t i o n  wa s probabl y  the 

re su l t of  sorbed re s i dues  mov i n g  acro s s  the  surface membran e s  i nto the  

orga n i sms ( Sug i ura  et  a l . ,  197 5 ) . Absorp t i o n  of  HCB  and  other non-po l a r  

organ i c  compounds  by orga n i sms i s  po s s i b l e  beca u se o f  the sem i -permeabl e 

nature of  b i o l og i c a l  membra n e s , wh i ch read i l y  a l l ows pa s s i ve  d i ffu s i o n  

of  these  n o n - po l a r ,  l i poph i l i c compounds  ( Spac i e  a nd  Hame l i n k ,  1 98 5 ) . I t  

i s  probabl e tha t  a s  s u r face- sorbed HCB  d i ffu sed i n to the  organ i sm ,  s urface  

s i te s  became ava i l ab l e for add i t i o n a l  HCB  sorpt i o n , thus  a l l owi ng  for  

cont i n ued HCB  b i oaccumu l ati o n . The cont i n ued accumu l at i on  of  HCB  by dead 

orga n i sms  over the e n t i re durat i on o f  expo sure  ( Tabl e 1 1  and 1 2 )  d i s co u n t s  
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the n e ce s s i ty of  b i o l og i ca l  tra n s port p roce s se s  for the absorpt i on o f  HCB , 

a n d  a ppea rs  to support the hypothe s i s t hat  phy s i ca l  d i f fu s i on i s  re spon­

s i b l e for  th i s second  p ha se o f  HCB  bi oaccumul at i on .  

6 . 2  Appare n t  Steady-State 

Ste ady- state concentrat i on s  of HCB i n  org a n i sms were con s i de red to 

have been reached when  there wa s no s i g n i f i cant  d i fference  ( a =  0 . 05 )  i n  

mean HCB  concentrat i o n s  wi t h  expo s u re t i me .  Steady-state HCB  concen­

trat i o n s  were  obta i n ed i n  bacter i a wi th i n  1 to 2 days ( Tab l e 3 ) , m i dge 

wi thi n 4 to 5 days ( Tab l e s  4 ,  5 ,  9 ,  and 1 3 ) , and mo sq u i tof i s h  w i th i n  46 

to 57 days ( Tab l e s  6 and 1 7 ) . 

Baughman a n d  P a r i s ( 1981 ) conc l uded i n  the i r  rev i ew o f  m i c robi a l  

a ccumu l at i on o f  c hemi c a l s ,  that steady- state concentrat i o n s  a re reached 

wi th i n a matter of m i n utes to a few hours . The o n l y  n oted except i on to 

th i s wa s that of Rei n ert ( 1972 ) , who observed e q u i l i bri um t i me s  of 24  to 

36 hours  for the a ccumu l at i o n  of d i e l dr i n by the a l ga Sce n edesmus  

obl i guu s .  However , i n  th i s study , bacte r i a l  HCB conce n t rat i o n s  i n crea sed 

t h roughout  the per i ods of exposure , wi th  steady- state concentra t i o n s  not 

reached u nt i l 2 4  to 48 hours  ( Tab l e 4 ) . There a re two apparent exp l a n a ­

t i o n s  for  t h e  d i s c repency i n  the  l e ngth  o f  t i me requi red for  bacteri a to 

reach s te ady-state wh i ch wa s observed i n  th i s  study and those  reported 

by Baughman a nd  Par i s ( 1 98 1 ) .  Fi r st , the t i me req ui red to reach steady­

state concentrati o n s  i n  bi ota i s  i n vers e l y  re l ated to the s o l ub i l i ty o f  

t he compo u n d . Thi s con c l u s i o n  i s  drawn f rom s evera l  stud i e s  wh i ch compared 

m i c robi a l  accumu l at i on of severa l organoc h l o ri ne  compounds  ( Pa r i s et a l . ,  
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1 97 5 ; Neudorf and Kha n , 1975 ; C ha n ko and Loc kwood , 1967 ; R i ce a nd S i k ka , 

1 9 73 ) . S i nce  HCB ha s a l ower wate r s o l ubi l i ty than  the o rg a n i c c ompounds  

i n c l uded i n  Baughman and  P a r i s '  rev i ew �  HCB wou l d  be expec ted to req u i re , 

a l onger  per i od to obta i n  steady-state concentra t i on s  than tho se com­

pound s .  However , s o l ubi l i ty d i fferen c e s  a l o n e  c a n n ot account  for the 

d i fference  i n  e q u i l i br i um t i me .  

A second , a n d  p robab l y  more i mportant rea son for  the d i sc repancy i n  

eq u i l i b r i um t i me s  observed i n  t h i s study and  those  reported by others  

conce rn s the method u sed to expose  t he orga n i sms  to the c hemi c a l s .  

M i c robi a l  b i oaccumu l at i o n  stud i es a re typ i ca l l y conduc ted u s i ng c hem i ca l s 

i n  so l ut i o n  ( John son  and  Ken n edy , 1973 ; G r i me s  and  Morr i son , 1975 ; P a ri s 

a n d  Lewi s ,  1976 ; P a r i s ,  et a l . ,  1 977 ) and  n o t ,  a s  i n  t h i s study , wi t h  

sed i ment-sorbed c hemi ca l s . T he sedi ment u sed i n  t h i s s tudy prov i ded many 

s o rpt i on  s i te s  for  HCB , wh i c h i n  a sen se , competed w i th bacte ri a  for HCB 

i n  the ambi ent  water . T he sed i ment HCB sorpt i on -desorp ti on proce sses  

wou l d  be  expected to i nc rease  the  t i me req u i red for  the  b i ota  to reac h  

steady- state H C B  c o ncentrat i on s . 

M i dg e  obta i ned steady-state concentrat i on s  of  HCB  i n  4 to 5 day s  

( Ta b l e s  4 ,  9 ,  a n d  1 3 ) , wh i ch wou l d  a ppear to be a remarkabl y s hort pe r i od 

whe n  compared to t he t i me peri od requ i red by the much smal l er bacteri a .  

However , these  re s u l t s  a re con s i stent w i t h  t ho se reported o f  m i dge w i t h  

o t h e r  chemi c a l s  ( Mu i r et a l , 1 983 ; Mu i r e t  a l . ,  1985 ; Gero u l d ,  et a l . ,  

1 9 83 ) , a n d  t ho s e  reported for  PCBs  a nd other bent h i c i nvertebrate s 

( Roberts a nd Me i e r , 1 982 ) . The prox i m i ty o f  m i dg e  to the contam i n ated 

sed i ment and to i nterst i ti a l wate r ,  proba b l y  contr i buted to the rap i d i ty 
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of  the  equ i l i br i um p roce s s . Another probabl e contr i buti ng  facto r ,  n o ted 

by N i mmo et a l . ( 197 1 ) , i s  that ben th i c  o rgan i sms  i ng e st sed i me nt . Con­

s umpt i on  o f  HCB  contami nated sed i me n t  by m i dge woul d  i n crea s e  the 

orga n i sm ' s s urface of  exposure , a s  we l l a s  decrea se the d i stance i nto 

t i s s ue that HCB must  d i f fu se ; therefore , sed i me n t  con s umpt i on wou l d  ex­

ped i te the  obta i nment of  steady-state HCB concentrat i on s .  

The 46 to 57 day s expo s ure req u i red for  mo s q u i tof i sh  to reach 

steady-state HCB concentra t i o n s whe n  expo sed to  contami n ated n atura l 

sed i me n t  ( Tabl e 7 )  i s  con s i stent  w i th other stud i e s ,  wh i c h  reported that 

s teady- state concentrat i on s  of PCBs  were obta i ned  i n  f i s h wi th i n 40 days 

( Ha n sen  et  a l . ,  1 97 1 ; Mc le e se et al . ,  1 980 ; Rubi n ste i n  et  a l . ,  1983 ; 

1 984 ) . Mo squ i to f i sh  woul d be ex pected to requ i re l onger  p e r i ods of expo­

s u re to reach  e q u i l i br i um HCB concentrat i o n s  than  wou l d  m i dge , both due  

to  d i ffere n c e s i n  the s urface-to-v o l ume rat i os of  the orga n i sm s , a nd  be­

c a u se of  d i fferences  i n  h ab i tats . Howeve r ,  on a we i g ht ba s i s ,  steady­

states were obta i ned w i thi n approx i mate l y  the same t i me per i od for both 

mo sq u i tof i sh  a nd  m i dge . Even i f  s urface-to-v ol ume rat i o s  were equa l  for 

m i dg e  and mo sq u i to f i sh , mi dge wou l d  s t i l l  be expected to reach e q u i l i br i um 

HCB  concentra t i o n s ear l i e r than  f i s h  due to mi dge ' s  g reater exposure  to 

HCB  re su l t i n g from con s umpti o n  o f  contam i n ated s ed i men t .  The  re l at i ve l y  

short per i od req u i red by mo squ i to f i sh  t o  obta i n  steady- state HCB concen­

trat i o n s  i s  probab l y  the  re su l t of  the  h i g h l y  e f f i c i en t  re s p i ratory sy stem 

o f  f i sh ,  wh i c h conta i n s  a counte r-current  c i rc u l atory sy stem . Th i s  type  

o f  c i rc u l atory system max i m i z e s  the  chem i ca l  concentrat i o n  grad i ent be-



1 10 

tween  water a nd b l ood , thus  f ac i l i ta t i ng  the pas s i ve d i f f u s i on of  chemi c a l  

res i dues  i nto the  o rgan i sm .  

6 . 3  I n f l ue nce  o f  Sed i ment Orga n i c  Matter o n  Bi oava i l ab i l i ty 

The  accumu l at i on of  HCB by bacter i a ( Tab l e 3 ) , m i dge  ( Tabl e s  4 a nd 

9 )  and m o s qu i tof i s h  ( Tabl e 7 )  wa s i nverse l y  re l ated to the organ i c  content 

of  the sedi men t . Orga n i c  matter ' s  h i g h  a ff i n i ty for organ i c  c ompounds  

and  i t s i n f l uence  on  b i oaccumu l at i on of  sorbed compounds  i s  we l l  docu­

mented ( Gor i ng , 1 967 ; Hamake r and  Thompson , 1972 ; Kenaga  and  Gor i ng , 

1980 ) . Two p ropert i e s  of  organ i c  matter appear s i g n i f i cant  i n  exp l a i n i n g 

the l ower bi o av a i l ab i l i ty o f  HCB  i n  the p re sence of  o rga n i c matter . 

Fi r st , the i rreg u l a r structure of  organ i c  matter prov i de s  l a rge surfaces  

for  the  sorpt i on o f  hyd rophobi c compounds ( T i n s l ey ,  1979 ; Morr i l l  et a l . ,  

1 982 ) . The i mpo rtance  of  surface a rea  to the sorpt i on of  PCBs and  other 

non - i on i c  o rgan i c  compounds  i s  we l l  recogn i zed ( P i o n ke and C he s te rs , 

1 973 ; Cho i  a n d  Che n ,  1 976 ; Steen et  a l , 1 978 ; Haque et a l  . , 1974 ; Hama ke r 

and  Thompson , 1 972 ; T i n s l ey ,  1979 ; Morri l l  et a l . ,  1982 ) , a s  i t  prov i de s  

a mea n s  o f  av o i d i n g t h e  thermodynam i c a l l y u n fa vored re structu r i n g  o f  wa­

ter  mo l ec u l e s  that occur s  when  non-po l a r  compounds  a re i n  aqueo us  so l ut i o n  

( Hama ker a n d  Thomp son , 1 97 2 ) .  

