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INTRODUCTION

Cesium-137 i s  one o f  th e  ra d io n u c lid e s  produced in  f a i r  abun­

dance by th e  f i s s io n  p ro c e s s . S ince i t  has a h a l f - l i f e  o f 30.5 

y e a rs , em its  b e ta  and gamma r a d ia t io n  upon decay, and i s  a  b io lo g i­

c a l ly  a c t iv e  elem ent, i t  i s  one o f  th e  more im portan t f i s s io n  

b y -p ro d u c ts . N uclear g e n e ra tin g  f a c i l i t i e s  a re  u s ing  th e  f i s s io n  

p ro cess  to  g en e ra te  e l e c t r i c i t y .  These f a c i l i t i e s  a re  lo c a te d  

n e a r  w ate r which i s  used fo r  co o lin g  p u rp o ses . A lso, they  a re  

lo c a te d  in  p o p u la ted  a re a s  where o rg an ic  enrichm ent of th e  a q u a tic  

ecosystem  and, co n seq u en tly , t u b i f i c i d s  a re  most common. E ff lu e n ts  

from th e se  p la n ts  may co n ta in  ^ -^C s, ŵ ic h  may f in d  t h e i r  way to  

th e  t u b i f i c i d  worms. The accum ulation  and r e te n t io n  o f  137^3 by 

L im nodrilus h o f fm e is te r i  has nev er been s tu d ie d .

Because cesium and po tassium  a re  bo th  chem ica lly  and physio ­

lo g ic a l ly  s im i la r  (Bryan, 1963; Davis and F o s te r ,  1958; D avis, 1961 

and K om berg, 1960 and 1961), i t  i s  accum ulated  in  l iv in g  organism s 

and may be passed  along  in  food c h a in s . One a q u a t ic  food chain  

has been s tu d ie d  w ith  o th e r  is o to p e s  (W hitten and Goodnight,

1967) and went from b a c t e r ia  to  t u b i f i c i d s  to  f i s h .  In  t h i s  food 

ch a in , th e  worms p lay ed  a  key r o le .  S trom berg and Goodnight (1971) 

found th a t  t u b i f i c i d  worms accum ulated more Phosphorous-32 when 

E sc h e ric h ia  c o l i  were p re s e n t because  th e  b a c te r ia  accum ulated 

th e  iso to p e  and th e  worms fed  upon them. They a lso  s tu d ie d  th e  

e f f e c t  o f tem p era tu re  on th e  accum ula tion  p ro c e ss . They found th a t

1
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2

an in c re a s e  in  th e  r a t e  o f  accum ula tion  o ccu rred  w ith  h ig h e r  

te m p era tu res , b u t e q u ilib r iu m  c o n c e n tra tio n  o f 32p was n o t a f f e c te d  

w ith  th e  h ig h e r te m p e ra tu re .

This s tudy  i s  an in v e s t ig a t io n  o f some ex p erim en ta l c o n d itio n s  

and th e i r  in f lu e n c e  on th e  accum ulation  and r e te n t io n  of ^ ^ C s  

Lim nodrilus h o f f m e is te r i . The c o n d itio n s  s tu d ie d  in c lu d e  s o lu tio n s  

w ith  and w ith o u t p o ta s s iu m ,so lu tio n s  a t  10°C and 20°C, and s o lu tio n s  

w ith  and w ith o u t E. c o l i .
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LITERATURE REVIEW

B iology o f  T u b if ic id  Worms

These sm a ll a n n e lid  worms range in  s iz e  from 2 m ill im e te rs  in  

le n g th  when h a tch ed  to  4-15 m illim e te rs  when f u l ly  grown. T heir 

l i f e  cy c le  i s  u s u a lly  two y e a r s .  Kennedy (1966a) used  th re e  

g roupings to  c h a ra c te r iz e  th e  age o f  L im nodrilus worms: 1. immature

worms; no p e n is  s h e a th , 2. m ature worms; p en is  sh e a th  p re s e n t ,

3. b re e d in g  worms; sperm atophores p r e s e n t .  H is s tu d ie s  suggest 

th a t  th e s e  worms m atured from s ix  months to  two y e a rs  and would 

b reed  in  th e  f i r s t  and second y e a r  o f l i f e .  Most worms d ied  a f t e r  

b re e d in g  w h ile  some re tu rn e d  to  an immature s ta g e ,  m atured and 

b red  a g a in . The most r e l i a b l e  c h a r a c t e r i s t i c  o f  th e  worm used fo r  

taxonom ic purposes i s  th e  d i s t a l  end of th e  p en is  s h e a th . In 

L im nodrilus h o f fm e is te r i  th e  p e n is  sh e a th  i s  trum pet shaped 

(Kennedy, 1969a), and can be observed  sim ply  by s l i d e  m ounting.

These worms o ccu r in  la k e s ,  r iv e r s  and stream s th roughou t 

th e  w orld . B rin k h u rs t (1960) d e sc r ib e d  18 sp e c ie s  from B r i ta in .

Some 45 s p e c ie s  have been  id e n t i f i e d  in  N orth America by B rink­

h u r s t  (1965). Finogenova (1970) has p re se n te d  in fo rm a tio n  con­

c e rn in g  th e  d i s t r i b u t io n  o f th e se  worms in  th e  S o v ie t re g io n  of 

o f th e  Danube and o th e r  w a te r  b o d ie s . A new genus and sp e c ie s  

h as  been  d e sc rib e d  by Cook (1970) from th e  A n ta r t ic a .
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Ecology o f th e  Worms

High d e n s i t ie s  o f  tu b i f i c id s  occur in  r iv e r s  and lak es  

re c e iv in g  sewage or o th e r  o rg an ic  enrichm ent (B rin k h u rs t, 1965,

1966a, 1966b, 1970; Goodnight and W hitley , 1963). P o p u la tio n  

d e n s i t ie s  o f  over a m ill io n  p e r  square  m eter have been re p o rte d  

in  h e a v ily  p o llu te d  w a te rs  (B rin k h u rs t and Kennedy, 1965;

B rin k h u rs t, 1970). W hitten (1966) s t a t e d  th a t  th e se  worms can 

make up to  80% o f  th e  biom ass in  o rg a n ic a lly  p o l lu te d  a re a s .  The 

o ccurrence o f  la rg e  numbers o f  tu b i f i c i d s  in  p o l lu te d  w ate rs  i s  

u su a lly  a t t r i b u t e d  to  th e  r e s p ir a to r y  anatomy (Palm er, 1966) and 

physio logy  o f  th e  worms e n a b lin g  them to  o p e ra te  a t  very  low 

oxygen te n s io n s  and even an ae ro b ic  c o n d itio n s  (Kennedy, 1966b; 

and D ales, 1963). Because o f  th e se  extrem e env ironm enta l c o n d itio n s , 

n a tu r a l  enemies such as le e c h e s , f i s h  and some t r i c l a d  sp e c ie s  

cannot e x i s t ;  co n seq u en tly , th e  t u b i f i c i d  p o p u la tio n s  in c re a se  

u n c o n tro lle d .

In a d d i t io n  to  p re d a tio n  and r e s p i r a t io n  a d a p tio n , th e se  

a n n e lid s  have been found to  have some s p e c ie s - s p e c i f ic  c h a r a c te r i s ­

t i c s .  B rin k h u rs t (1964) conducted an experim ent in  which he fed  

b a c te r ia  to  th e  worm. The b a c t e r ia  had been i s o la te d  from worm- 

in h a b ite d  sed im ents and from th e  worms th em selv es . A fte r  a  one 

week d ig e s tio n  p e r io d , on ly  one b a c te r ia  cou ld  b e  found in  th e  

media and g u t. The su rv iv in g  s p e c ie s  was d i f f e r e n t  f o r  each worm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This su g g es ted  to  th e  experim en to r a d if fe re n c e  in  d ig e s t iv e  

enzymes in  th e  sp e c ie s  s tu d ie d .

A s tudy  on th e  d e fe c a tio n  r a t e  o f th re e  t u b i f i c id  sp e c ie s  

by Appleby and B rin k h u rs t (1970) showed th a t  th e  m etabo lic  r a te  

was e f f e c te d  by tem p era tu re  and th e  e f f e c t  d i f f e r e d  from sp e c ie s  

to  s p e c ie s .  Data o b ta in ed  from s tu d ie s  by Berg, Janasson and 

Ockelman (1962), Aston (1968), and Palm er (1968) on fo u r 

d i f f e r e n t  tu b i f ic id s  in d ic a te d  d i f f e r e n t  r a te s  o f oxygen consump­

t io n  under s im i la r  c o n d itio n s .

These s tu d ie s  in d ic a te  sp e c ie s  s p e c i f i c  p h y s io lo g ic a l 

d if fe re n c e s  which seem to  be r e la te d  to  th e  d is t r ib u t io n  and 

n ic h e  th e  worms occupy (B rin k h u rs t, p e rso n a l com m unication).

L im nodrilus h o f fm e is te r i  and T u b ifix  tu b i f ix  have been shown 

to  be r e s i s t a n t  to  such p o l lu ta n ts  as le a d , z in c  and sodium 

p en tach lo ro p h en a te  a t  le v e ls  where o th e r  organism s were k i l l e d  

(Goodnight and W hitley , 1963). A s tudy  conducted by Fowler and 

Goodnight (1962) on th e  r e s p i r a t io n  o f  tu b i f ix  showed th a t  

one p a r t  p e r  m ill io n  (ppm) o f sodium p en tach lo rophena te  and copper 

su lp h a te  produce s ig n i f i c a n t  changes in  th e  worms' r e s p i r a t io n  

w ith o u t d is tu rb in g  th e  b eh av io r o f th e  worms. Aston (1973) has 

w r i t t e n  th e  most re c e n t a r t i c l e  concern ing  tu b i f i c i d  worms and 

p o l lu t io n  s t r e s s in g  th e  a b i l i t y  o f  th e  worms to  r e s i s t  d e le te r io u s  

chem icals p re se n t in  some a q u a tic  environm ents.

Cesium-137

137The im portance o f  Radiocesium  (Cesium-137 and Cs) in  th e
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environm ent has only  re c e n tly  been r e a l iz e d  (D avis, 1961). There 

i s  a  h igh  y ie ld  o f ^^^Cesium during  th e  f i s s io n  r e a c t io n .  Cesium- 

137 h a l f - l i f e  i s  about 30 y e a rs  and upon decay produces a  gamma 

ray  of 0 .662 M.E.V. and b e ta  p a r t i c l e s  o f 0 .514 and 1 .8  M .E .V ..

In  a d d i t io n ,  -^^Cs i s  bo th  chem ically  and p h y s io lo g ic a l ly  s im ila r  

to  po tassium  (D avis, 1961).