A second property of  o rgan i c  matter ,  whi c h  i s  i mportant  to the 

so rpt i on of  HCB and  the b i oava i l ab i l i ty of sorbed compound s , i s  that or­

g a n i c  matter conta i n s  both hyd rop hob i c and  hydrop h i l i c componen ts . When 

i n  water , the hydrophobi c  s u rface s of organ i c  matter a s soc i ate w ith each  

ot he r ,  wh i ch re su l t s i n  the  forma t i on of  a hydrophob i c matr i x w i th i n the 



1 1 1  

o rgan i c  mo l ec u l e  ( P i erce et a l . ,  1 974 ) . The hydrophi l i c  components  con­

t r i bute to o rg a n i c  matte r ' s  aq ueous s o l ub i l i ty , wh i ch i n  turn , i nc rea s e s  

organ i c  matter ' s  expos ure to c hem i ca l  re s i dues i n  t h e  ambi e n t  water 

( P i erce et a l  . ,  1 97 4 ) . The sorp t i on of  n o n-po l ar compounds  to organ i c  

matter occurs  f i rst  at the surface of  the organ i c  mo l e c u l e ,  then i s  fo l ­

l owed w i t h  the d i ffu s i on o f  the compound i nto the hydrophob i c  matr i x 

( Gor i n g , 1 9 67 ) . The desorpt i on o f  c hemi c a l  re s i dues  f rom organ i c  matter 

i s  s l owed by d i ffu s i on from th i s hydrophob i c  i n te rmatr i x  ( Khan , 1980 ) ; 

therefore , the  rate of  b i oaccumu l at i on o f  HCB i s  l ower i n  the p resence  

of  orga n i c matter than wi th i norgan i c  substrate s .  

The i nf l uence  t ha t  o rg a n i c  matter ( OM )  can  have o n  the rate o f  

b i oaccumu l at i on o f  organ i c  compo unds  i s  appa re n t  when HCB  concentrat i on s  

i n  b i ota res u l t i ng  f rom expo sure to natura l sedi ment ( OM = 4 . 5% )  a re 

compa red to tho se concentrat i o n s  re s u l t i n g  from exposure  to o x i d i zed 

s ed i ment  ( OM < 0 . 1% ) . Rate s o f  HCB  b i oaccumu l at i o n  dur i n g  the  i n i t i a l  

expos u re per i od were s i gn i f i ca n t l y  l e s s  for  o rg a n i sm s  exposed to contam­

i nated natura l sedi men t  than t h o se res u l t i ng from exposure to contam­

i nated o x i d i zed sed i me n t  ( Tab l e s  3 ,  A-4 , and  A-8 ) . These  re s u l t s  i nd i cate 

that the rates of HCB  b i oaccumu l at i on were l i m i ted by the rate at  wh i c h 

HCB  d i ffu sed f rom the hydrophobi c i nte rmatr i x  o f  sedi ment orga n i c  matte r . 

Steady- state HCB  concentrat i o n s  found i n  m i dg e  and  mo sq u i tof i s h  a re 

c o n s i stent w i t h  t h i s e xp l a n at i on . H oweve r , bacte r i a  HCB  concentrat i on s  

res u l t i n g  f rom expo s ure to n atura l  versus  o x i d i zed sed i ments  i s  unex­

pected ( Ta bl e  3 ) , and  suggests  that orga n i c  matter had l i tt l e  i n f l uence  

on  eq u i l i br i um con centrat i o n s  o f  HCB  i n  bacter i a .  It  i s  not c l ea r  whether 
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th i s apparent  a nom a l y  i s  the  re s u l t o f  the  h i gh sed i ment  HCB concentrat i on  

u sed i n  th i s expe r i ment  (- 300 �g g- 1 ) ,  wh i ch pos s i b l y  saturated the 

bacte r i a wi t h  HCB , o r  whether  the c l o s e  p ro x i m i ty o f  bacte r i a to sed i ment  

fa c i l i tated b i oaccumul ati on to  the p o i nt o f  n u l l i fy i n g o rgan i c  matte r ' s  

i mp ed i n g  a ffect on b i oaccumu l a t i o n . M i dg e  accum u l ated a re l at i ve l y  

g re ater  amo u n t  o f  HCB  from e xpo sure t o  natura l  sed i me n t , a s  compared to 

o x i d i zed sed i ment , than  d i d  mosq u i to f i sh , suggest i n g that p ro x i m i ty to 

sed i ment  may be of some i mportance  to bi oaccumul at i on . 

As wou l d  be e xpected , i f  o n e  i nc reases  the orga n i c content  o f  natura l  

sed i ment  wi th add i t i o n s  of h um i c mater i a l , i t  dec reases  t h e  rate o f  ac­

cumu l at i on of  sed i ment- sorbed HCB  by m i dg e  ( Tab l e 5 ) . I nc rea s i ng the  

organ i c  content  o f  sed i ment s i g n f i c a n t l y  reduced the  b i oaccum u l at i on  o f  

H C B  bec a u se the  rate H C B  desorpt i on f rom orga n i c  matter i s  much s l owe r 

than  from i norgan i c  surfac es . However , once  the organ i c  conte nt  of  

sedi men t  reac hed 50% , f u rther add i t i on s  o f  o rgan i c  matte r d i d  not s i g ­

n i f i ca n t l y  reduce  the b i oaccumu l at i o n  o f  HCB by m i dge ( Tab l e A-7 ) .  I t  i s  

p robab l e  that  o nce the  orga n i c  content reached 50% a l l o f  the  HCB wa s 

sorbed , and  thus  f urther add i t i o n s  o f  organ i c  matter wa s o f  l i tt l e  con­

s e q uence  to  the  fate of HCB . The  rate at  wh i c h  a n  organ i sm accumu l ates  

chemi c a l  re s i d ue s  cou l d  be  o f  g reater con sequence  to  the o rga n i sm than  

the  s teady- state concen trat i o n s  o f  the  chem i c a l  i n  the o rgan i sm .  S i tu­

a t i o n s  o f  th i s  sort  c ou l d  ea s i l y  occur i f  t he organ i sm ' s e xpo s u re to the 

c o n tam i n a n t  wa s of  a shorter  d u rat i o n  than  the t i me req u i red to ac h i eve 

eq u i l i br i um .  Any factor wh i ch i mpede s the rate of re s i due  b i oacc umu l at i o n 

red uces  the  l i ke l i hood that the b i ota wi l l  be  expo sed to c h ron i c  or  acute 
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concentrat i on s  of  the c hemi c a l , a nd thus  reduce s the eco l og i c a l  i mpact 

of the contami nat i on . 

6 . 4  B i oaccumu l at i on from D i f ferent S ubstrates 

HCB accumu l at i on  i n  m i dge  re s u l t i ng from exposures  to d i ffere n t  

co ntami nated s ubstrate s fo l l owed the seq uence : natura l sedi ment < 

o x i d i zed sed i ment � mo n tmori l l on i te < sand < kao l i n i te ( Tab l e 4 ) . Th i s 

s e quence i s  approx i mate ly  the i nverse  of that o f  the s urface a rea of  the 

substrate s :  orga n i c  matter > montmo ri l l on i te > ka o l i n i te > sand ( Ba i l ey 

and  Wh i te ,  1 964 , Lambe and Wh i tman , 1 9 69 ) ; and e xcept for the 

b i oacc umu l at i o n re su l t i ng from expo s u re to sand , suggests  that the 

b i oava i l ab i l i ty of HCB to m i dge i s  i n verse l y  re l ated to the s urface a rea 

o f  the s ubstrate . 

M i dg e  HCB concentrat i o n s  res u l t i ng from e x po su re to contami nated 

kao l i n i te we re g reater than  concentrat i o n s  re s u l t i ng  from e xpo s ure to 

sand . Bec a u s e  sand  has  l e s s  s urface a rea than  kao l i n i te ,  th i s observat i on  

appears  i n con s i stent  wi th the  proposed hypothe s i s that  e q u i l i br i um par­

ti t i o n i ng i s  respon s i b l e  for the b i oaccumu l ati o n  of  hydrop hob i c  organ i c  

compounds  ( Hame l i n k et a l . ,  1 97 1 ; P av l ou and  De xte r ,  1 9 79 ) . Th i s c ou l d  

occur  i f  m i dge p referenti a l l y  con sumed kaol i n i te over sand . The i mpor­

tance of sed i ment c o n sumpt i on to the accumu l ati on  o f  organ i c  contami na nts  

by be n th i c i nve rtebrate s i s  we l l  recog n i zed ( Fowl e r  et  a l . ,  1 978 ; 

Lan g ston , 1 978 ; Me i r  and  Red i s ke ,  1979 ; 1 984 ; Roberts a n d  Me i r ,  1982 ) . 

Con sumpt i on of contami nated sed i me n t  i nc rea ses the s urface a rea of the 

organ i sm wh i ch i s  e xpo sed to the contami n a nt , thus  fac i l i tate s re s i d ue 
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b i oaccumu l a t i o n . The p referen t i a l c o n sumpt i on o f  kaol i n i te over  sand 

cou l d  occur  i f  m i dg e  were unab l e to  con sume sand or were l i m i ted to 

sma l l er sand  g r a i n s .  Th i s  seems a re a sonab l e exp l anat i on  of the m idge  HCB , 

concentra t i on s  s i n c e  the  sand  u sed i n  th i s study ( 2 50 - 500 � d i amete r)  

was much l arger tha n  the kao l i n i te (<  4 � ) . The se data i l l u strate a po­

ten t i a l  prob l em i n  t he deve l o pme n t  o f  b i oaccumu l at i on  mode l s  ba sed on  the  

a s s umpt i on that  parti t i on i ng proc e s s e s  a l one are respon s i b l e for  res i due 

b i oaccumu l at i on . B i o l og i ca l  a c t i v i ty ,  s uc h  as  con s umpt i on of co ntam i n a ted  

sed i me n t , may s i gn i f i c a n t l y  i n c rea se the  amount  of re s idue  that  wou l d  be 

expected to b i oaccumu l ate based on  the  i nf l uence  o f  ab i ot i c factors a l one . 

Mo sq u i tof i s h  HCB concentrati o n s  re su l t i ng from expo sure  to  contam­

i na ted substrate s fo l l owed the sequence : n a tura l  sed i ment < sand < 

ox i d i zed sed i me n t < kao l i n i te ( Tab l e 6 ) . S i nce the upta ke of  hydrophobi c 

compounds  by fi sh  occurs  p r i ma r i l y  at  the  g i l l  surfaces  ( S pac i e  and  

Hamel i n k ,  1 985 ) , the  HCB concentrati o n s  o f  mosq u i to f i sh probab l y refl ect 

the amount  o f  HCB  i n  the water c o l um n , e i ther sorbed to s uspe nded 

p a rt i c u l ates  or i n  true  so l uti o n . Mosq u i tof i sh HCB concentra t i on s ,  re­

su l t i n g  from exposure to each of the three i norg a n i c  substrate s ,  were 

s i m i l a r i n  magn i tude , whi l e  HCB concentrat i on s  resu l t i ng f rom exposure  

to natura l  sed i me n t  were approx i mate l y  6 - 8 t imes  l es s  tha n the  concen­

tra t i o n s  r e s u l t i ng from exposure to the i norgan i c  s ubstrates ( Tabl e 6 ) . 

These  data i n d i cate that  the b i oavai l ab i l i ty of  sed i me n t- sorbed HCB was 

more i n f l uenc ed by t he o rgan i c  content  of  the sed i me n t  than  by the  amo unt  

o r  nature of the  surface  a rea  o f  the  sed i ment . That  mosq u i to f i sh  expo sed 

fo r 57 day s to contami n ated ox i d i zed sed i me n t  ( OM < 0 . 1% )  a c c um u l ated 
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seven t i me s  more HCB than  d i d  f i sh ex posed t o  natura l  sed i ment  ( OM � 4 . 5% )  

( Tab l e  7 )  further  demon strates t h e  domi n at i ng i n f l uence  that orga n i c  

matter c a n  have o n  the b i oava i l ab i l i ty o f  s ed i ment- sorbed hyd rophobi c  

compoun d s . 

I n  addi t i on to the i n f l uence  of  the organ i c  content  of  sed i ment , the  

amount  of  pa rt i c u l ates su spe nded i n  the water c o l umn may have contr i buted 

to  the d i fference  i n  mosq u i tof i sh HCB c o nc entrat i on s  that re su l ted f rom 

e x posure to the  four d i f ferent  substrates  ( Ta b l e 6 ) . S u spe nded 

pa rt i c u l ates  a re known to sorb PCBs and other organoc h l or i n e  compounds  

( P i e rce  et a l . ,  1974)  a nd wo u l d  be  ex pected to fa c i l i tate f i sh  HCB accu­

mu l at i o n  by i n crea s i ng the amo u nt of  HCB to wh i c h  the  f i sh  i s  e xposed to 

at  the  g i l l  s u rface s .  A t-te st  compar i son of  water HCB conce ntrat i o n s  

i n  the  presence  o f  mosq u i tof i sh  t o  those  wi thout f i sh  ( Ta b l e A-3 )  shows 

that  the  mean HCB concentrat i o n s  were s i g n i f i ca n t l y  d i fferent  ( t  = 2 . 57 ;  

d f  = 22 ) ;  thu s ,  the movement  o f  the  f i s h  wa s s u ff i c i en t  to i nc rease , v i a  

s u spended part i cu l ates , the HCB  concentrat i on i n  the water  c o l umn . Due 

to den s i ty d i fferenc e s , kao l i n i te i s  more e a s i l y  s u spen ded a nd rema i n s  

s u spended i n  so l ut i o n for l onger  per i od s  than  does  sand ; the refore , the 

mo sq u i tof i sh were probably exposed to g reater amounts  o f  HCB  c ontami na ted 

kao l i n i te than  sand . 

6 . 5  Concentrat i on Facto r s  

T h e  c o ncentrat i on  factor ( b i ota HCB concentrat i o n / sed i ment  HCB co n­

c e n t rat i o n )  c a n  be  v i ewed a s  a n  i ndex  of  the  e f f i c i e n cy by wh i ch 
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o rgan i sm s  accumu l ate sed i men t- s orbed contam i n a n t s . Concentrat i on factors  

are  u s ua l l y  mea sured a t  steady- state ( Spac i e  a nd Hame l i n k ,  1985 ) wh i c h 

a l l ows for c ompar i so n s  of  data among d i fferent  stud i e s .  Re su l ts  of  t h i s 

study show that  concentrat i o n  factors we re i n f l uen ced by a vari ety o f  

factors i n c l ud i n g  sed i ment  H C B  concentrat i o n ,  s ed i me n t  type , a nd  bi oma s s . 

At a s s umed steady- state , concen trat i o n  factors ra n g ed from 0 . 2 1 to 5 . 42 

fo r bacter i a  ( Tab l e s  3 ,  8 ,  1 0 ,  and  1 1 ) , 0 . 06 to 2 1 . 43 for m i dg e  ( Tab l e s  

4 ,  5 ,  9 ,  a nd 1 3 )  a nd 0 . 67 t o  5 . 7  for mosq u i tof i s h ( Tab l e 8 ) . These  con­

centrati on factors  are i n  good ag reemen t  w i th thos e  reported for  PCBs  i n  

ben th i c  orga n i sms ( Fowl e r  et  a l . ,  1 978 ; Cou rtney and  La n g sto n , 1978 ; E l der 

et a l . ,  1 979 ; Mc lees e  et a l . ,  1 980 ; O l i ve r ,  1984 ) . 

Sed i me n t  org a n i c  matter had a p ro found  a f fect  on  b i oaccumul ati o n , 

w i th concen t rat i o n  factors bei ng  i n v e r se l y  re l ated to the amount  o f  o r­

g a n i c  matter i n  s ed iment  ( Tab l e s  3 ,  4 ,  7 ,  and 9 ) . A s i mi l ar re l ati o n s h i p 

wa s reported for G l ycera d i branc h i ata , a po l ychaete worm , a nd Crangon 

septo em spi n o sa , a s hr i mp , by Mc leese et a l . ( 1980 ) . Concentrat i on factors 

for bacter i a ,  m i d g e , a nd  mo sq u i tof i s h expo sed to HCB  c o n tami nated 

ox i di zed sedi ment ( OM < 0 . 1%)  were a l l  g reater than concentrat i on factors  

re su l t i n g from exposure to n atura l sed i me n t  ( OM � 4 . 5%) . E x cept i n  the  

c a se of  the  bacter i a ,  these  data c l ea r l y  s how that t h e  presence  of orga n i c  

matter reduced the  eff i c i ency of  HCB  upta ke by the  b i ota . 

Concentrat i on factor s for  m i dg e  were appro x i ma te l y  proport i on a l  to 

the  sed i me n t  HCB  concentrat i o n s  ( T ab l e 9 ) . The  s ame re l a t i o n s h i p  between 

s ed i ment  PCB  concentrat i on a nd concentra t i o n  factors  ha s been p rev i ou s l y  

reported ( Mc leese  et  a l . ,  1 980 ; Fowl er et  a l . ,  1 978 ; O l i ver , 1 984 ) . 



1 1 7 

Howeve r ,  con centrat i on facto r s  for  bacte r i a ( Tab l e 8 )  a nd  mosq u i tof i sh 

( Tabl e 7 )  we re i n ve r s e l y  re l ated to sed i ment  HCB  concentrat i o n s .  Wheat l y  

a n d  Ha rdman ( 1 968 ) reported an  i n verse  re l at i o n sh i p  between con c entrati on  

facto r s  i n  earthworm s  expo sed to s o i l -so rbed o rganoc h l or i n e  pest i c i de s , 

but d i d  n ot spec u l ate on  the c a u se of th i s phenomenum .  A pos s i b l e  e xp l a­

n at i o n for  th i s i n verse  re l at i on sh i p i s  that at h i gher  sed i ment HCB co n­

centrat i o n s ,  a g reater percentage of the tota l H CB  i s  sorbed to  the 

hyd rophob i c  i n termat r i x of  orga n i c  matter than at the l owe r HCB concen­

trat i on s ,  a n d  the  b i oaccumu l ated HCBs are p r i mar i l y  those  HCB mo l ec u l e s  

wh i ch desorbed from the outer port i on  of  the organ i c  matte r .  There fore , 

a g reater percentage  of  the tot a l  sed i me n t  HCB concentrat i on desorbs  at 

l ower conce ntrat i on s  than at h i gher  concentrat i on s .  

6 . 6  I n f l uence  o f  Substrate HCB Concen trat i on o n  B i oaccumu l at i o n 

Steady- state HCB concentrat i o n s  of  bacter i a ( Ta b l e 8 ) , m i dge ( Tab l e 

9 )  and mo s q u i tof i sh  ( Ta b l e 7 )  were approx i mate l y  proport i o n a l  to 

the sed i ment  HCB  con centrat i o n s , wh i ch i s  c o n s i stent w i th  res u l t s re­

po rted from other PCB b i oac c umu l at i o n  stud i e s ( Ha n se n  et a l . ,  1 974 ; 

Hardi n g  a nd  Ph i l l i ps ,  1978 ; Wyman a n d  0 1 Co n ners , 1 980 ; B i g g s  et a l . ,  

1 980) . The dose-dependent uptake observed i n  th i s st udy s upports the 

hypothes i s that e q u i l i b r i um p a rt i t i on i ng i s  re spon s i b l e fo r 

b i oaccumu l at i on . I n  th i s  study , the steady- state re l at i o n s h i p  between 
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HCB concentrat i o n s  o f  b i ota and natura l  sed i men t , determ i ned by l i ne a r  

reg re s s i on f rom poo l ed data , i s  adeq uate l y  descr i bed ( r2 
= . 93 )  by the 

mode l : 

l og b i ota [HCB] = 1 . 08 l og sedi ment [HCB] - 0 . 3 .  

Thi s re l at i on sh i p ,  s hown i n  Fi g u re 22 , suggest s  that a fundame ntal  re­

l at i on sh i p e x i s t s  between the  sed i ment  and  the  b i oava i l ab i l i ty of  

sed i ment- sorbed compounds . I f  so , k nowl edge of  the  s ed i me n t  con centrat i o n 

of hyd rop hob i c organ i c  compounds  sho u l d a l l ow for reasonab l e predi ct i on s 

of the bi oac c um u l at i o n poten t i a l  of  these  c hem i c a l s at  contam i nated 

aquat i c  s i te s .  However , th i s re l a t i o n s h i p was determ i ned for on l y  one  

sed i me n t , and  as  a l ready d i s c u s sed , other factors such  as  o rga n i c content 

and surface area  o f  the  sed i me n t ,  i n f l uence  bi oaccumu l at i on . Therefore , 

more data on  the b i oav a i l ab i l i ty o f  c ompounds  sorbed to a w i de var i ety 

of sed i ments  i s  n eeded before p red i c t i ve mode l s can  conven i e n t l y  be con­

structed . 

6 . 7  I n f l uence  o f  Bacte r i a l  B i oma s s  on  HCB  Accumu l at i o n 

The concentra t i on  of HCB i n  bacter i a var i ed i n verse l y  w i th the  amount 

of bi oma s s  ( F i g ure 1 3 ) , a l thou g h  the tota l amount of  HCB  ac cumu l ated by 

the  bacte r i a commun i ty i nc re ased wi th  b i o ma s s  ( F i g u re 1 4 ) . These  resu l t s 

a re i n  a g reement  wi th tho se of  other re searchers  ( R i ce a nd S i k ka , 1973 ; 

Ne udorf a nd  Kha n , 1 975 ; Lederman  and  Rhee , 1 982 ) . The l og i ca l  exp l anat i o n  

f o r  the obse rved re l a t i o n s h i p betwee n  b i oaccumu l at i on and bacte r i a l  

b i oma s s , a s  R i ce and  S i kka ( 19 7 3 )  postu l ated , i s  that i nc rea s i ng  the c e l l 

den s i ty resu l ted i n  a dec rea se i n  the amou n t  o f  HCB a round each  ce l l ,  
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thu s ,  sma l l e r amounts  of  H C B  we re ava i l ab l e for accumu l at i o n  by i nd i v i d u a l  

c e l l s . Add i t i ona l l y ,  a t  h i gher  bacte r i a l  den s i t i e s , c rowd i ng o f  c e l l s  

may have r e s u l ted i n  l e s s  s u rface a rea per  c e l l exposed to contami nated · 

water and  sed i ment than  at l ower bacte r i a l  den s i t i e s . These  re su l ts  

demonst rate that l aboratory determi ned b i oaccumu l at i o n  of  hydrophobi c  

chemi c a l s wi l l  be i nf l uenced by o rg a n i sma l  den s i ty .  I f  the expe r i menta l  

den s i t i e s  are  g reater than  natura l den s i t i e s ,  a s  they were i n  th i s st udy , 

l aboratory determi n ed b i oaccumu l at i on may be undere s t i mat i o n s  of the true 

a c c umu l ati on poten t i a l  o f  a chemi c a l . Ec o l og i c a l l y ,  these  f i nd i ngs  sug­

ges t that tempo ra l and  spac i a l d i fferences  i n  popu l ati on  den s i t i e s c ou l d  

r e su l t  i n  vary i ng amounts  o f  chemi c a l s be i ng mobi l i zed v i a  the b i ota , 

wh i c h cou l d  be s i g n i f i cant  to the u l t i mate fate of the compound i f  

b i oacc umu l a t i o n  were a maj o r  veh i c l e to i t s  e nv i ronmenta l  d i str i but i on . 

6 . 8  I n f l uence  of  B i o l og i c a l  V i abi l i ty on HCB Ac c umu l a t i on 

Compa r i son of  HCB accumu l at i on  by l i ve and dead org a n i sm s shou l d  

p rov ide i n fo rma t i on o n  the mea n s  o f  res i due b i oaccumu l ati on . I f  eq u i l ­

i br i um part i t i o n i ng i s  so l e l y  respo n s i b l e for the b i oaccumu l at i on of  

re s i due s ,  then  the  v i ab i l i ty o f  the  o rga n i sm wou l d  not  be  e xpected to 

i n f l uence  accumu l a t i on . Howeve r ,  i f  b i oaccumu l at i on i s  a b i o l og i c a l l y  

med i ated p roc e s s , then l i ve organ i sms  shou l d  a cc umu l ate g reater amounts  

of  re s i dues  than  dead orga n i sm s . 