The s in g le  most im portan t sou rce  o f  ^ ^ C s  f roin t h e f i s s io n  

bomb. In c re a s in g ly  more im p o rtan t i s  th e  use o f f i s s io n  re a c to r s

to  g en e ra te  e l e c t r i c i t y .  E ff lu e n ts  from th e se  p la n ts  may c o n ta in  

137 Cs. These p la n ts  a re  b e in g  lo c a te d  n e a r  p o p u la ted  a re a s  where 

o rg an ic  p o l lu t io n  and tu b i f i c id s  a re  most common. The I n te r n a t io n a l  

J o in t  Commission on th e  P o llu t io n  of Lake E r ie ,  Lake O n tario  and 

the I n te r n a t io n a l  S ec tio n  o f the  S t. Lawerence R iver (Cam pbell, 

1969a, 1969b, 1969c; and Heeney and H erton , 1970) have c i t e d  

n u c le a r  r e a c to r s ,  w aste  p ro c e ss in g  p la n ts ,  in d u s try ,  m edicine and 

re se a rc h  as f iv e  main so u rces  o f r a d io a c t iv e  su b stan ces  b e in g  

dumped in to  th e se  w aterw ays. T u b if ic id  d i s t r i b u t io n  has been 

shown to  be c o r r e la te d  w ith  m u n ic ip a l i t ie s ,  r e a c to r s  and in d u s t r i a l  

s i t e s  (B rin k h u rs t, H am ilton, and H errin g to n , 1968; B r in k h u rs t,

1970; H iltu n e n , 1969). In  a  s tudy  on Lake E r ie ,  Lerman and 

Taniguchi (1971) have shown th a t  90% o f  th e  -*--^Cs was "so rbed" 

on the f i r s t  9-11 cen tim e te rs  o f sed im en t. T u b if ic id  worms occupy 

th i s  la y e r  o f sed im ents (B rin k h u rs t, 1960).

Because o f th e  p h y s ic a l and chem ical s i m i l a r i t i e s  between 

■^-^Cs and p o tassium , t h e i r  p h y s io lo g ic a l  a c tio n s  a re  s im i la r .  

Komberg (1960, 1961) p o in te d  o u t th a t  th e se  s i m i l a r i t i e s  should
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n o t be overdrawn because  b io lo g ic a l  p ro c e sse s  do n o t d is c r im in a te  

betw een th e se  two elem ents in  a c o n s ta n t and p r e d ic ta b le  manner.

The s im i l i tu d e  between th e se  two e lem ents was recogn ized  

as f a r  back as 1882 when R inger compared th e  e f f e c t s  o f  po tassium , 

rubid ium  and cesium  on fro g  h e a r t  a c t io n .  In  an experim en t,

Loeb (1921) found th a t  s e a  u rc h in  eggs re q u ire d  po tassium  to  

develop in to  th e  f re e  l i v in g  b la s t u la  s ta g e  and th a t  th e  po tassium  

requ irem en t cou ld  be re p la c e d  by cesium . Davis (1961) d iscu ssed  

th e  r e la t io n s h ip s  between cesium  and p o tassium  in  organism s. 

Potassium  and cesium  were absorbed  from th e  r a t  g a s t r o in te s t i n a l  

t r a c t  and a d e f ic ie n c y  o f po tassium  in c re a s e d  th e  ab so rp tio n  

and decreased  th e  e l im in a tio n  o f  cesium . The re v e rse  was a lso  

t r u e  in  th a t  an in c re a se  in  po tassium  io n s  d ecreased  th e  absorp­

t io n  and in c re a se d  th e  e x c re tio n  o f cesium . Bryan (1963) s tu d ie d  

th e  accum ula tion  o f -^^Cs i n b ra c k ish  w a te r in v e r te b r a te s  in  

r e l a t i o n  to  th e  r e g u la t io n  o f  po tassium . In 0.01% seaw ate r, 

he found th a t  po tassium  c o n c e n tra tio n s  in c re a s e d , b u t under s im i la r  

c o n d itio n s , cesium c o n c e n tra tio n s  in c re a se d  to  h ig h e r  c o n c e n tra tio n s  

th an  th o se  o f  po tassium . In  1963 B ryan’ s s tu d y  on th e  accum ulation 

o f  Cs in  s e v e ra l  decapod c ru s ta c e a n s  showed a s e le c t iv e  

e x c re tio n  o f -*-37Qg i n r e l a t io n  to  th a t  o f po tassium . In th e se  

s p e c ie s ,  body s u rfa c e  a re a  was more im p o rtan t in  th e  accum ulation  

and lo s s  o f  po tassium , w h ile  th e  amount o f  m uscle t i s s u e  seemed to  

be th e  l im i t in g  f a c to r  in  th e  accum ula tion  and lo s s  of cesium .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tubificid Accumulation Studies

The accum ulation  and r e te n t io n  o f Calcium -45 by th e  t u b i f i c i d  

worm, B h iz o d rilu s  lim a su s , were s tu d ie d  by Tomiyama, Kobayashi and 

Is h io  (1965a, 1965b). Calcium-45 was tak en  up from s o lu t io n  and 

an e q u ilib r iu m  was reached  in  a  10-15 hour p e r io d . When s ta b le  

calc ium  io n  c o n c e n tra tio n  o f  th e  m edia was e q u a l to  th e  ra d io ­

is o to p e , Calcium-45 was e lim in a te d  a t  th e  same r a te  a t  which i t  was 

abso rbed . H igher c o n c e n tra tio n s  o f  s ta b l e  ca lc ium  in c re a se d  th e  

r a t e  o f  e x c re tio n  w h ile  low er c o n c e n tra tio n s  slow ed th e  r a te  o f  

e x c re t io n .  They a ls o  showed th a t  EDTA, a c h e la t in g  a g e n t, reduced 

th e  accum ulation  o f  C alcium -45, b u t in  some c a se s  th e  calcium  s a l t  

o f  EDTA was abso rbed  by th e  worms.

W hitten  (1966, d o c to ra l d i s s e r ta t io n )  s tu d ie d  th e  accumula­

t io n  o f  e ig h t  ra d io n u c lid e s  by L im nodrilus worms. C oncen tra tion  

f a c to r s  were determ ined  f o r  b o th  th e  s ta b l e  elem ent and i t s  r a d io ­

is o to p e . These methods were in  good agreem ent in  most c a se s .

Where d if f e re n c e s  o c c u rre d , the  s ta b l e  elem ent a n a ly s is  was 

h ig h e r  and was b e lie v e d  to  be  th e  r e s u l t  o f  in co m p le te  e q u ilib r iu m  

between th e  s t a b l e  is o to p e  and th e  r a d io is o to p e  d u rin g  th e  t e s t  

p e r io d . W hitten and Goodnight (1967) found t h a t  the  c o n c e n tra tio n  

f a c to r s  fo r  S tro n tiu m -89 and Calcium-45 were dependent upon th e  

s ta b l e  ca lc ium  c o n c e n tra tio n  o f th e  mediums. A n e a r  l i n e a r  reduc­

t io n  in  th e  accum ula tion  o f th e  ra d io is o to p e  was observed  when th e  

s ta b le  ca lc ium  io n  c o n c e n tra tio n  in c re a s e d  o v e r th e  range  o f  

c o n c e n tra tio n s  te s t e d .  The com parative b e h a v io r  o f S trontium -89
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and Calcium-45 was a lso  s tu d ie d  (W hitten and G oodnight, 1967). A 

d is c r im in a tio n  a g a in s t  S tron tium  was found and i t  d ecreased  when 

th e  Calcium io n  c o n c e n tra tio n  o f  th e  medium was in c re a se d .

The e f f e c t  o f  tem p era tu re  on th e  accum ulation  o f  Phosphorous- 

32 by L im nodrilus worms was s tu d ie d  by Strom berg and Goodnight 

(1971). An in c re a s e  in  th e  r a te  o f  accum ula tion  o ccu rred  w ith  

h ig h e r  tem p era tu re s  b u t th e re  was no c le a r  in d ic a t io n  o f  a change 

in  th e  e q u ilib r iu m  c o n c e n tra tio n s  o f Phosphorous-32 w ith  th e  

h ig h e r  te m p era tu re .

The e f f e c t  o f  tem p era tu re  may be a more in v o lv ed  r e la t io n s h ip  

on th e  c o n c e n tra tio n  o f  ra d io is o to p e s  under n a tu r a l  c o n d itio n s .

The e f f e c t  i s  p robab ly  on th e  r a t e  o f  b io lo g ic a l  p ro c e sse s  (Davis 

and F o s te r ,  1958). During co ld  w ea th e r f i s h  in  Columbia consumed 

le s s  p la n t  food and, co n seq u en tly , l e s s  r a d io a c t iv i ty .  A s im i la r  

s i t u a t io n  a p p lie s  to  in s e c t s ,  c ru s ta c e a n s  and m ollusks (P o lik a rp o v , 

1966). Dormant s ta g e s  o f in s e c t s  co n ta in ed  l e s s  r a d io a c t iv i ty  

th a n  a c t iv e ly  feed in g  s ta g e s  (D avis and F o s te r ,  1958). G laser (1961) 

conducted an in v e s t ig a t io n  to  s tu d y  th e  e f f e c t s  o f  tem p era tu re  on 

th e  c o n c e n tra tio n  f a c to r s  o f  Iod ine-131  fo r  D ru ssen s ia  polym orpha.

The d if fe re n c e  between 3°C and 20°C was a  r a t i o  o f  1 :4 .  There 

was no s t a t i s t i c a l  s ig n if ic a n c e  betw een 3°C and 13°C. P la ic e  

f ry  s tu d ie d  by Boroughs, Chipman and Rice (1957) showed a d ecrease  

in  th e  amount o f  S trontium -89 c o n c e n tra tio n  a t  low er te m p e ra tu re s . 

Only a t h i r d  o f  th e  amount co n c e n tra te d  a t  20°C was co n ce n tra te d  

a t  10°C. L i t t l e  has been p u b lish e d  on th e  e f f e c t s  o f  tem p era tu re  

on th e  accum ula tion  and r e te n t io n  o f  th e  r a d io is o to p e s .
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T ra n s fe r  o f  R ad io iso topes in  Simple Food Chains

W hitten  and Goodnight (1967) conducted s tu d ie s  on th e  accumu­

l a t i o n  o f  rad iophosphorous by L im nodrilus worms from a .01% Knops 

s o lu t io n ,  b a c t e r i a  and sed im en ts. These worms accum ulated more 

phosphorous from la b e le d  E sc h e ric h ia  c o l i  than  from Knops so lu ­

t io n  o r  sed im en ts . I t  was thought th a t  th e  b a c te r ia  changed th e  

in o rg a n ic  phosphate  to  a more a v a i la b le  o rg an ic  form fo r  th e  worms.