HCB a c c umu l at i o n  by l i ve and  dead bacter i a  wa s s i m i l a r ( Tab l e 1 1 )  

a l though forma l dehyde- ki l l ed bacte r i a  a c c umu l ated more HCB than d i d  l i v e  

bacteri a .  Other re sea rchers have reported comparab l e  res i due accumu-
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l at i o n  by l i v e a n d  dead orga n i sms , a n d  i n  some c a s e s  g reater accumu l at i on  

by dead  org a n i sms ( Ko a nd  Loc kwood , 1 968 ; Sodergre n , 1 968 ; C ha n ko and 

Lo c kwood , 1 967 ; R i ce  and  S i kka , 1 973 ; John son and  Kenn edy , 1 97 3 ;  Par i s 

et a l . ,  1975 ; Canto n  et  a l . ,  1975 ; Urey et a l . ,  1976 ; Lederman  and  Rhee , 

1 982 ) . S i m i l ar a c c umu l a t i o n  o f  HCB by l i ve and dead bacter i a s u pports the 

hyp othe s i s that e qu i l i bri um parti t i on i n g  i s  respon s i b l e for 

b i oaccumu l at i o n i n  u n i ce l l ul a r organ i sms . Howeve r ,  the g reater HCB accu­

mu l at i on  by fo rma l d e hyde- k i l l ed bacter i a than that of l i ve  bacteri a a p­

pears  contra ry to the concept o f  eq u i l i bri um p a rt i t i on i ng ,  and  suggests  

that  v i ab i l i ty reduced bi oac c umu l a ti on . I f  bacteri a were ab l e to 

metabo l i ze HCB , then v i abi l i ty cou l d account  for the l owe r accumul ati on . 

Th i s  exp l a n at i on i s  u n l i ke l y  due to the  e xtreme stabi l i ty and  

l i pophi l i c i ty of the mo re h i g h l y  c h l o r i n a ted PCBs . A mo re p robabl e e x­

p l anat i on for  thi s anoma l y  i s  that the chem i c a l  treatments  used to ki l l  

bacteri a d i s rupted the c e l l u l ar i ntegrety of the bacte r i a ,  wh i c h l ed to 

a g reater su rface a rea per c e l l for the  sorpt i o n of HCB dur i ng  the p a r­

t i t i on i n g p roce s s . However , th i s  p o s s i bi l i ty wa s d i scoun ted , bec ause  

there wa s no s i gn i f i ca n t  d i f ference i n  the  HCB  concentrat i o n s  between 

c hemi c a l l y  t reated and  non-treated sedi ment . 

D i spa r i ty i n  accumu l at i on  of  organoc h l ori n e  compounds  by l i ve and  

dead i nvertebrate s ,  as  we l l  as  f i s h , ha s been reported ( Hard i n g  and  Va s s ,  

1979 ; C ro sby a n d  Tucke r ,  1 97 1 ;  Cox , 1 97 1 ; Fe rg u son et a l . ,  1966 ; Murphy 

and  Murphy , 1 9 7 1 ) .  I found HCB a c c umu l a t i o n  by l i ve m i dg e  wa s app rox i ­

mate l y  twi ce that of dead m i dge f o l l owi n g  a 24 hours expos ure to contam­

i nated natura l sedi ment  ( Tab l e  1 3 ) . At l ea st th ree factors  co u l d have  



1 2 2  

contr i buted t o  th i s  re s u l t .  F i r st ,  a s  a l ready d i scus sed , b i oaccumu l a t i on 

of  organoc h l or i ne compounds i s  a two fo l d  p roce s s , wi th a n  i n i t i a l  

adsorpt i o n onto the body s u rface  fo l l owed by abs orpt i o n  i n to the orga n i sm 

( Addi son , 1976 ) . The d i ffe rence i n  HCB  accuml at i on by l i ve and  dead m i dge  

p robab l y  ref l ec t s  a g reater ab sorpt i o n i nto l i ve m i dge a s  a re s u l t  o f  the 

c i rc u l atory sy stem fac i l i ta t i n g  the d i ff u s i on p roce s s . Seco nd l y ,  the 

moveme n t  of  l i v e  m i dge wou l d  cont i n ua l l y  renew the i r expo s u re to sed i ment  

a nd  i n te rst i t i a l  water wi th h i g h HCB  concentrat i on s ,  wh i c h  wo u l d  fac i l i ­

tate the parti t i o n i ng  p rocess  by keep i n g the  e nv i ronme n t a l -to-m i dge HCB 

rati o s h i g h .  Th i rd l y , l i ve m i dge con s umpti on  of  HCB c o n tami na ted bacte­

r i a ,  detr i tu s  and sedi ment wou l d  i ncrease  the amount of  s u rface exposed 

to HCB , wh i c h  wou l d  fac i l i tate a c c umu l a t i on . 

6 . 9  I n f l uence  of  Tempe rature on  B i oaccumu l a t i o n  

Ba i l ey a n d  Whi te ( 1 964 ) spe c u l ated that the b i oact i v i ty of  c hemi c a l s 

m i ght be d i f fe rent at  var i o u s  temperatu res . Th i s  seems a rea sonab l e 

p rem i se s i nce  i n c re a s e s  i n  tempe rature a re known to decre a s e  sorpt i on 

( Gor i ng ,  1 967 ; Bouche r and Lee ,  1972)  and  i nc rease  the so l ub i l i ty and  

d i ffus i on o f  o rg a n i c  compo unds ( Lambe rt , 1975 ; Khan , 1980 ) . If  temper­

ature i n f l uences  the bi oava i l ab i l i ty of  sed i ment-sorbed compo unds , then  

re s i due a c c umu l at i on by aqua t i c o rgan i sms wou l d  be  expected  to vary wi th 

tempera l a n d  spac i a l d i fferences  i n  temperature . The affect  temperature  

may have  on  b i oaccumu l a t i on needs  to be kn own i n  o rder to  deve l op rea l ­

i st i c  mode l s o f  the fate and eco l og i ca l  i mpact of  e n v i ron menta l  con tam­

i n at i on . 
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I n  thi s study , mi dge were expo sed t o  H C B  contami nated sedi ment at  

1 3 ,  20 , a nd  27 ° C , to determ i n e  i f  b i oaccumu l a t i o n  var i ed wi th tempe r­

ature . I n  genera l , HCB concentrati o n s  of mi dge i ncrea sed wi th expo sure 

temperature ( Tab l e 1 3 ) . M i dge HCB concentrati o n s  a fter 24 hou rs  expo su re 

to contami n ated sed i me n t  were s i g n i f i c a nt ly  greater at 27 °C  than at 1 3  

or  2 0  ° C ; m i dge  HCB concen trati o n s  a t  1 3  °C  and  20  °C  were n o t  s i g n i f­

i ca nt ly  d i fferent ( Tab l e A-1 7 ) .  Al though temperature i nc reased  the rate 

of HCB accumu l at i on , steady- state HCB concentrat i o n s  were not s i gn i f­

i ca nt l y d i fferen t  a t  the  d i fferent temperature s ( Tab l e A- 18 ) . These re­

s u l ts a re s i g n f i cant  because  ki neti c mode l s de scr i b i n g  the behav ior  of 

e nv i ronmenta l  contam i nants  a re ba sed on the a s sumpt i on of steady-state 

( Spac i e and Hame l i n k ,  1 985 ) . S i nce  t emperature d i d  not a l ter  steady- state 

c o n centrat i o n s , there i s  no  need to con s i de r  temperature as a var i abl e 

i n  fate mode l s .  

The corre l a t i o n  between exposure  temperature and  the  rate of 

b i oaccumu l at i on  cou l d be the resu l t of a decre a se i n  HCB sorpti o n to 

sed i ment  and an i ncrease  i n  d i ffu s i o n  accompany i ng a n  i nc rease  i n  tem­

perature . However , a ct i v i ty of  p hy s i o l og i ca l  proc e s se s  o f  poi ki l otherm 

organ i sms ( i . e . , c i rc u l at i o n )  a re a l so co rre l ated wi th temperature 

( Prosser  and  Brown , 1 96 1 ) .  Due  to the na rrow range  of temperatures ex am­

i ned i n  thi s study , the vary i ng  rate s of b i oaccumu l at i on probab ly  wer e  

the resu l t of  changes  i n  phy s i o l og i ca l  act i v i ty of  mi dge rather than 

changes  i n  a ff i n i ty o f  sed i ment  for HCB . The i mporta nce  that phy s i o l og i ca l 

p roce sses  can  have on  b i oaccumu l at i o n  wa s c l ea r l y  demon stra ted i n  e xper­

i ments  u s i ng  l i v e a n d  dead m i dg e , where a fter o n l y  24 hours  expo sure to 
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contam i nated sed i ment , l i ve m i dge a c c umu l ated twi c e  a s  much  HCB a s  dead 

m i dge ( Tab l e 1 3 ) . 

These  data suggest  that temperature i nd i rec t l y  fac i l i tated the par­

t i t i on i ng of HCB i n  m i dge by i ncrea s i ng p hy s i oa l og i ca l  a c t i v i ty ,  wh i c h 

i n  turn i nc rea sed the rate of  b i oaccumu l at i on . T h i s can  be of  s i gn i f i ca n t  

con seq uence to t h e  organ i sm ,  e spec i a l l y  i f  the exposure i s  o f  s horte r 

d u rati on than the  t i me requ i red to ac h i eve  equ i l i b r i um .  

6 . 1 0 Depu rat i on of  HCB 

The rate at  wh i c h aqua t i c orga n i sms e l i m i nate c h emi c a l  re s i dues  f rom 

t he i r bod i e s  u l t i mate l y  determi n e s  the e xtent  of  chem i ca l  a ccumu l at i on 

i n  the organ i sms ( S pac i e  and Hame l i n k ,  1985 ) ; chem i c a l  re s i dues  wi l l  ac­

c umu l ate i n  b i ota o n l y  i f  t he rate of uptake exceeds depurat i o n . In  th i s 

s tudy , the e l i m i nat i on of  HCB  from the  expe r i menta l  o rgan i sms wa s much  

s l ower than i t s  uptake . Compa r i son s of  the HCB  accumu l a t i on  rate s a n d  the  

depurta i on rate  constants  o f  bacter i a ( Tabl e s  3 and 1 4 ) , m i dge ( Tab l e s  4 

a n d  1 5 ) , and  mosq u i to f i sh  ( Tab l e s  7 and  1 6 )  show that  HCB a c c umu l ate s i n  

b i ota thousands  of  t i me s  faster  than  i t  i s  e l i mi nated . Th i s pattern o f  

rap i d  accum ul at i on  a n d  s l ow e l i mi n at i on i s  typ i c a l  for organoch l o r i n e  

c ompounds  and  has  bee n reported f o r  a q u at i c organ i sms  rang i n g f rom bac­

te r i a to f i sh ( Sodergren 1 968 ; Ware  and  Add i son , 1 973 ; Cox , 1 97 1 ; Mac e k  

et  a l . ,  1 970 ; Grzenda , et a l . ,  1 970 ; Gooch  and Hamdy , 1 982 ) . 

The s l own e s s  of  HCB depura t i on  f rom b i ota c a n  be e x p l a i ned by the 

hydrophobi c  n a ture of  HCB and  the i nab i l i ty of organ i sms  to deg rade the 

compo und i n to a more so l ubl e metabo l i te .  The part i t i on i ng  coeff i c i e nt  of 
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HCB i s  e xt remel y  l arge ( l og K > 6 . 7 ) , a nd so , once  sorbed to bi ota , HCB  ow 

i s  probab l y  seq ue ste red i n  b i o l og i ca l  l i p i d s .  Whe n HCB c on tami nated 

organ i sm s  were tran s ferred t o  a n on-contami nated e n v i ronmen t  t he part i -

t i o n i n g  coeff i c i ent  i s  so g reat that  the  depura t i o n  o f  orga n i sma l HCB wa s 

a l most i n s i gn i f i c a n t  re l at i ve to  the rema i n i ng body burden ( Tab l es  1 4 , 

1 5 , a nd  1 6 ) . 

The  n at u re o f  the e n v i ronment i n f l uenced the rate o f  HCB depura t i o n  

f r o m  the  b i ota . Depu rat i o n wa s g reatest  i n  the presence  o f  sedi men t , d ue 

to the orga n i c  content  of  the natura l  s ed i ment ; the  orga n i c matter i n-

c reased the a f f i n i ty and  the sorpt i ve capac i ty of  the sed i me n t  for HCB 

( Ta b l e s  14 and 1 5 ) . The se data support the conc l u s i on that the depurat i o n  

o f  HCB f rom a q u at i c o rgan i sm s  i s  t h e  re s u l t of  eq u i l i br i um part i t i on i ng .  

The add i t i on o f  sedi men t  i nc rea sed depura t i on  by p rov i d i ng sorpt i ve s u r-

faces  fo r amb i ent  water HCB , thus  sed i men t  he l ped ma i nta i n  the  HCB con-

c e n trat i on grad i e n t  between the  b i ota and  water  req u i red for the  

depurat i on p roce s s .  

However ,  even  i n  t he p re se n c e  o f  organ i c  matter , the b i o l og i c a l  

h a l f- l i fe o f  H C B  was  a l most  a s  l on g  o r  l onger  t ha n  the  expected l i fe- s p a n  

o f  t h e  organ i sm s . Thus  once an  aq uat i c o rg a n i sm i s  contam i n ated wi t h  HCB , 

i t  i s  u n l i ke l y  that the orga n i sm w i l l  ever be free o f  the  contami n a nt . 

The  s l ow depurat i on o f  HCB i ncreases  the  l i ke l i hood that  t he orga n i sm w i l l  

s u f fer  f rom a ny c h ro n i c  a ffects  p roduced by the  c hemi c a l , a n d  i n crea s i ng 

the  l i ke l i hood that the orga n i sm w i l l  serve a s  a vector for the contam-

i na t i o n  of h i g h e r  t roph i c  l e ve l s .  
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6 . 1 1 HCB  Accumu l a t i o n from D i et versus  Sed i ment 

Two v i ews have bee n advanced i n  the l i terature to e x p l a i n  the accu­

mu l at i o n  of  o rga n i c  compound s by a q u at i c  orga n i sm s .  O ne  of these  ( Macek  

et a l  . , 1970) a rgues  that  d i eta ry i n puts  a re re spon s i bl e for a n  organ i sm ' s 

re s i due body burde n . The other v i ew ( Hame l i n k et a l . ,  1 97 1 )  i s  that res­

i due  a c c umu l at i on  by an  orga n i sm i s  the re s u l t  of the p hy s i c a l  p a rt i ­

t i on i n g  o f  the compound between  the orga n i sm a n d  i ts s u rround i n g s , and  

that the uptake o f  r e s i dues  occurs  p r i ma r i l y  a t  the g i l l  or  body s u rface s .  

The re l at i v e  i mportance o f  d i etary and  e n v i ronmenta l exposures  to 

b i oaccumu l at i on i s  needed so that the eco l og i ca l  i mpact  of contam i n at i on 

can  be a s ses sed a n d  approp r i ate l eg a l  standards ena cted  ( J a rv i nen  et a l . ,  

1977 ) .  

I found that mosqu i tof i sh  accumul ated HCB from exposu re to con tam­

i n ated sed i ment  ( Tab l e s  7 and  1 7 ) , a s  we l l a s  from a contami n a ted d i et 

( Tabl e 1 7 ) . Steady- state HCB conce ntrat i o n s  were reac hed i n  mosq u i tof i s h  

w i th i n  46-57 d ay s expos ure t o  contam i n ated sedi me n t  and  wi th i n 3 5-46 days 

expo sure to contam i n ated prey . H owev er , when f i s h  were s i mu l taneou s l y  

expo sed to both c o ntami nated sed i me n t  and d i et ,  steady- state concen­

t rat i on s  were  not apparent after 57 day s  exposure ; HCB accumu l at i on f rom 

sedi me nt and d i et wa s add i t i ve a nd g reater  than the steady- state con cen­

tra t i on r e s u l t i ng from exposure  to e i ther source a l o ne . These  data dem­

o n s trate that both b i oconcentrat i on ( ac c umu l at i on  f rom wate r )  a nd  

b i omagn i f i c at i on ( ac c umu l at i on f rom p rey ) can  be  i mportant  to the  accu­

m u l ati on of  HCB i n  f i sh .  I n  addi t i on , these  data show that  the  HCB accu-



1 2 7  

mu l at i on i n  f i s h  wa s do se-dependent ; i nc rea s i ng  t h e  H C B  exposure  

i nc rea sed b i oaccumul at i on , i rrega rd l e s s  of  the  source  of expos ure . 

Do se-dependent b i oac cumul at i o n i nd i cates  that equ i l i bri um parti t i on i n g 

i s  re spon s i b l e for  the uptake o f  HCB f rom d i et and  sed i men t .  

Mosq u i tof i sh H C B  concentrati o n s  resu l t i ng f rom sed i me n t  a n d  d i et 

exposure  were stat i st i ca l l y  i nd i st i n g u i shab l e for the i n i t i a l  1 2  day s 

expos ure ( Tab l e  A-2 1 ) ,  as  we l l  a s  for the 46  days  exposure ( T ab l e A-22 ) , 

wh i ch i nd i cate s that b i oconcentrat i on and  b i omagn i f i cat i on processes  

co u l d  be of e q u a l  i mportance  to  b i oaccumu l a t i o n  o f  hydrophobi c  org a n i c  

compo und s .  These  f i n d i n g s  a re s i m i l ar to those reported for DDT a n d  other 

PCBs  ( Macek  and  Korn , 1 97 0 ; J a rv i n e n  et  a l . ,  1 977 ; Rubi n ste i n  et a l . ,  

1984) ; however ,  researc hers have repo rted d i etary contr i but i o n s  of other 

organ i c  compounds  to the f i s h ' s  body burden of o n l y  1 - 1 5% ( Ch adwi c h  and 

Bracke n , 1969 ; Re i nert , 1 96 7 ; Macek et  a l . �  1979 ) . Due to  the se  reported 

d i f fe re n c es ,  the rel at i ve i mportan c e  of d i etary a n d  e nv i ronme nta l e xpo­

sures to the b i oaccumu l at i on of chem i ca l  re s i dues  has been a matter of 

controversy . However , the se d i screpenc i e s  i n  the d i etary cont r i but i o n  

of  orga n i c compounds  to f i sh  c a n  be read i l y  exp l a i n ed by i n vok i n g  the 

concept of  o rg a n i c  compounds  to f i s h can  be read i l y  exp l a i n ed by i nvok i n g  

the c o n c ept  of eq u i l i br i um p a rt i t i on i ng  ( Hame l i n k e t  a l . ,  1 97 1 ) . Com­

po u nds  wh i ch have  h i gh parti t i on i ng  coeff i c i en t s , s u ch  a s  HCB and  DDT , 

a ccum u l ate i n  f i s h  a s  the res u l t  of  the organ i sms i nab i l i ty to e x crete 

these hyd rop hob i c  compound s ;  compounds  wi th l ow part i t i on i ng coeff i c i e n t s  

h a v e  greater a q ueous  so l ub i l i t i e s  a n d  a re mo re ea s i l y  e l i m i n ated from t h e  

organ i sm .  
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A con s i derat i on of  the HCB c o ncentrat i on i n  f i s h  re l at i ve to the 

amoun t  o f  HCB con s umed by the  f i sh  i s  i mpo rta n t  to  the  under stand i n g of 

how f i s h  dea l  wi th i n g e sted re s i dues . A c ompar i son  of the amount of  HCB 

i n  mi dge p rey to that  o f  the feca l sc l era ( con s umed m i dg e )  showed a 9 1 . 5% 

decrease  i n  t he HCB  l oad of  mi dge du r i n g  d i gest i on . Howeve r , mosq u i to f i s h  

HCB  d i etary accumu l at i o n e ff i c i e ncy wa s o n l y  27 . 3  to 59 . 9% ;  t he accumu­

l at i o n e f f i c i e n cy decrea sed wi th  t i me ( Tab l e 1 8 ) . The se data i nd i cate that 

the  mo sq u i to f i s h  ea s i l y  d i gest  the m i dge , and i n  the p roce s s  re l ea sed most 

of the m i dge  HCB l oad . Yet the  f i s h accumu l ated o n l y  one-t h i rd to one-ha l f  

o f  the se re s i due s , wh i ch sugge st that  the  HCB re s i dues  m u st have p a s sed 

through the d i gest i ve tract of the f i sh faster  than  t hey cou l d be accu­

m u l ated . Due to  HCB 1 s l i poph i l i c i ty it  i s  p robab l e  that  the  HCB  re l ea sed 

f rom mi dge d u r i n g  d i gest i o n  rema i ned so rbed to fats a nd l i p i d s , and that 

the  f i s h accumu l ated HCB as  the  resu l t  of  t he part i t i on i n g betwee n  the  

d i ge sted mate ri a l  and  the ga stro i n t e st i n a l  tract o f  the f i sh .  The  de crea se 

i n  d i etary a cc umu l at i on e ff i c i e ncy w i th t i me i nd i cates  that t he 

mo squ i tof i sh  HCB concentrat i o n s  a.l ong  the  d i ge st i ve t ract were approach­

i ng equ i l i br i um ,  wh i ch s upport s t he conc l u s i on that  part i t i on i ng i s  re­

s pon s i b l e for  d i etary accumu l a t i on  o f  HCB . 

The re su l ts o f  th i s study i nd i cate the  sed i ment- sorbed orga n i c  com­

pounds  w i l l  a ccum u l ate i n  the b i o ta and have the poten t i a l  for 

b i omagn i f i cat i on  i n  a quat i c ecosystems . P rey o rg a n i sm s  can c o n t r i bute to 

the  rap i d  accumu l at i o n  of re s i due s i n  the i r  predato rs  and s i g n i f i c a n t l y  

i n crea se t h e  potent i a l  fo r a ny adve rse  i mpact  these  compounds  may have 

on  the  o rg a n i sms . Al though HCB  accumu l at i on attri buted to 
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b i omagn i f i c at i on wa s l e s s  t h a n  50% of t h e  f i sh ' s  tota l a ccumu l a t i on , i t  

i s  probab l e  that  i n  na tural  e n v i ronments  where there a re a g reater n umber 

and array of p rey , food cha i n  tra n s fer  of  chem i c a l  re s i du e s  c ou l d  be the  

pr i ma ry me an s of bi oaccumu l a t i on . Th i s con c l u s i on i s  supported by a st udy 

wh i ch e st i mated t hat 95% of the PCB re s i dues  i n  Great La ke s f i s h a re t he 

resu l t of  b i omag n i f i c at i on ( We i n i nger , 1 9 78 ) . As a l ready d i s c u s sed , t h e  

depurat i on of H C B  from bi ota i s  very s l ow ;  there fore , contam i nated prey 

wo u l d  be expected to rema i n  a source  of HCB fo r predators  l o ng  a fter  the 

l e vel s of the chem i c a l i n  the e n v i ronment had dec l i n ed . T h i s study sug­

ge sts that  i t  i s  unreasonab l e to try t o  e xp l a i n  the  accum u l a t i on  of  

hydrophobi c organ i c  compounds  by f i s h  a s  be i ng the  res u l t  of o n ly  sed i ment  

exposure or  d i etary exposure , a n d  that both  sourc e s  o f  re s i dues  need  to  

be  exam i ned s i mu l tane o u s l y  i n  orde r to rea sonab l y  eva l uate t he 

b i oaccumu l at i on  pote nt i a l  o f  a c hemi ca l .  
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7 . 0  S UMMARY 

The b i oava i l ab i l i ty of sedi ment- sorbed hexa c h l orobi pheny l  ( HC B )  to 

bacter i a ,  m i dge , a nd mosq u i tof i s h  wa s exami ned wi th the r e l a t i ve  goal  of  

determi n i n g the i n f l uence of ab i ot i c  and  b i ot i c  factors on  the  

b i oaccumu l ati on  p roce s s . Factors  exami ned i nc l uded sed i ment  type , the 

o rgan i c  content o f  the sed i men t ,  HCB concentrat i on , temperature , and b i ­

o l og i ca l  v i ab i l i ty .  Add i ti ona l experi men t s  were conducted to determ i n e  

t h e  re l at i ve ro l e  o f  sedi ment and d i etary HCB sources  t o  the accumu l at i on 

o f  HCB i n  mosq u i tof i sh . 

Sed i me n t  type  and  organ i c  content  o f  the sed i me n t  had the g reatest  

a ffect o n  the b i oava i l abi l i ty of  sed i ment-sorbed HCB . In  genera l , the 

b i oavai l ab i l i ty of sed i ment-sorbed HCB wa s i n vers e l y  re l ated to the sur­

face  area  a nd the o rga n i c  content  of  the sed ime n t .  The greater  the s ur­

face  a rea  of the sed i ment , the greater the chances  a re the HCB i n  wate r 

wi l l  come i n  contact  w i th the sed i me n t  i n stead o f  the b i ota ; thu s ,  i n­

c re a s e s  i n  s ed i me n t  s urface a rea  reduce the  b i oaccum u l at i on of  HCB . 