Strom berg and Goodnight (1971) s tu d ie d  th e  t r a n s f e r  o f Phos- 

phorous-32  from E. c o l i  and Chlamydomas pyreno idosa to  L im nodrilus 

worms. T h e ir  d a ta  in d ic a te d  th a t  th e  worms accum ulated more 

Phosphorous-32 in  th e  p resence  o f E_. c o l i  th an  from th e  a lg a e . The 

b a c t e r i a  and a lg ae  competed w ith  th e  worms fo r  Phosphorous-32 as 

th e  worms in g e s te d  them. This paradox was ex p la in ed  in  th e  f in d in g  

th a t  th e se  worms d id  no t have an endogenous c e l lu la s e  and could 

n o t d ig e s t  th e  c e l l u l i t i c  c e l l  w a ll to  absorb  th e  bound ra d io -  

phosphorous .

Once th e  is o to p e  i s  accum ulated by th e  worm, i t  i s  then  a v a i l ­

a b le  to  p re d a to rs  o f  th e  worms. W h itte n 's  d o c to ra l d i s s e r ta t io n  

showed th a t  Phosphorous-32 would be t r a n s f e r r e d  to  f is h  through 

la b e le d  s lu d g e  worms. A lthough tu b i f i c i d  worms a re  seldom  id e n t i ­

f ie d  in  th e  stomach o f  f i s h ,  Kennedy (1969b) has shown th a t  dace, 

L euc iscus le u c is c u s , feed  upon t u b i f i c i d  worms. O ther p re d a to rs  

o f  th e se  worms in c lu d e  f is h  l i k e  P ro c la d iu s , Cryptochoronomus and 

A can thorcyclops, as w e ll  as many le e c h e s  and some t r i c l a d  sp ec ie s
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(B rin k h u rs t, 1964). S ince th e re  a re  many p re d a to rs  o f  t u b i f i c i d  

worms, iso to p e s  co n c e n tra te d  by them cou ld  be p assed  along  in  

food chains and c o n tr ib u te  s ig n i f i c a n t l y  to  th e  con tam ination  

o f  o th e r  l iv in g  organism s.
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METHODS AND MATERIALS

For c l a r i t y ,  th i s  p o r t io n  o f th e  paper has been d iv id ed  

in to  seven  s e c t io n s .  These s e c tio n s  a r e :  1. Methods o f  C u ltu re ,

2. Accum ulation P ro ced u res , 3. R e ten tio n  P rocedu res , 4 . Competi­

t io n  E xperim ents, 5. Tem perature E xperim ents, 6. E. c o l i  E xperi­

m ents, 7. S t a t i s t i c a l  Methods.

Methods o f  C u ltu re

The worms used in  a l l  experim ents were o b ta in ed  from th e  

Kalamazoo R iver about 300 m eters downstream from th e  Kalamazoo 

sewage tre a tm e n t p la n t .  D uring th e  cou rse  o f  e x p e rim en ta tio n , 

th re e  c o l le c t io n s  were made. At th e  c o l le c t in g  s i t e ,  d ip  n e ts  

were used to  c o l le c t  s u b s t r a te  c o n ta in in g  th e  worms. The sub­

s t r a t e  was r in s e d  w ith  r i v e r  w a te r  u n t i l  most o f  th e  sm all s e d i­

ments were washed away. This c o n c e n tra te d  mass o f  sed im en ts and 

worms was p la ced  in  a g a llo n  c o n ta in e r ,  f i l l e d  w ith  r i v e r  w ate r 

and t r a n s p o r te d  to  th e  la b o ra to ry .

Three o r  fo u r g a llo n  c o n ta in e rs  were f i l l e d  d u ring  a  c o l le c ­

t io n .  The mass o f sed im ents and worms was tr a n s p o r te d  to  th e  

la b o ra to ry  where each g a llo n  c o n ta in e r  was em ptied in to  r e c ta n g u la r  

shaped a q u a r ia ; s u b s t r a ta  was covered w ith  w a te r . The a q u a r ia  were 

covered w ith  aluminum f o i l  and were allow ed to  s i t  u n d is tu rb e d  

o v e rn ig h t. In  th e  m orning, la rg e  b a l l s  o f  worms cou ld  be removed 

e a s i ly  from th e  c o m e rs  o f  th e  a q u a r ia .  This m ig ra tio n  and clumping

in  th e  c o m e rs  o f  th e  a q u a ria  w ere thought to  be due to  p e u t r i f i -
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c a t io n , overcrow ding and oxygen d e p le t io n  o f  th e  environm ent.

These clumps o f  worms w ere p la ced  in  la rg e  f in g e r  howls con­

ta in in g  0.01% Knops s o lu t io n  and s to r e d  a t  10°C. This was con­

s id e re d  th e  s to c k  supply  o f worms. S o lu tio n s  were changed d a ily  

and worms were n o t k e p t fo r  more th a n  th r e e  weeks in  t h i s  manner.

These c o l le c t io n s  o f  worms w ere found to  co n ta in  approxim ately  

40% L_. h o f f m e is t e r i . The rem ainder o f th e  sam ple c o n s is te d  m ostly  

o f T ubifex  tu b i f e x  and immature worms. The immature worms could 

be  s e p a ra te d  from th e  T_. tu b i f e x  and L. h o f fm e is te r i  because o f th e  

d if f e re n c e  in  s iz e .  T. tu b i f e x  and L. h o f fm e is te r i  were i n i t i a l l y  

se p a ra te d  by observ in g  s e ta e  under a d is s e c t in g  scope . The T̂  

tu b i f e x  has long  h a i r  s e ta e  w h ile  th e  L. h o f fm e is te r i  has sh o r t 

s e ta e  (B rin k h u rs t, 1960). In a d d i t io n  to  th e  s e ta e  c h a r a c te r i s t i c s  

m ature L_. h o f fm e is te r i  w ere about tw ice  th e  s iz e  o f  T\ tu b ife x  

and were d a rk e r in  c o lo r .  The c o lo r  d if f e r e n c e  was observed to  

be i n t e s t i n a l  c o n te n t. Once s e p a ra t io n  was com plete , sam ples o f 

th e se  worms were c le a re d  w ith  Bouins f ix a t iv e  and observed  under 

a  m icroscope f o r  th e  trum pet shape p e n is  sh e a th  (B r in k h u rs t, 1960; 

Kennedy, 1969a). L a te r  in  tim e , L. h o f fm e is te r i  and tu b ife x  

cou ld  be s e p a ra te d  by o b se rv a tio n  o f s e ta e  and only  random sam ples 

o f  worms w ere s l i d e  mounted and observed .

The E sc h e r ic h ia  c o l i  c u l tu re  was o b ta in e d  from th e  B iology 

Departm ent a t  W estern M ichigan U n iv e rs ity . I t  was c u ltu re d  

acco rd in g  to  Gunnison and Goodnight (1971), and was h a rv e s te d  

in  0.01% Knops s o lu t io n .  Once th e  c e l l s  were resuspended , one 

m i l l i l i t e r  o f  th e  c u l tu re  was s e r i a l l y  d i lu te d  and p la te d  on T ry p ti
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case  Soy Agar (BBL). A v ia b le  count was o b ta in ed  and was 2 x  1 0 ^  

c e l ls /m l .

A ccum ulation Procedures

From th e  s to c k  c u l tu r e  o f  worms, groups o f  approx im ate ly  a 

hundred worms were p laced  in  s t e r i l e  f in g e r  bowls which had been 

p re v io u s ly  co a ted  w ith  D esicoate  (Beckman). This s o lu t io n  h e lp s  

p rev en t a d so rp tio n  o f ions to  th e  g la s s  s u r fa c e . One hundred 

ml o f s t e r i l e  0.01% Knops s o lu t io n  was added to  each f in g e r  bowl 

and each f in g e r  bowl was covered w ith  Saran Wrap to  p rev en t 

e v ap o ra tio n  o f th e  s o lu t io n  (W hitten , 1966). A rubberband was 

s tr e tc h e d  around th e  f in g e r  bowl to  ho ld  th e  wrap se c u re ly  in  p la c e . 

The media o f each f in g e r  bowl was changed d a i ly  to  p re v e n t fo u lin g . 

A fte r  one week o f a c c lim a tio n  to  ex p erim en ta l c o n d itio n s , 1 .0  

m ic ro cu rie  o f  Cesium-137 was added to  each bowl in  th e  100 ml of 

Knops s o lu t io n .  For th e  rem ainder o f th e  accu m u la tio n , th e  so lu ­

t io n s  were n o t changed. At th e  a p p ro p r ia te  sam pling  tim e , th e  

worms were removed from th e  r a d io a c t iv e  s o lu t io n ,  r in s e d  fo r  

one to  two m inutes in  a  c a r r i e r  Knops s o lu t io n  c o n ta in in g  50 mg 

o f Cesium C hlo ride  p e r  l i t e r  o f  Knops, and b lo t t e d  on a f i l t e r  

p ap er. Groups o f te n  worms were p la ced  in to  p re-w eighed  s c i n t i l l a ­

t io n  v ia l s  and weighed a g a in . Wet w eight o f th e  worms was o b ta in ed  

by th e  d if f e re n c e .  One ml o f  IN Sodium H ydroxide was added to  each 

o f  th e se  te n  v i a l s  and th e  v ia l s  w ere p la ced  in  a  50°C w ate r b a th  

fo r  fo u r h o u rs . A fte r  com plete d ig e s t io n ,  s u f f i c i e n t  BBS-2 a c id
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s o lu b i l i z e r  (Beckman) was added to  each v i a l  to  n e u t r a l iz e  th e  

d ig e s ta te .  A f te r  n e u t r a l i z a t io n  and c le a r in g  (20 m in u te s ) , 15 ml 

o f  th e  s c i n t i l l a t i o n  c o c k ta i l  was added to  each v i a l  and shaken 

v ig o ro u s ly . The c o c k ta i l  was composed o f fo u r grams of PPO,

150 mg POPOP brought to  1 ,000 m i l l i l i t e r s  w ith  s c i n t i l l a t i o n  grade 

to lu e n e . These sam ples were th en  counted on a Packard 3310 T r i-  

Carb L iqu id  S c in t i l l a t i o n  Spectrophotom eter fo r  a s u f f i c i e n t  period  

o f tim e so t h a t  coun ting  e r r o r  was le s s  than  5%. Sample counts 

were c o r re c te d  fo r  background, and h a l f - l i f e  and coun ting  e f f i c i ­

ency. Counting e f f ic ie n c y  was determ ined by bo th  in t e r n a l  and 

e x te rn a l  s ta n d a rd iz a t io n  methods (Chase and Rabinow itz, 1970).

The counts w ere conv erted  to  d is in te g r a t io n s  p e r m inute (DPM) per 

gram wet weigjht o f  worm by th e  form ula:

DPM p e r  a w et w e iah t = g r e e t e d count s  p e r  m inute
E% x wet w eight o f  sam ple.