The i n verse  re l at i on s h i p between HCB b i oava i l ab i l i ty and sed i ment  

organ i c  matter i s  p robabl y the re s u l t of  organ i c  matte r • s extreme l y  l a rge 

s u rface area a n d  i t s hydrophobi c  a n d  hydroph i l i c compon ents . The 

hydrop h i l i c components  of orga n i c  matter a l l owed i t  to rema i n s u spen ded 

i n  sol u t i on , thereby i ncrea s i n g  i t s expos ure to HCB i n  sol ut i on . O nce  

so rbed to sed i ment  organ i c ma tter ,  HCB d i f fu sed i nto the  hydrophob i c  

i ntermatri x .  The d e so rp t i o n  o f  HCB  f rom sedi me n t  organ i c  matter was s l owed 
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by d i ffu s i on from th i s  hydrophobi c  i ntermatr i x ,  thereby reduc i n g the rate 

of b i oacc umu l a t i o n  i n  the pre sence  of  organ i c  matte r .  

The accumu l a t i on o f  HCB by bacte r i a ,  mi dge , and  mo squ i to f i sh wa s 

a pprox i mate l y  proport i o n a l  to the sed i ment  HCB concentrat i on , wh i c h i s  

con s i sten t w i th the hypothe s i s that equ i l i bru i m  part i t i o n i n g i s  re spon­

s i b l e  for b i oacc umu l a t i on . The l i near  mode l adeq uate l y  descr i bes the 

steady-state concentrat i on of  HCB i n  bacte r i a ,  m i dge , and mo squ i to f i sh 

resu l t i n g from expos ure to contam i na ted n atura l sedi men t .  Th i s  mode l i n­

d i c ate s that  knowl edge of  sed i ment  compo s i t i on a n d  concentrat i on of  

hydrop hob i c  orga n i c  compounds  wou l d  a l l ow for  reasonab l e pred i c t i o n s  of  

the  b i oaccumu l at i on potent i a l  for d i verse aquat i c  organ i sm s . 

The amount  o f  HCB accumu l ated by bacteri a i n crea sed l i near ly  wi th 

b i oma s s ; howeve r ,  the bacter i a l  HCB concentrat i on decreased wi th  i n­

crea s i n g  b i oma s s . The corre l a t i on  betwee n  tota l HCB accumu l at i o n  and  

b i oma s s  s upports the hypothe s i s that e q u i l i bri um part i t i o n i n g i s  re spon­

s i b l e  for b i oaccumu l at i on o f  HCB . The observed decre a se i n  bacteri a l  HCB 

concentra t i on  wi th i n c rea sed b i oma s s  wa s probab l y  due to a reducti on  i n  

bacter i a l  exposure to HCB a s  the re s u l t o f  ce l l c rowd i ng . 

HCB accumu l at i on by l i ve a n d  dead bacteri a wa s s i m i l ar ,  wh i c h i nd i ­

cates  that b i o l og i ca l  proc e s s e s  a re not  i nv o l ved i n  accumu l at i on and  wh i c h 

s upports the hypothe s i s that e q u i l i bri um parti t i on i ng i s  re spon s i b l e  for 

b i oaccumu l a t i on o f  chem i c a l  re s i due s .  However , l i ve m i dge accumul ated 

HCB  at  a rate approx i mate l y  twi ce  that of  dead mi dge . The d i spar i ty i n  

HCB  accumu l a t i on i n  l i ve and  dead m i dge i s  probab l y  the res u l t of  b i ­

o l og i ca l  act i v i ty ( i . e . , c i rc u l a tory sy stem ) , wh i c h fac i l i tated the par-



132 

t i t i on i ng  p r oc e s s  by i n c rea s i n g  m i dg e  exposu re to HCB and ma i nta i n i ng a 

HCB concen t rat i on grad i ent  between  the mi dge and  i t s  s urround i n g s .  

Tempe rature d i d  not have a s i g n i fi cant i n f l uence  o n  the steady- state 

HCB  concentrat i on i n  m i dg e . Howeve r ,  at h i gher  temperature s , the  rate of 

HCB  accumu l at i on was g reater than at  l ower temperature s .  D i f fe rence s i n  

the  rates of  bi oaccumu l at i on w i th temperature were exp l a i ned  by the cor­

re l at i on o f  m i dge  phy s i o l og i ca l  p roce s s e s  a nd  temperature , rather than  

the  res u l t of  decrea sed H CB sorpt i on to  s ed i men t .  E l evat i on  of  phy s i o­

l og i ca l  a ct i v i ty wi t h  i nc rea s i n g  temperature fac i l i tated e q u i l i b ri um 

part i t i on i ng .  

Dep u rat i on  o f  HCB wa s a s l ow p roce s s  a nd  appea rs to be the re s u l t 

of  e q u i l i b r i um parti t i on i n g .  Aq ua t i c orga n i sms we re u n ab l e to excrete 

accumu l ated HCB  due  to the extreme l i po p h i l i c i ty of  the compound  and  i t s  

stabi l i ty wh i c h p reven t s  bi odegradat i on .  The nature o f  the  e n v i ronmen t  

i n f l uenced t he rate o f  HCB depurat i on ;  howeve r ,  a s  e v i den ced by the l ong  

b i o l og i ca ha l f- l i fe ,  HCB contami n a ted orga n i sms wi l l  never be f ree  of 

accumu l ated re s i due s . 

Both d i eta ry and  sedi ment sources  o f  HCB  exposure were i mp o rtant  to 

the  accumu l at i on of  HCB  i n  mosq u i tof i sh ;  b i oaccumu l at i o n  f rom the two HCB  

s o u rces  wa s add i t i ve a nd  app rox i mate l y  eq ua l . The add i t i ve accumu l at i o n  

from d i eta ry a nd  s ed i me n t  exposures  i nd i cate s that  b i oaccumu l a t i on i s  

dose-depende n t  a n d  the  re s u l t o f  e q u i l i br i um part i t i on i n g .  Mos q u i tof i sh 

d i etary accumu l a t i o n  ef f i c i e n c i e s  ran ged from 27 . 3  to  59 . 9% over  a 46 d ay s  

expo sure p er i od .  The dec re a s e  i n  d i etary accumu l at i o n  e f f i c i e n cy wi t h  

t i me i nd i cates  that  eq u i l i br i um HCB concentrat i o n s  were be i ng approached 
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and  supports the conc l u s i on t hat p a rt i t i on i n g proc e s s e s  a re respon s i b l e 

for the b i omag n i f i cat i on o f  HCB . 
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8 . 0  CONCLUS I ONS 

The data obta i n ed i n  t h i s i n vest i gat i on p rov i de s  i mporta n t  i n fo rma­

t i on  on  the b i oava i l ab i l i ty of sed i ment-sorbed hydrophob i c  orga n i c  com­

pound s . T h i s i n format i on contri butes to a g rowi ng body of knowl edge 

concern i ng the fate of  env i ronmenta l contam i nants , and i dent i f i e s  the 

i n f l uence that ab i ot i c  and b i ot i c  factors b i oaccumu l at i o n  i n  natura l en­

v i ronments . 

are : 

The genera l con c l u s i on s  that can  be drawn f rom th i s i n vesti gat i on 

( 1 )  A wi de ra nge of  aquat i c  organ i sm s  a re i nvo l ved i n  the 

mob i l i zat i o n  of sedi me nt- sorbed hexa c h l o robi phenyl  ( HCB ) . 

( 2 )  The phy s i c a l  proce s s  of eq u i l i br i um part i t i o n i n g i s  re­

spon s i b l e for b i oaccumu l a t i o n  of HCB . Howeve r ,  e q u i l i bri um 

parti ti o n i ng  of HCB i s  fac i l i tated by b i o l o g i c a l  act i v i ty .  

( 3 )  The bi oava i l ab i l i ty of  sed i me nt-sorbed HCB i s  i nverse l y  

re l ated to the organ i c  content and  the surface a rea o f  the 

sed i ment . 

( 4 ) B i oaccumu l at i on of  HCB i s  proport i ona l to  the sed i ment  

conce ntrat i on . 

( 5 )  Temperature may a ffect t he rate of  HCB upta ke by b i ota ; 

however , steady-state HCB concentrat i on s  are not a ffected by 

temperature . 

( 6 )  Depurat i on o f  HCB i s  the re su l t  of e q u i l i br i um pa rti ti on­

i ng ,  a nd  i s  a s l ow p roce s s  due to the ext reme l i pophi l i c i ty of  
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HCB . Once contam i nated wi th HCB , aquati c org a n i sms  wi l l  reta i n 

HCB  re s i dues  t h ro u g hout  the i r l i ve s . 

( 7 )  HCB  accumul at i o n  f rom di etary sourc e s  wa s add i t i v e to  ac­

cumu l at i o n f rom env i ron me n t a l  source s . 
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Ta b l e A- 1 .  Mean  wat er  HCB con centra t i o n s  dur i ng  the · e xper i menta l 
expo sure o f  bacte r i a  to natura l  sed i me n t  i n i t i a l l y  
c o n t am i nated wi th 54 . 5  �g 1 4C -HCB/g . 

Expo s u re Wat e r  HCB  
p e r i od c o n c e n t ra t i o n 

Treatment ( m i n )  n ( �g/1 ) 

Bac ter i a 1 4 0 . 39 ( 0 . 1 3 )
a 

1 5  3 0 . 60 ( 0 . 46 )  

1 20 3 1 .  20 ( 1 .  38 ) 

1 440 3 0 . 79 ( 0 . 25 )  

2880 4 0 . 2 1 ( 0 . 07 )  

C o n t ro l  1 3 2 . 23 ( 1 . 0 4 )  
( no bacter i a )  

1 5  2 1 . 93 ( 0 . 82 )  

1 20 2 0 . 36 ( 0 . 04 )  

1 440 3 1 .  9 6  ( 1 .  64 )  

2880 3 0 . 26 ( 0 . 3 1 )  

a Standard dev i at i on 

1 54 
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Ta b l e  A-2 . Mean wa ter HCB con cent rat i on s  d u ri n g  t h e  expe r i men t a l  
expo s u re of mi dge to n a t u ra l  sed i men t ,  oxi d i zed s ed i me n t , 
kao l i n i te ,  and sand , e a c h  i n i t i a l l y  con tami n a te d  wi t h  
1 AJ g  1 4C-HCB/ g .  

Expo s u r e  Wat e r  H C B  
M i dge p e r i o d c o n c e n t ra t i o n  

S ub st r a te p r e s e n t  ( day s )  n ( J..lg/ 1 ) 

Natura l ye s 3 3 1 . 1 0 ( 0 . 42 )
a 

sed i me n t  
n o  3 5 0 . 1 9 ( 0 .  09 ).  

no 6 5 0 . 1 4 ( 0 . 0 1 )  

n o  9 5 0 . 1 7 ( 0 . 0 1 )  

Ox i d i z e d  y e s  3 3 2 . 28 ( 0 . 39 ) 
s ed i me n t  

n o  3 5 0 . 66 ( 0 . 06 )  

n o  6 5 0 . 50 ( 0 . 02 )  

n o  9 5 0 . 67 ( 0 . 02 )  

Ka o l i n i te ye s 3 3 1 . 80 ( 0 . 49 )  

n o  3 5 0 . 80 ( 0 . 0 4 )  

n o  6 5 0 . 81 ( 0 . 1 1 )  

n o  9 5 0 . 8 1 ( 0 . 1 0 )  

S a nd ye s 3 3 1 .  7 1  ( 0 . 5 1 )  

n o  3 5 1 . 07 ( 0 . 0 3 )  

n o  6 5 1 .  2 1  ( 0 . 0 5 )  

n o  9 5 0 . 60 ( 0 . 05 )  

a 
S t a n da rd d e v i a t i o n  
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Tabl e A-3 .  Mean wa ter HCB concen trat i ons duri n g  expe r i menta l exposu re 
to natura l  sed i ment i n i t i a l ly  contami nated wi th 0 . 03 ,  0 . 1 3 ,  
1 . 03 , and 1 0 . 03 u g  HCB/ g �  and oxi di zed s ed i ment  i n i t i a l l y  
contami nated wi th 1 . 03 � g  HCB / g .  

Sedi ment  Exposure Wate r HCB 
HCB Fi s h  per i od concen t rat i on 

Sed i ment (.u g/ g ) p resent ( days ) (.ug/ 1 ) 

Natura l  0 . 03 yes 12 0 . 1 6  ( 0 . 0 1 ) a 

0 . 0 3 yes 2 3  0 . 18  ( 0 . 0 1 )  
0 . 03 yes 3 5  0 . 1 6  ( 0 . 0 1 )  
0 . 03 yes 46 0 . 18  ( 0 . 0 1 )  
0 . 03 yes 57 0 . 1 7  ( 0. 0 1 ) 

Natura l  0 . 13  yes 12 0. 2 0  ( 0 . 00 )  
0 . 13  yes 2 3  0 . 18  ( 0 . 01 )  
0 . 1 3  yes 3 5  0 . 14  �0 . 02 )  
0 . 1 3  yes 46 0 . 1 7  0 . 02 )  
0 . 13 yes 57 0 . 20 ( 0 . 02 )  

Natura l  1 .  03 yes 12 0 . 44 ( 0 . 1 1 )  
1 . 03 yes 2 3  0 . 42 ( 0 . 02 )  
1 . 03 yes 3 5  0 . 39  ( 0 . 0 1 )  
1 . 03 yes 46 0 . 38 { 0 . 02 )  
1 .  03 yes 5 7  0 . 40  ( 0 . 01 )  

Nat u ra 1 1 . 03 n o  1 2  0 . 3 1  ( 0 . 1 0 )  
1 .  03 n o  2 3  0 . 3 9  ( 0 . 06 )  
1 .  03 n o  3 5  0 . 30 ( 0 . 1 8 )  
1 . 03 n o  46 0 . 3 3  ( 0 . 00 )  
1 .  03  no  57  0 . 30  ( 0 . 14 )  

Natural  1 0 . 03 yes 12 2 . 62 ( 0 . 34 )  
1 0 . 03  yes  23  2 . 48 ( 0 . 31 ) 
10 . 03 yes  35  2 . 09 �0 . 06 )  
1 0 . 03 yes 46 3 . 14 0 .  1 5 )  
1 0 . 03 yes  57  3 . 7 5  ( a .  6 7 )  

Oxi d i zed 1 . 03 yes 12 1 .  25  ( 0 . 02 )  
1 .  03 yes 2 3  1 . 18 ( 0. 03 )  
1 .  0 3  yes 35 2 . 37 ( 0 . 02 )  
1 .  03 yes 46 1. 7 7  ( 0 . 3 9 )  
1 . 03 yes 57 1 . 49 ( 0 . 1 3 )  

a Standard d ev i at i on 
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Ta bl e A- 4 .  T-te s t  compa ri s ons of  mean mi dge HCB  accumu l at i on rate s 
duri n g  the  i n i t i a l  24  hou rs exposu re to n atural  s ed i men t , 
ox i d i z ed sed i ment , s and , kaol i n i te ,  and  mon tmori l l on i te ,  
each  i n i t i a l l y contami nated wi t h  1 �g  1 4C- HCB/ g .  

Ca l cu l ated 
Compa ri son Vari ance df t-va l ue 

tiatu ra 1 sedi ment vs equa l  8 . 0  10 . 2 1  * 
Oxi d i z ed sed i ment  

Natural  sedi ment v s  equa l  9 . 0  12 . 63  * 
Sand  

Natura l s ed i ment vs u nequ a l  4 . 1 1 1 . 1 3  * 
Kao l i n i te 

Natural  sed i ment vs  equ a l  10 . 0 7 .  77 * 
Mon tmor i l l on i te 

Ox i d i zed s ed i ment  vs  equ a l  9 . 0 4 . 3 6  * 
Sand 

Ox i d i zed s ed i ment vs uneq ua l  4 . 1 9 . 57  * 
Kao l i n i te 

Ox i d i z ed sed i ment v s  unequa l  7 . 5 3 . 76 * 
�1ontmor i  1 1  o n i  te 

Sand vs unequa l  4 . 2 8 . 7 6  * 
Kao l i n i te 

Sand vs  equa l  1 1 . 0 1 . oo ris 
f4ontmori  1 1  on i te 

Ka o l i n i te vs unequa l  4 . 6 B .  2 1  * 
r1ontmor i l 1 on i te 

NS n o t  s i g n i f i ca n t  at  a =  0 . 05 

* s i g n i f i ca nt  



Tab l e  A-5 . T-te st  compar i son s o f  mean  HCB  c o nc e ntrat i on s  o f  
m i dge  re su l t i ng from 1 2 0  hou rs  expos ure t o  n a t u ra l  
sed i me n t , o x i d i zed sed i ment , s a nd , ka o l i n i te ,  and  
mon tmor i l l on i te ,  each  i n i t i a l l y  contam i n a ted wi t h  
1 lJ 9  14C-HCB/g . 

Ca l c u l a ted 
C ompa r i son  Va r i a nce  df  t-va l ue 

Natura l sed i me n t  v s  
O x i d i zed sed i ment e q u a l  10 . 0  1 2 . 3 1 * 

Natura l sed i me n t  v s  
S a n d  uneq ua l 3 . 1 8 . 93 * 

Natura l sed i me n t  v s  
Kao l i n i te u n e q u a l  5 . 4  2 1 . 12 * 

Natura l sed i me n t  v s  
Montmo r i l l on i te equa l 9 . 0  24 . 67 * 

Ox i d i zed sed i ment  v s  
S a n d  eq ua 1 9 . 0  3 . 87 * 

O x i d i zed sed i me n t  vs  
Kaol i n i te equa l  1 1 . 0  1 2 . 87 * 

Ox i d i zed sed i ment  v s  
Mon tmori l l on i te e q ua l 1 1 . 0  0 . 06 NS 

Sand v s  
Kaol i n i te e q ua l 8 . 0  5 . 48 * 

Sand  v s  
Montmori l l on i te u nequa l 3 . 2  4 . 1 2  * 

Kao l i n i te v s  
Mon tmo r i l l on i te u n e q u a l  5 . 5  1 3 . 39 * 

N S  n o t  s i g n i f i ca n t  a t  a = 0 . 05 

* s i g n i f i c a n t  
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Tabl e A- 6 .  T-tes t compa r i s on s of mea n  m i dge HCB a c cumu l a t i on 
r a t e s  d u r i n g  t he i n i t i a l 2 4  hou rs e x p o s u re to f i ve 
s ed i me n t s  v a ry i n g  i n  o rg a n i c  conten t , e a c h  i n i t i a l l y  
contami n a ted wi t h  1 � g  1 4C-HCB/g ( s ed i men t s  we re : 
( a )  n a t u ra l ; ( b )  n a t u ra l - humi c ( 3 : 1 ) ; ( c )  n a t u ra l ­
h umi c ( 1 : 1 ) ;  ( d )  n a t u ra l - humi c ( 1 : 3 ) ; a n d  ( e )  h u m i c ) . 

C a l cu l a ted 
Compa r i s o n  Va r i a n c e  d f  t-va l ue 

a v s  b e q u a  1 8 . 0  8 . 09 * 

a v s  c e q u a l 8 . 0  1 0 . 57 * 

a v s  d e q u a l  8 . 0  9 . 1 0 * 

a v s  e e q u a l  8 . 0  1 0 . 99 * 

b v s  c e q u a l  8 . 0  2 . 57 * 

b v s  d e q u a l  8 . 0  2 .  5 1  * 

b v s  e e q u a l  8 . 0  4 . 94 * 

c v s  d e q u a  1 8 . 0  0 . 96 NS 

c vs e e q u « l  8 . 0  3 . 66 * 

d v s  e e q u a l  8 . 0  2 . 0 3 * 

NS n o t  s i g n i f i c a n t  a t  c = 0 . 05 

* s i g n i f i c a n t  
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Tabl e A-7 . T-t e s t  compari so n s  of  mean  m i dge HCB  concentra t i o n s  
re s u l t i ng from 9 6  hours  expo s u re t o  f i ve sed i me n t s  
vary i n g  i n  orga n i c  conte n t , each  i n i t i a l l y  contam i n ated 
w i th 1 �g 1 4C-HCB/g ( sed i me n t s  were : ( a )  n atura l ; 
( b )  n atura l - h um i c ( 3 : 1 ) ;  ( c )  n atura l - h um i c ( 1 : 1 ) ;  ( d )  
n atura l - h um i c  ( 1 : 3 ) ;  and  ( e )  humi c ) . 

C a l c u l ated 
Compar i s o n  Va r i a n ce d f  t-v a l ue 

a v s  b , equa  1 6 . 0  7 . 76 * 

a v s  c e q u a l  6 . 0  6 . 89 * 

a v s  d equa l 7 . 0  1 0 . 85 * 

a v s  e e q u a l  6 . 0  9 . 65 * 

b v s  c e q u a l  6 . 0  0 . 1 6 NS 

b v s  d e q u a l  7 . 0  3 . 38 * 

b v s  e equa l 6 . 0  3 . 05 * 

c v s  d e q u a l  7 . 0  2 . 16 NS 

c vs e equa1  6 . 0  1 . 87 NS 

d v s  e e q u a l  7 . 0  0 . 18 NS 

N S  n ot s i g n i f i c a n t  at a = 0 . 05 

* s i g n i f i ca n t  

1 6 0  
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Tab l e A-8 . T-te st  compa r i so n s  of me a n  mos q u i tof i sh  HCB c o n cen t rat i o n s  
re s u l t i ng from f i ve days  expo s u re t o  n atura l  sed i me n t ,  
o x i di zed s e d i me n t , sand , and ka o l i n i te ,  each  i n i t i a l ly 
contami nated wi th 1 �g 14C-HCB/g . 

C a l c u l ated 
Compar i son  Va r i a n c e s  d f  t-va l ue 

Natu r a l  sed i me n t  
v s  u n e q u a l  5 . 0  7 . 77 * 

Ox i d i zed sed i ment  

Natu r a l  sed i me n t  
v s  u n e q u a  1 5 . 0  5 . 38 * 

Sand  

Natu r a l  sed i me n t  
v s  u neq u a l  5 . 3  23 . 44 * 

Kao l i n i te 

Ox i d i zed sed i me n t  
v s  e q ua l 1 0 . 0  1 .  5 4  NS 

Sand 

Ox i d i zed  sed i ment  
v s  u nequa l 5 . 7 1 .  5 1  NS 

Kao l i n i te 

Sand  
vs  u n e q u a l  5 . 6  0 . 6 1  NS 

Kao l i n i te 

NS not s i gn i f i ca n t  a t  a = 0 . 05 

* s i g n i f i ca n t  
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Ta b l e  A-9 .  T-te st compa ri son s of mean mo squ i tofi sh  HCB con centra t i on s 
resu l t i ng from 1 5  days expos ure to n atura l  sedi ment ,  
o x i d i zed sedi ment , kaol i n i te ,  and s an d ,  each i n i t i a l l y  
contami nated wi th 1 �9 14C-HCB/ g .  

Ca l cu l ated 
Compa r i son  Var i a n c e s  d f  t-va l ue 

Natura l s ed i ment  
v s  u n e q ua l 5 . 1  10 . 1 7  * 

O x i d i zed  sed i me n t  

Natura l sed i me n t  
v s  u n eq u a l  5 . 1 1 7 . 57 * 

Kao 1 i n i te 

Natura l  s ed i me n t  
v s  u n eq u a l  5 . 1  1 0 . 66 * 

S a nd 

Ox i d i zed  sed i me n t  
v s  eq u a l  10 . 0  2 . 41 * 

Kao l i n i te 

O x i d i zed  sed i men t 
v s  eq ua 1 10 . 0  1 . 24 NS 

S a n d  

Kao l i n i te 
v s  eq ua 1 1 0 . 0  4 . 19 * 

S a n d  

NS  not  s i g n i f i cant  at a = 0 . 05 

* s i g n i f i ca n t  
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Tabl e A- 10.  T-tes t compa ri s on s  o f  mean mi dge H CB concentrat i on s  res u l t i n g  
from 2 4  h o u rs exposure to n atural an d oxi di zed sed i ment , 
each i ni ti a l l y con tami nated wi th 1 ,  3 ,  and 6 �9 14C-HCB/g.  