The s tu d ie s  which w ere conducted a t  20°C had sam pling tim es 

a t  1 , 3 , 6, 12 , 24, 48, 72, and 96 hours f o r  bo th  accum ulation 

and r e te n t io n .  Experim ents a t  10°C were sampled le s s  f re q u e n tly .  

The sam pling tim es fo r  10°C s tu d ie s  were 6 , 12, 24, 48, 72, and 

96 hours fo r  accum ulation  and r e te n t io n .

R e ten tio n  P rocedures

The worms were i r r a d i a t e d  a t  th e  same tim e and in  th e  same 

manner as in  th e  u p take  experim en ts. A fte r  96 hours of exposure 

to  th e  ra d io a c t iv e  s o lu t io n ,  th e  worms were c a r e fu l ly  t r a n s f e r r e d  

to  f r e s h  s t e r i l e  Knops s o lu t io n .  Again th e  bowls were covered
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w ith  Saran Wrap and a  rubberband was s tr e tc h e d  around i t .  Samples 

o f worms were taken  a t  p re s c r ib e d  tim es and t r e a te d  as in  th e  same 

manner d e sc rib e d  in  th e  Accum ulation P rocedures.

C om petition Experim ents

The media used in  th e  po tassium  fre e  experim ent (Experim ent 1) 

was made from w a te r which had been d o u b le - d i s t i l le d .  The second 

d i s t i l l a t i o n  was in  g la s s .  The io n ic  s t r e n g th  o f  th e  media was 

m ain ta ined  by a d ju s t in g  th e  rem ain ing  io n s  in  th e  0.01% Knops 

s o lu t io n .  The media a ls o  co n ta in ed  20 m g / l i t e r  o f ch loram phenico l 

to  c o n tro l  m ic ro b io lo g ic a l con tam ina tion . The media th a t  con ta in ed  

two p a r t s  p e r  m il l io n  (ppm) o f po tassium  (Experim ents 2 -5) was 

made w ith  d o u b le - d i s t i l le d  w a te r  as was a l l  media used  in  th e se  

exp erim en ts . A gain, io n ic  s tre n g th  was m ain ta ined  by a d ju s t in g  th e  

rem ain ing  io n s  in  th e  s o lu t io n .  A ll o th e r  methods were id e n t i c a l  

to  th e  methods p re se n te d  in  th e  Accumulation and R e ten tio n  

P rocedures S e c tio n s .

Tem perature Experim ents

The methods fo r  th e  experim ents a t  10°C and 20°C (Experim ents 

4 and 5) were th e  same as in  th e  Accumulation and R e ten tio n  

P rocedures S e c tio n s . The media was io n ic a l ly  a d ju s te d , con ta in ed  

2 ppm o f  po tassium  and co n ta in ed  20 m g / l i te r  of ch lo ram phen ico l.

E_. c o l i  Experim ents

One ml o f  th e  b a c t e r i a l  c u l tu r e  was p ip e t te d  in to  each o f
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tw e n ty -e ig h t s t e r i l e  f in g e r  bow ls. N in e ty -n in e  ml o f th e  s t e r i l e  

i r r a d i a te d  Knops s o lu tio n  c o n ta in in g  2 ppm o f  po tassium  w ithou t 

ch loram phenico l was added to  each o f th e se  f in g e r  bow ls. Hie 

worms were th en  c a r e fu l ly  in tro d u ced  as in  th e  o th e r  s tu d ie s .

Both th e  10°C and 20°C accum ula tion  s tu d ie s  were conducted in  t h i s  

fa sh io n . Eh c o l i  were n o t added in  th e  r e te n t io n  s tu d ie s .  The 

rem ainder o f  th e se  s tu d ie s  was perform ed as p re v io u s ly  d esc rib e d  

in  th e  Accum ulation and R e ten tio n  Procedures S e c tio n s .

S t a t i s t i c a l  Methods

The ex p erim en ta l d a ta  were converted  to  DPM/gm wet w eight 

o f th e  worms (Appendices 1-10) and were encoded on IBM card s . 

Before curve f i t t i n g  and a n a ly se s , e lev en  p ie c e s  o f d a ta  were 

e lim in a te d  by th e  O u t l i e r 's  Test in  th e  Pharm acopeia o f th e  U nited 

S ta te s ,  1970. Hie s t a t i s t i c a l  an a ly se s  were perform ed u s in g  

computer programs prov ided  by th e  M athem atical S e rv ice s  U nit a t  

The Upjohn Company, P o rta g e , M ichigan.

A ccum ulation and r e te n t io n  curves were f i t  fo r  each e x p e r i­

ment u s in g  a  n o n - l in e a r  l e a s t  sq u ares  e s tim a tio n  program . The 

fo llo w in g  eq u a tio n  was assumed to  d e sc r ib e  th e  accum ulation  curves 

(W hitten and Goodnight, 1967). The eq u a tio n  was:

y = a ( l - e S t)

w here: y = DPM p e r  hour p e r  gm wet w eight o f worms (dependent 

v a r ia b le ) ;  a = asy m p to tic  v a lu e  o f  th e  cu rve; e  = th e  base o f th e  

n a tu r a l  lo g a rith m ; g = th e  r a te  c o n s ta n t i n  r e c ip ro c a l  hours as t  

i s  in  h o u rs , and t  = tim e in  hours (independen t v a r i a b l e ) . The
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e q u a tio n  assumed to  d e s c r ib e  th e  r e te n t io n  curves (W hitten and 

G oodnight, 1967) was th e  e x p re s s io n :

Bty = ae

The n o n - l in e a r  program  o b ta in e d  l e a s t  square  e s tim a te s  fo r  

th e  a and B param eters  f o r  each  accum ula tion  and r e te n t io n  cu rv e . 

N in e ty -f iv e  p e rc e n t co n fid en ce  in t e r v a l s  w ere a ls o  c a lc u la te d  

by th e  program  f o r  each o f  th e  p a ra m e te rs . The a p aram eter i s  

th e  asy m p to tic  v a lu e  f o r  th e  cu rv e . When an accum ulation  cu rve a t  

th e  end o f  th e  96-hour sam pling  p e r io d  was approx im ate ly  e q u a l to  

th e  a p a ram e te r , th e  accum ula tion  o f th e  is o to p e  was then  a t  

e q u ilib r iu m . The B p aram ete r i s  th e  r a t e  a t  which th e  is o to p e  

was accum ulated  o r  r e ta in e d  by th e  worms. The 95% con fidence  

in t e r v a ls  fo r  th e  a and B param ete rs  a re  compared to  de term ine  

s ig n i f i c a n t  d if f e re n c e s  betw een th e  accum ula tion  experim en ts and 

between th e  r e te n t io n  ex p erim en ts .

F igu re  4 g ra p h ic a l ly  d is p la y s  th e  95% confidence in t e r v a ls  

f o r  th e  a and 8 p a ram ete rs  f o r  th e  accum ula tion  ex p erim en ts , w h ile  

F igure  8 shows th e  same p a ram eters  and t h e i r  in t e r v a l s  f o r  th e  

r e te n t io n  ex p erim en ts . These r e c ta n g le s  which d e fin e  th e  in t e r v a l s  

a r e  th e  l a r g e s t  p o s s ib le  a re a s  th a t  th e  in t e r v a l s  could occupy. 

A c tu a lly , th e  t r u e  a re a  o f th e  combined in t e r v a l s  fo r  each e x p e r i­

ment i s  sm a lle r  and p ro b ab ly  co n ta in ed  in  th e  r e c ta n g le .  Thus, 

com parisons o f  th e se  a re a s  i s  a  c o n s e rv a tiv e  t e s t  fo r  s ig n i f i c a n t  

d if fe re n c e s  between ex p e rim e n ts . I f  th e  a re a s  do no t o v e r la p , th e  

experim ents a re  d i f f e r e n t .  O verlapp ing  o f  th e se  a re a s  in d ic a te s  

n o n - s ig n if ic a n t  d i f f e r e n c e s .
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R eten tio n  cu rves w ere developed u s in g  th e  96-hour accumula­

t io n  d a ta  as th e  zero  hour r e te n t io n  d a ta . I n i t i a l l y ,  th e re  were 

no d if f e re n c e s  between th e se  experim en ts  because they  were s t a r t e d  

a t  th e  same tim e and in  th e  same in c u b a to r . Samples were randomly 

removed f o r  th e  accum ula tion  s tu d y  and rem aining sam ples were 

used f o r  r e te n t io n .  C onsequently , 96-hour accum ulation sam ples 

were ze ro  hour r e te n t io n  sam ples.

The ex p erim en ta l d a ta  w ere co n v erted  to  n a tu ra l  lo g a rith m s 

b e fo re  a n a ly se s . The d a ta  were analyzed  by th re e  t e s t s .  U iese 

t e s t s  were B a r t l e t t ' s  t e s t  f o r  hom ogeneity o f v a r ia n c e s  (a  Chi- 

sq u a re  t e s t ) ,  a n a ly s is  o f  v a r ia n c e  (ANOVA) and Newman-Keuls t e s t .  

The B a r t l e t t ' s  t e s t  was used to  determ ine i f  sample v a r ia n c e s  were 

e q u a l. In  most in s ta n c e s ,  th e  B a r t l e t t ' s  t e s t  showed th a t  e x p e r i­

m ental v a r ia n c e s  w ere n o t e q u a l. Because sample s iz e s  fo r  each 

sam pling  tim e w ere sm all (<_ 10 , one sam ple = 20 ), and have long ­

t a i l e d  d i s t r i b u t io n s ,  p o s i t iv e  k u r to s i s ,  t h i s  t e s t  p robab ly  gave 

many r e s u l t s  o f  h e te ro g e n e ity  (Snedecor and Cochran, 1967). The 

r e s u l t s  o f t h i s  t e s t  shou ld  be viewed c a u tio u s ly . The a n a ly s is  

o f  v a r ia n c e  determ ined  i f  th e re  w ere any s ig n i f i c a n t  d if fe re n c e s  

between th e  ex p erim en ts . Once d if f e re n c e s  were shown, th e  Newman- 

Keuls t e s t  compared each ex p e rim en ta l mean fo r  s ig n i f i c a n t  

d i f f e r e n c e s .  This t e s t  was chosen b ecau se  i t  i s  capab le  o f 

com paring more th a n  two means and reduces th e  p r o b a b i l i ty  o f 

making a Type 1 e r r o r  to  f iv e  p e rc e n t f o r  a l l  com parisons made a t  

any one sam pling  tim e. These th re e  t e s t s  were perform ed on th e  

d a ta  f o r  each experim ent a t  ev ery  sam pling  tim e.
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The s ta n d a rd  e r r o r  o f th e  means was nev er g r e a te r  than  20%, 

and th e  r e l a t i v e  s ta n d a rd  d e v ia tio n  was always le s s  th an  5%. The 

le v e l  o f  s t a t i s t i c a l  s ig n if ic a n c e  th roughou t t h i s  in v e s t ig a t io n  

was 95%.