C a l c u l ated 
Compari son Vari ance  df t-va l ue 

Natur a l  s ed i ment 

1pg v s  3pg equal  8 9 . 05 .,. 

·3pg vs  6pg e'q u a l  8 8 . 3 1  .,. 

Ox i d i ze d  sedi ment 

1 pg v s  3pg e q u a l  8 5 . 9 1  .,. 

3pg vs  6pg equal  8 2 . 21 NS 

Natural  sed i me n t  
v s  

Ox i d i zed s ed i me n t  

1pg v s  1 pg eq·ua 1 .. 8 0 . 23 NS 

3pg v s  3pg e q ual 8 0 . 18 NS 

6pg v s  6}.1g e q u a l  8 0 . 3 3 NS 

NS n ot s i g n i f i ca n t  at a = 0 . 05 

'" s i g n i f i cant  
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Tabl e  A- 1 1 .  T-te s t  compari son s of mean mi dge HCB concentrati on s  res u l t i ng 
from 192 hours expos u re to natural  and oxi di zed sed i me n t , 
each i n i t i a l l y  con tami nated wi th 1 ,  3 ,  and 6 �g 1 4 C-HCB/ g .  

C a l cu l a ted 
Compari son V a r i ance d f  t-v a l ue 

Natural  sedi ment 

1ll9 v s  3llg u n eq u a l  8 . 4  1 2 . 20 "' 

3J,Ig v s  6llg e q ua 1 14 . 0  1 1 . 87 * 

Oxi d i zed sed i me n t  

1ll9 v s  3ll9 e q u a l  8 . 0  6 . 15 "' 

3J,Ig vs 6llg equa l 8 . 0  8 . 40 "' 

Natural  sedi ment 
vs 

Ox i d i zed s edi ment 

1ll9 v s  lllg e q u a l  8 . 0  14 . 59 "' 

3ll9 vs 3ll9 uneq ual  7 . 3  15 . 38 * 

6ll9 v s  6ll9 unequal  2 . 0 5 . 46 * 

* s i g n i fi ca n t  a t  a = 0 . 05 
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Tabl e A- 12. T-test compari sons of mean mosqui tofi sh HCB concentra t i ons 
res u l t i ng from 12 days exposure t o  n at u r a l  s ed i me n t  i n i ti a l l y 
con t ami nate d  wi th 0. 03 � 0 . 1 3 ,  1 . 03 ,  and 1 0 . 0 3  �g HCB/g .  

Cal cu l ated 
Compa ri son Var i ance df t-va l ue 

0. 03 vs 0 . 1 3 equal 8. 0 0.1 4  NS 

0. 13 vs 1. 03 unequal  4. 6 5 . 33 * 

1.03 v s  1 0 . 03 equal  8. 0 5 . 33 * 

NS not s i gn i f i cant at a = 0 . 05 

* s i g n i fi cant 



166  

Ta b l e A- 1 3 .  T - t e s t  compa r i s o n s  o f  m e a n  mo s q u i to f i s h  HCB c o n c e n t ra t i o n s  
resu l t i n g from 57 days e x po s u re to n atura l sed i me n t  i n i t i a l l y  
con tami n ated w i t h  0. 03 ,  0 . 1 3 , 1 . 0 3 ,  a n d  10 . 03 �g HCB/g . 

C a l c u l ated 
Compa r i son  Var i a nce df t-va l ue 

0 . 03 v s  0 . 1 3 e q u a l  8 . 0  1 .  2 1  NS  

0 . 1 3 v s  1 .  0 3  eq ua 1 8 . 0  10 . 72 * 

1 .  0 3  v s  10 . 0 3  u nequa l  4 . 4  22 . 09 * 

NS not s i g n i f i ca n t  at a =  0 . 0 5 

* s i g n i f i c ant  



Tabl e A- 14.  T- tes t compari so n s  o f  mean bacteri a HCB concentrati on s  
res u l ti ng from 4 8  hours expo s u re o f  fou r  bacteri a l  
di l uti ons to natural sedime n t  i n i t i a l ly contam i n ated 
wi th 320 � g  14C-HCB/ g ( dry we i g h t  of bacter i a  
d i l ut i o ns were : ( a }  0 . 82 ;  ( b )  0 . 67 ; ( c )  0 . 44 ;  and 
( d )  0 . 34 mg/ml } • .  

Ca l cu l ated 
Comp a ri s on Vari ance d f  t-va l ue 

a v s  b equal  4 . 0  6 . 63 " 

a v s  c equal  4 . 0  9 . 33 * 
a v s  d equal  4 . 0  17 . 60 * 
b v s  c equal  4 . 0  6 . 46 * 
b v s  d equal  4 . 0  1 5 . 66 " 

c v s  d e q u a l  4 . 0  5 . 57 .,. 

* si gn i fi cant a t  a = 0 . 05 

167 
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Tab l e A-1 5 .  T-test  compar i so n s  of mea n bacte r i a HCB concentrat i o n s  
res u l t i n g from 2 hours  exposure of  l i v e bacteri a a n d  
bacteri a k i l l ed wi th  forma l dehyde a n d  mercur i c c h l ori de 
to natura l  sedi ment i n i t i a l l y  co ntam i n a ted w i th 71  �9 
14C-HCB/g . 

C a l c u l ated 
Compa r i so n Var i a n ce df  t-va l ue 

Forma l dehyde 
v s  equa l 4 2 . 40 NS 

L i ve 

Forma l dehyde 
v s  e q ua l  4 2 . 68 NS 

H g C 1
2 

HgC 1
2 v s  e q u a l  4 0 . 44  NS 

Li ve 

NS not  s i g n i f i c ant  at a = 0 . 05 
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Tab l e A- 16 .  T-test compa ri sons  of mean  bacte ri a  HCB  concentrati o n s  
resu l t i ng from 4 8  hou rs expo sure o f  l i ve  bacteri a and 
bacteri a ki l l ed wi th forma l dehyde and mercu ri c chl ori de 
to natura l sedi ment  i n i ti a l l y  con tami n a ted  wi th 7 1  � 9  
14C-HCB/g . 

C a l c u l a ted 
Compar i so n  Var i a nce  d f  t- v a l ue 

Forma l dehyde 
v s  equa l 4 4 . 03 * 

Li v e  

Forma l dehyde 
v s  e q ua l 4 5 . 1 7 * 

H g C 1 2 

H g C 1 2 
v s  equa l 4 2 . 93 * 

Li ve  

* s i g n i f i ca n t  a t  a = 0 . 05 



Tab l e  A- 1 7 .  T-test compa ri sons  o f  mean mi dge  HCB concentrat i on s  
res u l t i ng from 24  hou rs expos u re at  1 3 ,  20 , a n d  27 c C ,  
to n atu ral sediment i n i t i a l l y  con tami n ated wi t h  1 pg 
14C-HCB/ g .  

Ca l cu l ated 
Compa r i son  Var i a n c e  df  t- va l ue 

1 3° C  v s  20°C equa  1 9 2 . 20 NS  

l3°C  v s  27°C  equa l  1 0  5 . 81 "' 

20°C v s  27°C e q u a l  9 3 . 44 "' 

NS n o t  s i gn i f i ca n t  a t  a =  0 . 05 

"' s i gn i f i ca n t  

1 70 



Tab l e  A-18 .  T-test compa ri s on s  of me an m i dge HCB concen tra t i on s  
res u l t i ng from 120  hou rs expos u re at  1 3 , 2 0 , a n d  2 7° C ,  
to natura l  sedi ment i n i t i a l l y contami nated wi th 1 �g 
14C- HCB/g .  

C a l c u l ated 
Compar i son  Var i a nce d f  t-va l ue 

13°C V S  20°C e q tJ a  l 6 1 .  88 NS  

1 3°C v s  2 7°C e q u a l  1 0  1 .  0 1  N S  

20°C v s  27°C e q u a l  12  0 . 75 NS 

NS  not s i g n i f i c a n t  at a =  0 . 05 

1 7 1  
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Tab l e A- 1 9 .  T-test compari son s  o f  mean mi dge HCB depurati on rates 
du ri ng  the i n i t i a l 24  hours cl earance phase i n  the p resence 
of  natura l o r  oxi d i zed sed i ment ,  o r  wi t hout sedi ment .  

Ca l cu l ated 
Compa r i son  Var i a nce  d f  t-va l ue 

Nat u r a l  sed i me n t  
v s  eq ua 1 10 . 0  0 . 5 1 NS  

Ox i d i zed s e d i m e n t  

Natura l  sed i me n t  
v s  unequa l 5 . 7  1 .  2 1  N S  

Wi thout  sed i me n t  

Ox i d i z ed sed i me n t  
v s  e q u a l  10 . 0  0 . 99 N S  

Wi thout  sed i me n t  

NS  not  s i g n i f i c a n t  at  a =  0 . 05 



Tabl e A-20 .  T-tes t compari son s o f  mean mi dge HCB depurat i on  rates 
duri ng  the l as t  24  hours o f  a 72 h ou rs c l earance phase  
in  the p resen ce of  natura l  o r  oxi d i zed sed i me n t  o r  
wi thout s e d i ment .  

Ca l cu l ated 
Comp a r i s o n  V a r i a n c e s  d f  t-v a l u e  

N a t u ra l s e d i me n t  
v s  e q u a l  9 . 0  1 .  88 NS 

Ox i d i z e d  s ed i me n t  

N a tura l s e d i me n t  
v s  u n e q u a l  4 . 4  2 . 09 NS 

Wi t h o u t  s ed i me n t  

Ox i d i z e d  s ed i me n t  
v s  e q u a l  9 . 0 0 . 1 9 NS 

W i t h o u t  s e d i m e n t  

NS n ot s i gn i f i cant a t  a = 0 . 05 

1 7 3  
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Tab l e  A-2 1 .  T-tes t comp a ri sons of mo squ i tofi s h  HCB a ccumu l a t i on re su l t i ng 
from 12 day s  expos u re to : ( a )  natura l  sed i ment con t ami nated 
wi t h  1 N9 HCB/g ; ( b }  mi dge prey contami nated w i t h  3 . 84 ng/ g ; 
( c )  natural  sed i ment when exposed to both con tami nated 
sed i ment a n d  mi dge ; and ( d )  mi dge prey when expo sed to both 
contami nated sediment and m i dg e .  

Cal cul ated 
Compari son Vari ance df t-va l ue 

a vs b unequal  4 . 5  1 .  6 1  NS 

a V S  C e q u a l  8 . 0  0 . 5 2 NS 

a vs  d e q u a l  8 . 0  0 . 0 1 NS 

b V S  C equal  i . O  2 . 55 * 

b v s  d e q u a l  8 . 0  3 . 82 * 

c v s  d e q u a  1 8 . 0  1 . 11 NS 

NS not s i g n i f i c a n t  at a =  0 . 0 5 

* s i g n i f i c a n t 
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Tabl e A-22 . T-test compari sons o f  mosqu i tofi s h  HCB a ccumu l a t i on res u l t i ng 
from 46 days expos ure to : ( a )  n a tura l  s ed i ment con tam i n ated 
wi t h  1 �g HCB/g ; ( b )  mi dg e  prey con tami nated wi th 3 . 84 n g / g ; 
( c )  n a tura l s ed i ment when exposed to both contami n a t e d  
s ed i ment a n d  mi dge ; and  ( d )  mi dge  prey w h e n  e x p o s e d  to both 
contami nated s ed i me n t  and m i dge . 

Ca l cu l ated 
Compari s o n  Va ri a n c e  d f  t-va l ue 

a vs b uneq ua l 4 . 7  2 . 92 * 

a v s  c e q u a l  8 . 0  0 . 8 1  N S  

a vs d e q u a l  8 . 0  2 . 5 0 * 

b vs c unequa l 4 . 1  2 . 1 6 N S  

b vs d e q u a l  8 . 0  0 . 07 N S  

c v s  d uneq ua l 4 . 6  2 . 07 N S  

N S  n o t  s i g n i fi c a n t  a t  a = 0 . 05 

* s i g n i f i ca n t  
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