The curve f i t t i n g  p rov ided  in fo rm atio n  about th e  amount and 

r a te  o f  accum ula tion  by th e se  worms. I t  a lso  determ ined

e q u ilib r iu m  v a lu es  f o r  each c o n d itio n . Ihe t e s t s  compared th e  

amount o f  is o to p e  in  th e  worms fo r  each experim ent a t  th e  v a rio u s  

sam pling  tim es.
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RESULTS

This p o r tio n  of th e  pap er has been d iv id ed  in to  two s e c t io n s .  

The f i r s t  s e c tio n  re p o r ts  th e  d a ta  o f the  accum ulation  experim enta­

tio n s  and th e  second s e c tio n  r e p o r ts  th e  d a ta  o f th e  r e te n t io n  

experim ents. Each of th e se  s e c tio n s  i s  f u r th e r  d iv id ed  in to  

co m p etitio n , tem p era tu re  and JL c o l i  experim en ts.

A ccum ulation: Com petition Experim ents

The accum ulation  by th e  worms m ain ta ined  in  th e  po tassium  

f re e  Knops s o lu t io n  i s  shown in  F ig u re  1 (a ls o  see  Table 1 fo r  

experim en ta l c o n d it io n s ) .  Accumulation p roceeded  e x p o n e n tia lly  

and reached  e q u ilib r iu m  w ith in  96 h o u rs . In  th e  Knops s o lu t io n  

w ith  2 ppm po tassium , accum ulation  by th e  worms was a ls o  exponen­

t i a l ,  b u t d id  n o t reach  e q u ilib r iu m  during  th e  s tu d y . E q u ilib riu m  

was n o t ach ieved  because th e  accum ulation  curve a t  96 hours 

(F igure  2) was n o t equ a l to  th e  asym pto tic  v a lu e  o f th e  curve in  

Table 2. The e s tim a te s  fo r  th e  a and 3 p aram eters  and t h e i r  95% 

confidence in t e r v a l s  o f th e se  two experim ents a re  a lso  shown in  

Table 2. When th e  in te r v a l s  fo r  th e  a param eters  a re  compared, a 

s ig n i f i c a n t  d if fe re n c e  in  th e  amount o f  is o to p e  accum ulated r e s u l t s .  

Comparing th e  in t e r v a ls  fo r  th e  3 param eters  in d ic a te s  no s i g n i f i ­

ca n t d if fe re n c e s  in  th e  r a te s  o f accum ula tion . F igure 4 shows th a t  

th e se  experim ents a re  s ig n i f i c a n t ly  d i f f e r e n t .  The f a c t  th a t  th e  

amount o f  accum ulation  i s  s ig n i f i c a n t ly  d i f f e r e n t  was a lso  v e r i f i e d

21
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by th e  Newman-Keuls t e s t .  At every  sam pling tim e th e  amount o f 

137cs accum ulated  by th e  worms in  th e  po tassium  f r e e  s o lu t io n  was 

g r e a te r  than  th e  amount accum ulated by th e  worms in  th e  2 ppm 

s o lu t io n  (T ables 3 -1 1 ). The p resen ce  o f  th e  2 ppm po tassium  

reduced accum ulation  by some 3 .5  fo ld ,  a f fe c te d  e q u ilib r iu m , b u t 

d id  n o t s ig n i f i c a n t l y  a f f e c t  th e  r a t e  o f  accum ula tion .

A ccum ulation: Tem perature Experim ents

F igu re  2 shows th e  accum ulation  o f 137cs by th e  worms a t  

b o th  20°C and 10°C. The accum ulation  a t  20°C was c h a ra c te r iz e d  

by an e x p o n e n tia l curve w h ile  the  10°C accum ulation  proceeded 

alm ost l i n e a r ly .  E q u ilib riu m  was n o t a t ta in e d  by th e  worms a t  

e i t h e r  tem p era tu re  because accum ulation  curves a t  96 hours d id  

n o t e q u a l asym pto tic  v a lu es  o f th e  curves (F igure  2 , Table 2 ) .  

Because the  accum ulation  a t  10°C was n e a r ly  l i n e a r ,  th e  d a ta  

d id  n o t f i t  th e  eq u a tio n  fo r  accum ula tion , y = a ( l - e 3 t ) ,  because 

t h i s  eq u a tio n  assumes an e x p o n e n tia l and asym pto tic  c u rv e . 

C onsequently , th e re  i s  no 95% con fidence  in t e r v a l  fo r  th e  a p a ra ­

m eter f o r  t h i s  ex perim en t. The com parisons by th e  Newman-Keuls 

t e s t  show a  s ig n i f i c a n t  d if f e re n c e  between th e  amount o f  iso to p e  

accum ulated a t  20°C and 10°C a t  every  sam pling tim e (Tables 3 -1 1 ). 

The r a t e  o f accum ula tion  was s ig n i f i c a n t ly  reduced by th e  low er 

te m p era tu re . This can be seen  when th e  95% co n fidence  in te r v a l  

f o r  each  o f  th e  3 p aram eters  i s  compared in  Table 2 .
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Accumulation: E_. coli Experiments

The type  o f  accum ula tion  curves o b ta in ed  when E_. c o l i  were 

p re s e n t in  Knops s o lu t io n  i s  shown in  F ig u re  3. Hie two curves 

shown a re  th e  accum ula tions fo r  th e  worms a t  20°C and 10°C in  

th e  p resen ce  o f  E. c o l i . The accum ula tion  a t  20°C i s  e x p o n e n tia l 

and d id  n o t reach  e q u ilib r iu m  d u rin g  th e  s tu d y . This can be 

seen  when F igu re  3 and i t s  a sy m p to tic  v a lu e  in  Table 2 a re  

compared. This com parison shows th a t  they  a re  n o t eq u a l so 

e q u ilib r iu m  was n o t a t ta in e d .  Hie accum ula tion  a t  10°C was 

a ls o  e x p o n e n tia l and approached e q u ilib r iu m  a t  96 h o u rs . Accumu­

l a t i o n  i s  reduced when th e  E. c o l i  a re  p re s e n t  in  th e  Knops 

s o lu t io n ,  as seen  when F ig u res  2 and 3 and th e  asym pto tic  

v a lu es  f o r  each curve a re  compared (T able 2 ) .  This su g g es ts  

t h a t  th e  E. c o l i  competed w ith  th e  worms f o r  a v a i la b le  137cs>

Even though th e  95% con fidence  in t e r v a l s  f o r  th e  param eters  

a t  20°C o v e rla p  (F ig u re  4 ) ,  th e  g e n e ra l tr e n d  in  th e  curves 

appears to  be th a t  th e  worms accum ulated l e s s  1 3 7 ^  when Ê . c o l i  

were p re s e n t .  No com parison can be made o f th e  a p aram eters  a t  

10°C because a  95% con fidence  in t e r v a l  was n o t determ ined  f o r  th e  

10°C experim ent w ith o u t E_. c o l i . However, th e  r a t e  o f  accumula­

t io n  i s  more ra p id  a t  10°C when E. c o l i  a re  p re s e n t and e q u ilib r iu m  

was e s ta b l is h e d  so o n er. The amount o f  137^s accum ula tion  in  96 

hours a t  10°C was g r e a te r  in  th e  experim ent w ith o u t E. c o l i  th a n  

in  th e  E. c o l i  experim en t. A gain, t h i s  su g g e s ts  E. c o l i  competed
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1 ^7w ith  th e  worms fo r  a v a i la b le  Cs.

The Newman-Keuls t e s t  shows th a t  th e re  a re  some d if fe re n c e s  

between th e  20°C s o lu t io n s  w ith  and w ith o u t E. c o l i . Two d i f f e r ­

ences occu r a t  th e  one and th re e  hour sam ples (Tables 3 , 4 and 1 1 ).

The amount accum ulated a t  one and th re e  h ou rs was d i f f e r e n t ,  b u t 

as accum ulation  p roceeded , th e  curves approached each o th e r , 

r e s u l t in g  in  no s ig n i f i c a n t  d if fe re n c e s  a t  th e  6, 24, 48 and 

96 ho u r sam ples (T ab les 5 , 7, 9, 10 and 1 1 ). F igure 4 shows 

th a t  th e  95% co n fidence  in t e r v a ls  f o r  th e se  experim en ts overlap  

and conseq u en tly  a re  n o t s ig n i f i c a n t ly  d i f f e r e n t .

At 10°C, th e re  a re  no s t a t i s t i c a l l y  s ig n i f i c a n t  r e s u l t s  a t  

th e  v a r io u s  sampling tim es excep t a t  the  12 and 96 hour sam ples.

At 12 hours th e  accum ulation  in  th e  E. c o l i  s o lu t io n  i s  g re a te r  

th an  th e  s o lu t io n  w ith o u t IS. c o l i  (F ig u res  2 and 3 ) .  At 96 

hou rs  e q u ilib r iu m  was approached in  th e  E. c o l i  s o lu t io n  b u t accumu­

l a t i o n  in  the s o lu t io n  w ith o u t E. c o l i  was s t i l l  l i n e a r  and n o t 

a t  e q u ilib r iu m .
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FIGURE 1

Accumulation o f  Cesium-137 by L. h o f fm e is te r i  a t  20°C. The 

0.01% m odified  Knops s o lu tio n  co n ta in ed  chloram phenicol (20 mg/L) 

and was po tassium  f r e e  (Experim ent 1 ) .  P o in ts  a re  determ ined 

by th e  computer. Open c i r c l e s  a re  ex p erim en ta l mean v a lu e s .
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FIGURE 2

Accumulation o f  Cesium-137 by .L. h o f fm e is te r i  a t  20°C and 

10°C (Experiment 5 and 4, r e s p e c t iv e ly ) .  The 0.01% m odified  

Knops s o lu tio n  con ta in ed  ch loram phenicol (20 mg/L) and 2 ppm 

potassium . P o in ts  and s o l id  t r i a n g le s  a re  v a lu es  determ ined  by 

th e  com puter. Open c i r c l e s  and open t r i a n g le s  a re  ex p erim en ta l 

mean v a lu es .
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FIGURE 3

Accum ulation o f  Cesium-137 by I,, h o f fm e is te r i  a t  20°C and 

10°C (Experim ents 3 and 2, r e s p e c t iv e ly ) .  The 0.01% m odified  

Knops s o lu t io n  c o n ta in ed  E. c o l i  and 2 ppm p o tass ium . P o in ts  

and s o l id  t r i a n g le s  a re  va lu es  determ ined  by th e  com puter.

Open c i r c l e s  and open t r i a n g le s  a re  ex p erim en ta l mean v a lu e s .
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FIGURE 4

Graphic d isp la y  o f th e  95% confidence in t e r v a ls  fo r  th e  a 

and g p aram eters  fo r  each of th e  accum ulation experim en ts. E xperi­

ment 4 i s  n o t shown because 95% confidence in te r v a l s  fo r  th e  a 

param eter were n o t o b ta in ed . W ithin each re c ta n g le  i s  the  

number which d e sc r ib e s  th e  c o n d itio n s  o f  th e  experim ent (see  

Table 1, page 33).
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Table 1 . E xperim ental c o n d itio n s  f o r  th e  accum ula tion  of
Cesium-137 by L. h o f f m e i s t e r i . The number p re se n te d  
w ith  each c o n d itio n  co rresponds to  th a t  c o n d itio n  
th roughou t th e  s t a t i s t i c a l  a n a ly se s .

E xperim en tal C ondition  1:

E xperim ental C ond ition  2:

P o tassium  f r e e  0.01% m odified  Knops 
s o lu t io n  m a in ta in ed  a t  20°C and 
co n ta in ed  ch lo ram phen ico l.

2 ppm o f p o ta ss iu m  in  a 0.01% 
m odified  Knops s o lu t io n  m ain ta ined  
a t  10°C and c o n ta in e d  E. c o l i .

E xperim ental C ond ition  3: 2 ppm o f po tass iu m  in  a  0.01% 
m odified  Knops s o lu t io n  m ain ta ined  a t  
20°C and c o n ta in e d  E. c o l i .

E xperim ental C ond ition  4:

E xperim ental C ond ition  5:

2 ppm of p o ta ss iu m  in  a 0.01% modi­
f ie d  Knops s o lu t io n  m ain ta ined  a t  
10°C and co n ta in ed  ch lo ram phen ico l.

2 ppm o f po tass iu m  in  a 0.01% modi­
f ie d  Knops s o lu t io n  m ain ta in ed  a t  
20°C and co n ta in ed  ch loram phenico l.
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Table 2 . The a  and 8 p aram eters  f o r  each o f th e  accum ulation  
experim en ts  and th e i r  95% con fidence  in t e r v a l s ,  a = 
asy m p to tic  v a lu e  o f th e  curve ex p re ssed  in  dmp/gm, 
and 8 = r a t e  c o n s ta n t .  Param eters a re  in  ranked 
o rd e r .

Experim ent a param eter 95% con fidence  in t e r v a l

2 13,390 10,630 -  16,150

3 23,780 18,440 -  29,120

5 35,890 24,870 -  46,920

4 38,610 None

1 106,600 94,870 -  118,230

Experim ent 8 param eter 95% confidence  in t e r v a l

4 5 .090 x 10"3 4.660 -  5.526 x 10-3

5 1 .600  x 10-2 0.7202 -  2.481 x 10~2

3 1 .780  x 10-2 1.026 -  2.539 x 10_2

2 2.400 x 10~2 1.252 -  3.539 x 10-2

1 3 .710 x 10-2 2 .440  -  4.971 x 10_2
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Table 3. B a r t l e t t ’s  t e s t  fo r  homogenity o f  v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
one hour o f  ^ ^ C s  accum ulation  by L. h o f f m e is te r i . Also 
p re s e n te d  a re  the  mean, s ta n d a rd  d e v ia t io n ,  and sample 
s i z e  f o r  each experim ent a t  one h o u r .

B a r t l e t t ' s  t e s t  f o r  hom ogenity o f v a r ia n c e s  = 13.14*

ANOVA Table

Source DF SS MS F

Experim ents 2 38.94 19.47 117.3*

E rro r 25 4.148 0.1659

T o ta l 27 43.088

Newman-Keuls Test

S tandard  d e v ia t io n  o f
ex p e rim en ta l means = 0.1341 Degrees o f freedom = 25

Experim ent

3

5

Mean

6.359

7.766

3 5 

6.359 7.766 

1.407*

1

9.150

2.791*

1.384*

Experim ent Mean S tandard  D ev ia tion Sample S ize

1 9.150 0.2438 10

3 6.359 0.3675 10

5 7.766 0.5852 8

* S ig n if ic a n t  d if f e r e n c e s  a t  th e  95% le v e l  o f  co n fid en ce .
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Table 4. B a r t l e t t 's  t e s t  fo r  homogenity o f v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  of v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
th re e  hours o f  1 3 7 ^  accum ulation  by L. h o f fm e is te r i .
Also p re se n te d  a re  th e  mean, s tan d a rd  d e v ia tio n  and 
sample s iz e  fo r  each experim ent a t  th re e  h o u rs .

B a r t l e t t 's  t e s t  f o r  hom ogenity o f v a ria n c e s  -  18 .38*

ANOVA Table

Source DF SS MS F

Experim ents 2 24.01 12.01 107.6*

E rro r 27 3.013 0.1116

T o ta l 29 27.023

Newman-Keuls T est

S tandard  d e v ia tio n  o f
ex p erim en ta l means = 0.1056 Degrees o f freedom = 27

Experiment

3

5

Mean

7.525

7.948

3 5 

7.525 7.948 

0.423*

1

9.599

2.074*

1.651*

Experim ent Mean Standard  D eviation Sample S ize

1 9.599 0.1573 10

3 7.525 0.3339 10

5 7.948 0.4456 10

* S ig n if ic a n t d if fe re n c e s  a t  th e  95% le v e l  o f  confidence.
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Table 5. B a r t l e t t ' s  t e s t  fo r  hom ogenity o f  v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f  v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
s ix  hou rs  o f 137cs accum ula tion  by L. h o f f m e is te r i . Also 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s iz e  f o r  each experim ent a t  s i x  h o u rs .

B a r t l e t t ' s  t e s t  f o r  homogenity o f  v a r ia n c e s  = 23.94*

ANOVA Table

Source DF SS MS F

Experim ents 4 32.03 8.008 158.2*

E rro r 44 2.227 0.05065

T o ta l 48 34.257

Newman-Keuls T est

S tandard  d e v ia tio n  o f
ex p erim en ta l means = 0.0719 Degrees o f  freedom = 44

Experim ent

4 

2 

3

5

Mean

7.439

7.561

8.114

8.132

4 2 3 

7.439 7.561 8.114 

0.122 0 .675* 

0 .553*

5 1 

8.132 9.685 

0 .693* 2.246* 

0 .571* 2.124* 

0 .018  1.571* 

1.553*

Experim ent Mean S tandard  D ev ia tion Sample S ize

1 9.685 0.1190 10

2 7.561 0.1339 10

3 8.114 0.2902 10

4 7.439 0.2696 10

5 8.132 0.2563 9

* S ig n if ic a n t d if f e re n c e s  a t  th e  95% le v e l  o f  co n fid en ce .
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Table 6. B a r t l e t t ' s  t e s t  f o r  hom ogenity o f v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
tw elve hours o f  137£S accum ulation  by h o f f m e is te r i . 
A lso p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and 
sample s iz e  f o r  each experim ent a t  tw elve h o u rs .

B a r t l e t t 's t e s t  f o r  hom ogenity o f  v a r ia n c e s = 15.59*

Source DF

ANOVA T able 

SS MS F

Experim ents 4 49.27 12.32 220.6*

E rro r 45 2.513 0.05584

T o ta l 49 51.783

Newman-Keuls Test

S tandard  d e v ia tio n  of
ex p erim en ta l means = 0.0747 Degrees o f  freedom = 45

Experim ent

4 

2 

3

5

Mean

7.807

8.066

8.218

8.892

4 2 3 

7 .807 8.066 8.218 

0 .259* 0.411* 

0 .152

5 1 

8.892 10.56 

1.085* 2.75* 

0.826* 2 .49* 

0.674* 2 .34* 

1 .67*

Experim ent Mean S tandard  D ev ia tio n Sample S ize

1 10.56 0.1399 10

2 8.066 0.2775 10

3 8.218 0.2650 10

4 7.807 0.1660 10

5 8.892 0.2913 10

* S ig n if ic a n t  d if fe re n c e s  a t  th e  95% le v e l  o f co n fidence .
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Table 7. B a r t l e t t ' s  t e s t  f o r  hom ogenity o f  v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
24 h ou rs o f  137^3 accum ula tion  by L. h o f f m e is te r i . Also 
p re s e n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s i z e  fo r  each  experim ent a t  24 h o u rs .

B a r t l e t t ' s  t e s t  f o r  hom ogenity o f v a r ia n c e s  = 22.02*

ANOVA Table 

DF SS MS F

4 36.87 9.217 108.3*

45 3.830 0.8511

49 40.700

Newman-Keuls Test

S tandard  d e v ia t io n  o f
ex p e rim en ta l means = 0 .0923 Degrees o f  freedom = 45

Experim ent

4 

2 

3

5

Mean

8.490

8.550

9.008

9.236

4 2 3 

8 .490 8.500 9.008 

0.060 0.518* 

0.458*

5 1 

9.236 10.85 

0 .746* 2 .36* 

0.686* 2 .30* 

0.228 1 .84*  

1 .62*

Experim ent Mean S tandard  D ev ia tio n Sample S ize

1 10.85 0.3299 10

2 8.550 0.2451 10

3 9.008 0.3633 10

4 8.490 0.1251 10

5 9.236 0.3301 10

* S ig n if ic a n t  d if f e r e n c e s  a t  th e  95% le v e l  o f  co n fid en ce .

Source

Experim ents

E rro r

T o ta l
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Table 8. B a r t l e t t ' s  t e s t  fo r  homogenity of v a r ia n c e s  (C h i-siquare ), 
a n a ly s is  o f  v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
48 hours o f  1 3 7 accum ulation  by h o f f m e is te r i . A lso 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s iz e  fo r  each experim ent a t  48 h o u rs .

B a r t l e t t ' s  t e s t  f o r  hom ogenity o f v a r ia n c e s  = 18.64*

ANOVA Table

Source DF SS MS F

Experim ents 4 40.22 10. 05 95.70*

E rro r 45 4.727 0 . 1051

T o ta l 49 44.947

I 8 ■-Keuls Test

S tandard  d e v ia tio n  o f 
ex p erim en ta l means = 0.1025 Degrees o f  freedom = 45

Experim ent 4 2 3 5 1

Mean 8.985 9.047 9.455 9.694 11.44

4 8.985 0.062 0.470* 0.709* 2 .46*

2 9.047 0.408* 0.647* 2.39*

3 9.455 — 0.239* 1 .99*

5 9.694 — 1.75*

Experim ent Mean S tandard  D ev ia tion Sample S ize

1 11.44 0.1876 10

2 9.047 0.4248 10

3 9.455 0.4093 10

4 8.985 0.2994 10

5 9.694 0.2290 10

* S ig n if ic a n t  d if f e re n c e s  a t  th e  95% le v e l  o f  con fidence .
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Table 9. B a r t l e t t ' s  t e s t  fo r  homogenity o f v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f  v a ria n ce  (ANOVA) and Newman-Keuls t e s t  fo r  
72 hours o f  137Qq accum ulation  by L. h o f fm e is te r i .  Also 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s iz e  fo r  each experim ent a t  12_ h o u rs .

B a r t l e t t ' s  t e s t  fo r  homogenity o f v a r ia n c e s  = 18.06*

ANOVA Table

Source DF SS MS F

Experim ents 4 35.01 8.752 155.1*

E rro r 43 2.427 .05643

T o ta l 47 37.437

Newman--Keuls Test

S tandard  d e v ia tio n  of
experim en ta l means = 0.0768 Degrees o f  freedom = 43

Experim ent 4 2 3 5 1

Mean 9.225 9.365 9.671 10.21 11.62

4 9.225 — 0.140 0.446* 0.987* 2.39*

2 9.365 — 0.356* 0.847* 2.25*

3 9.671 — — 0.539* 1.95*

5 10.21 — — — 1.40*

Experiment Mean Standard D ev ia tion Sample S ize

1 11.62 0.3556 9

2 9.365 0.2210 10

3 9.671 0.1630 9

4 9.225 0.1507 10

5 10.21 0.2491 10

* S ig n if ic a n t d if fe re n c e s  a t  th e  95% le v e l  o f  co n fidence .
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Table 10. B a r t l e t t ' s  t e s t  fo r  homogenity o f  v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f  v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
96 h ou rs o f  ^ ^ C s  accum ulation  by L. h o f f m e is te r i . A lso 
p re s e n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s i z e  fo r  each experim ent a t  96_ h o u rs .

B a r t l e t t ' s  t e s t  fo r  homogenity o f v a r ia n c e s  = 20.30*

ANOVA Table 

DF SS MS F

4 40.22 10.06 117.0*

54 4 .640 0.08592

58 44.860

Newman-Keuls Test

S tandard  d e v ia tio n  o f
ex p erim en ta l means = 0.0890 Degrees of freedom = 54

Experim ent 2 4 3 5 1

Mean 9.327 9.659 9.889 10.12 11.42

2 9 .327 - -  0 .332*  0.562* 0 .80* 2.09*

4 9.659 — — 0.230* 0 .46*  1 .76*

3 9.889 — — — 0.24* 1 .53*

5 10.12 - -  - -  - -  — 1 .30*

Experim ent Mean S tandard  D ev ia tion  Sample S ize

1 11.42 0.3218 20

2 9 .327 0.1508 10

3 9.889 0.2274 10

4 9.659 0.2598 9

5 10.12 0.4030 10

* S ig n if ic a n t  d if fe re n c e s  a t  th e  95% le v e l  o f  con fidence .

Source

Experim ents

E rro r

T o ta l
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Table 11. Summary o f  B a r t l e t t ’ s  t e s t  (C h i-sq u a re ) , a n a ly s is  of
v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  th e  accumu­
la t io n  experim en ts. S in d ic a te s  s ig n i f i c a n t  d i f f e r ­
ences a t  th e  95% le v e l  o f  confidence and NS in d i ­
c a te s  no s ig n i f i c a n t  d if fe re n c e s  a t  th e  same le v e l .

ACCUMULATION TIME IN HOURS

T est 1 3 6 12 24 48 72 96

C hi-Square S S S S S S S S

ANOVA S S S S S S S S

Newman-
Keuls

1 v s . 5 S S S S S S S S

4 v s . 5 - - S S S S S S

2 v s . 3 - - s NS S S S s

2 v s . 4 - - NS S NS NS NS s

3 v s . 5 S s NS S NS NS S NS
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Retention: Competition Experiments

R eten tio n  o f  -*-^̂ Cs by th e  worms in  p o ta ss iu m  f r e e  Knops 

s o lu t io n  i s  shown in  F ig u re  5 (a ls o  see  Table 12 f o r  e x p e r i­

m en tal c o n d it io n s ) .  During th e  ex p erim en t, r e te n t io n  was l in e a r
1 0 7

and th e  amount o f  J / Cs r e ta in e d  was 84%. This and th e  s lo p e  

in d ic a te  th a t  th e re  was v ery  l i t t l e  lo s s  o f  th e  is o to p e  under 

th e s e  ex p erim en ta l c o n d itio n s . F ig u re  6 shows th e  r e te n t io n  a t  

20°C when 2 ppm po tassium  was p re s e n t  in  th e  Knops s o lu t io n .  This 

r e te n t io n  showed a more ra p id  lo s s  o f th e  is o to p e  w ith  about 67% 

o f  th e  is o to p e  b e in g  r e ta in e d  d u rin g  th e  s tu d y . A com parison of 

th e  a p aram ete rs  fo r  th e se  r e te n t io n  cu rves in  Table 13 in d ic a te s  

s ig n i f i c a n t  d if fe re n c e s  a t  th e  95% le v e l  o f  co n fid e n ce . The 6 

p a ram eters  fo r  these experim en ts  were n o t s ig n i f i c a n t l y  d i f f e r e n t  

(T ab le  13 ). The Newman-Keuls t e s t  shows s ig n i f i c a n t  d if fe re n c e s  

betw een th e se  two experim ents a t  every  sam pling  tim e (T ables 14-22). 

F ig u re  8 f u r th e r  s u b s ta n t ia te s  th a t  th e se  two experim ents a re  

s ig n i f i c a n t l y  d i f f e r e n t  because  th e  95% i n t e r v a l s  fo r  th e  

p a ram ete rs  do n o t o v e rla p .

R e te n tio n : Tem perature Experim ents

The r e te n t io n  curves fo r  th e  20°C and 10 °C experim ents a re  

p re se n te d  in  F igu re  6 . Both cu rves a re  l i n e a r  and th e  r a te  o f  lo s s  

a t  20°C i s  g re a te r  th an  a t  10°C. About 67% of th e  is o to p e  was
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r e ta in e d  by th e  worms a t  20°C, w h ile  85% o f th e  amount p re s e n t 

a t  zero  tim e was p re s e n t a t  96 hours in  th e  10°C s tu d y . This 

in d ic a te s  th a t  th e  10°C r e te n t io n  o f  ^-^Cs was g r e a te r  than  

a t  20°C. The a p aram eters  a re  s ig n i f i c a n t l y  d i f f e r e n t  in  th e se  

two s tu d ie s  b u t th e  r a t e  p aram eters  a re  n o t (Table 1 3 ). The 

Newman-Keuls t e s t  showed s ig n i f i c a n t  d if fe re n c e s  in  th e  amount 

re ta in e d  (a param eter) a t  12 and 48 h o u rs , b u t a t  o th e r  sam pling 

tim es th e re  were no s ig n i f i c a n t  d if fe re n c e s  (Tables 14 -2 2 ). The 

graph o f th e  95% confidence in t e r v a l s  o f  th e  p aram eters  shows 

th a t  th e re  i s  a  s ig n i f i c a n t  d if fe re n c e  betw een th e se  two e x p e r i­

ments when b o th  p aram eters  a re  compared s im u ltan e o u sly  (F igure  8).

R e ten tio n : jE. c o l i  Experim ents

The r e te n t io n  o f by t he WOrms in  th e  20°C and 10°C w ith

E. c o l i  Knops s o lu t io n  i s  shown in  F ig u re  7. The 20°C curve 

in d ic a te s  a  r a p id  lo s s  o f  th e  is o to p e  w ith  about 50% b e in g  r e ta in e d  

a t  th e  end o f  th e  s tu d y . At 10°C th e  worms r e ta in e d  more o f th e  

is o to p e  w ith  about 87% rem ain ing  a t  96 h o u rs . There i s  no ra p id  

lo s s  o f  th e  is o to p e  a t  10°C te m p era tu re . The o and 8 p aram eters  

fo r  th e se  s tu d ie s  show a s ig n i f i c a n t  d if f e re n c e  when th e  

in t e r v a l s  a re  compared in  Table 13. The Newman-Keuls t e s t  shows 

s ig n i f i c a n t  d if fe re n c e s  a t  th r e e  sam pling tim e s , 12, 24 and 48 

h o u rs , w h ile  th e  rem ain ing  sam pling tim es do no t (T ab les 17, 18,

19 and 2 2 ). The cu rves approach each o th e r  a t  th e  72 and 96 hour 

sam pling tim es and a re  n o t d i f f e r e n t  (T ab les 20, 21 and 22 and
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F igu re  7 ) . F igure  8 compares th e  95% confidence in t e r v a l s  fo r  th e  

a and B param eter o f  th e  20°C experim ent w ith  the  same param eters 

o f  th e  10°C experim en t. This com parison shows th a t  th e se  e x p e r i­

ments a re  s ig n i f i c a n t ly  d i f f e r e n t  a t  th e  95% le v e l  o f  confidence .

Comparisons o f  th e  s tu d ie s  w ith  and w ithou t ]J. c o l i  a t  20°C 

made by th e  Newman-Keuls t e s t  show th a t  t h e i r  only two sam pling tim es 

occur when th e re  a re  s ig n i f i c a n t  d if fe re n c e s  (Tables 1 4 -22 ). The 

a p aram eters  o f th e se  s tu d ie s  in  Table 13 show th a t  th e  amount 

re ta in e d  i s  n o t s ig n i f i c a n t ly  d i f f e r e n t .  A lso , th e  r a t e  o f  

lo s s  i s  n o t d i f f e r e n t  as in d ic a te d  by th e  overlap  o f th e  B p a ra ­

m e te rs . F igure  8 f u r th e r  shows th a t  th e se  two experim ents a re  

n o t s ig n i f i c a n t ly  d i f f e r e n t  from each o th e r  because  o f  th e  

o v erlap  o f 95% co n fidence  in t e r v a l  (shaded a rea ) o f  th e se  two 

ex p erim en ts .

At 10°C th e re  i s  a s ig n i f i c a n t  d if fe re n c e  between th e  amount 

re ta in e d  in  th e  s tu d ie s  w ith  and w ith o u t E. c o l i  b u t no d if fe re n c e  

between th e  r a te s  o f  lo s s  (Table 1 3 ). The Newman-Keuls t e s t  

shows th a t  a t  th re e  sam pling tim es d if fe re n c e s  occu r. C onversely , 

th e re  a re  th re e  tim es , two a t  th e  end o f  th e  s tu d ie s ,  when th e re  

a re  no s ig n i f i c a n t  d if f e re n c e s  (T ables 1 4 -22 ). These r e s u l t s  

in d ic a te  th a t  th e  g r e a te s t  d if fe re n c e s  in  th e se  r e te n t io n  

curves occu rred  e a r ly  in  r e te n t io n .  As r e te n t io n  con tin u ed , 

th e se  curves approach each o th e r  r e s u l t in g  in  no s ig n i f i c a n t  

d if f e re n c e s .  The graph o f  th e  95% confidence in te r v a ls  fo r  th e  

param eters  o f  th e se  experim ents in  F igure  8 shows th a t  th e re  a re  

s ig n i f i c a n t  d if fe re n c e s  between th e se  two experim ents because th e
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areas which define these experiments do not overlap.
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FIGURE 5

R eten tio n  o f  Cesium-137 by h o f fm e is te r i  a t  20°C 

(Experim ent 1 ) . The m od ified  s o lu t io n  co n ta in ed  chloram­

ph en ico l (20 mg/L) and was po tassium  f r e e .  P o in ts  a re  

va lu es  determ ined by th e  com puter. Open c i r c l e s  a re  e x p e r i­

m ental mean v a lu es .
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FIGURE 6

R eten tio n  o f Cesium-137 by L. h o f fm e is te r i  a t  20° and 

10° (Experim ents 5 and 4, r e s p e c t iv e ly ) .  The 0.01% m od ified  

Knops s o lu t io n  con ta ined  ch lo ram phen ico l and 2 ppm po tassium . 

P o in ts  and s o l id  t r i a n g le s  a re  v a lu es  determ ined  by th e  compu­

t e r .  Open c i r c l e s  and open t r i a n g le s  a re  ex p erim en ta l mean 

v a lu e s .
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FIGURE 7

R eten tion  o f Cesium-137 by L. h o f fm e is te r i  a t  20°C and 

10°C (Experim ents 3 and 2 , r e s p e c t iv e ly ) .  The 0.01% m odified  

Knops s o lu t io n  c o n ta in ed  2 ppm po tassium . P o in ts  and s o l id  

t r i a n g le s  a re  va lu es  determ ined  by th e  computer- Open c i r c l e s  

and open t r i a n g le s  a re  ex p erim en ta l mean v a lu es .
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FIGURE 8

G raphic d isp la y  o f  th e  95% con fidence  in t e r v a l s  fo r  th e  a 

and 8 p aram eters  fo r  each o f th e  r e te n t io n  ex p erim en ts . W ithin 

each re c ta n g le  i s  th e  number w hich d e sc r ib e s  th e  c o n d itio n s  o f 

th e  experim ent (see  Table 12, page 5 6 ).
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Table 12. E xperim ental c o n d itio n s  fo r  th e  r e te n t io n  o f  Cesium-137 
by L. h o f f m e is te r i . The number p re se n te d  w ith  each 
c o n d itio n  corresponds to  th a t  c o n d itio n  throughout the 
s t a t i s t i c a l  a n a ly se s .

E xperim ental C ondition 1: Potassium  f re e  0.01% m od ified  Knops 
s o lu t io n  m a in ta in ed  a t  20°C and con­
ta in e d  chlo ram phenico l.

E xperim ental C ondition 2:

E xperim ental C ondition 3:

2 ppm o f po tassium  in  a  0.01% modi­
f ie d  Knops s o lu t io n  m a in ta ined  a t  10°C 
(E. c o l i  p re se n t d u rin g  accu m u la tio n ).

2 ppm o f po tassium  in  a 0.01% modi­
f ie d  Knops s o lu tio n  m ain ta ined  a t  
20°C (E. c o l i  p re s e n t du ring  accumu­
l a t i o n .

E xperim ental C ondition 4:

E xperim ental C ondition 5:

2 ppm of po tassium  in  a 0.01% m odified  
Knops s o lu tio n  m a in ta in ed  a t  10°C and 
co n ta in ed  ch loram phenico l.

2 ppm o f po tassium  in  a 0.01% m odified  
Knops s o lu t io n  m a in ta in ed  a t  20°C and 
co n ta in ed  ch loram phenicol.
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Table 13. The a and 3 param eters f o r  each o f  th e  r e te n t io n
experim en ts and th e i r  95% co n fidence  i n t e r v a l s ,  a = 
asym pto tic  v a lu e  o f the  curve ex p ressed  in  dpm/gm and 
6 = r a t e  c o n s ta n t .  P aram eters a re  in  ranked o rd e r.

Experim ent a param eter 95% co n fidence  in t e r v a l

2 11,760 10,470 -  13,060

4 15,870 14,450 -  17,190

5 21,080 18,950 -  23,210

3 22,280 20,170 -  24,400

1 92,130 85,850 -  98,400

Experim ent 8 param eter 95% co n fidence  in t e r v a l

2 1.300 x 10-3 0.9870 -  3.860 x 10-3

1 2.000 x 10"3 0.1916 -  3 .817 x 10"3

4 2.845 x 10"3 1.062 -  4 .628 x 10-3

5 4.384 x 10-3 1 .597  -  7.172 x 1 0 '3

3 7.470 x 10"3 0.4338 -  1.060 x 10-2
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Table 14. B a r t l e t t ' s  t e s t  f o r  homogenity o f v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  
f o r  one hour o f  1$7qs r e te n t io n  by L. h o f f m e is te r i .
A lso p re sen te d  a re  mean, s ta n d a rd  d e v ia tio n  and sample 
s iz e  fo r  each experim ent a t  one h o u r.

B a r t l e t t ' s  t e s t  fo r  homogenity o f  v a ria n c e s  = 25.04*

ANOVA Table

Source DF SS MS F

Experim ents 2 8.823 4.411 30.78*

E rro r 27 3.870 0.1433

T o ta l 29 12.693

Newman-Keuls T est

S tandard  d e v ia tio n  o f
experim ent means = 0.1197 Degrees o f  freedom = 2 7

Experim ent

3

5

Mean

10.07

10.10

3 5 

10.07 10.10 

0.03

1

11.24

1.17*

1.14*

Experim ent Mean S tandard  D ev iation Sample S ize

1 11.24 0.1415 10

3 10.07 0.4801 10

5 10.10 0.4236 10

* S ig n if ic a n t  d if fe re n c e s  a t  th e  95% le v e l  o f con fidence .
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Table 15. B a r t l e t t ' s  t e s t  f o r  hom ogenity of v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  f o r  
th re e  hou rs  o f  137Cs r e te n t io n  by L. h o f f m e is te r i . Also 
p re se n te d  a re  mean, s ta n d a rd  d e v ia t io n  and sample s iz e  
fo r  each experim en t a t  th re e  h o u rs .

B a r t l e t t ' s  t e s t  f o r  hom ogenity o f  v a r ia n c e s  = 3.054

ANOVA Table 

DF SS MS ' F

2 16.09 8.046 223.4*

26 0.9364 0.03602

28 17.0264

Newman-Keuls T est

S tandard  d e v ia tio n  o f
experim ent means = 0.0611 Degrees o f  freedom = 26

Experim ent

3

5

Mean

9.729

9.763

3 5 

9.729 9 .763 

0 .034

1

11.31

1.59*

1.55*

Experim ent Mean S tandard  D ev ia tio n Sample S ize

1 11.31 0.2124 10

3 9.729 0.2055 9

5 9.763 0.1461 10

* S ig n if ic a n t  d if f e re n c e s  a t  th e  95% le v e l  o f  co n fid e n ce .

Source

Experim ents

E rro r

T o ta l
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Table 16. B a r t l e t t ' s  t e s t  fo r  hom ogenity o f  v a ria n c e s  (C h i-sq u a re ) , 
a n a ly s is  of v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
s ix  hours o f ^ 7 Cs r e te n t io n  by L. h o f f m e is te r i . Also 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s iz e  fo r  each experim ent a t  s i x  h o u rs .

B a r t l e t t ' s  t e s t  f o r  homogenity o f v a ria n c e s  = 16.90*

Source DF

ANOVA Table 

SS MS F

Experim ents 4 26.92 6.730 74.38*

E rro r 45 4.072 0.09049

T o ta l 49 30.992

Newman-Keuls T est

S tandard  d e v ia tio n  o f
ex p erim en ta l means = 0.0951 Degrees o f freedom = 45

Experim ent 2 5 4 3 1

Mean 9.493 9.579 9.672 9.839 11.46

2 9.493 0.086 0.179 0.345 1.96*

5 9.579 0.094 0.260 1.88*

4 9.673 — 0.166 1.79*

3 9.839 — — 1.62*

Experim ent Mean S tandard  D ev ia tion Sample S ize

1 11.46 0.1931 10

2 9.493 0.2764 10

3 9.839 0.4515 10

4 9.673 0.2405 10

5 9.579 0.2777 10

* S ig n if ic a n t  d if fe re n c e s  a t  th e  95% le v e l  o f con fidence .
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Table 17. B a r t l e t t ' s  t e s t  f o r  homogenity o f v a r ia n c e s  (C h i-sq u a re ), 
a n a ly s is  of v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
12 hours o f 137cs r e te n t io n  by L. h o f f m e is te r i . Also 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s i z e  fo r  each experim ent a t  12_ h o u rs .

B a r t l e t t ' s  t e s t  fo r  homogenity o f  v a r ia n c e s  = 27.77*

ANOVA Table

Source DF SS MS F

Experim ents 4 27.65 6.914 134.4*

E rro r 43 2.212 0.05143

T o ta l 47 29.862

Newman-Keuls Test

S tandard  d e v ia tio n  o f
ex p e rim en ta l means = 0.0735 Degrees o f freedom = 43

riment 2 4 5 3 1

Mean 9.214 9.582 9.816 9.959 11.39

2 9.214 0.368* 0.603* 0.745* 2.18*

4 9.582 — 0.234* 0.377* 1.81*

5 9.816 — — 0.142 1.58*

3 9.959 ------- ------- ------- — 1.43*

Experim ent Mean Standard  D ev iation Sample Size

1 11.39 0.1499 10

2 9.214 0.2035 10

3 9.959 0.3716 10

4 9.582 0.1421 10

5 9.816 0.1741 8

* S ig n if ic a n t  d if fe re n c e s  a t  th e  95% le v e l  of co n fid e n ce .
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Table 18. B a r t l e t t ’ s t e s t  f o r  hom ogenity o f  v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f  v a ria n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
24 hours o f  ^37cg r e te n t io n  by L. h o f f m e is te r i . Also 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s i z e  fo r  each experim ent a t  24̂  h o u rs .

B a r t l e t t ’ s t e s t  fo r  homogenity o f  v a r ia n c e s  = 11.92*

ANOVA Table

Source DF SS MS F

Experim ents 4 26.41 6.602 117 .6*

E rro r 44 2.470 0.05615

T o ta l 48 28.880

Newman-Keuls T est

S tandard  d e v ia tio n  o f
ex p erim en ta l means = OJ3758 Degrees o f freedomi = 44

Experim ent 2 4 5 3 1

Mean !9.311 9.547 9.658 9 .893 11.36

2 9.311 0.236* 0.348* 0.582* 2.05*

4 9.547 — 0.111 0.346* 1.81*

5 9.658 — 0.235* 1.71*

3 9.893 1.47*

Experim ent Mean Standard  D ev ia tio n  Sample S ize

1 11.36 0.2256 10

2 9.311 0.2927 10

3 9.893 0.2871 10

4 9.547 0.1966 9

5 9.658 0.1453 10

* S ig n if ic a n t d if fe re n c e s  a t  th e  95% le v e l  o f co n fid e n ce .
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Table 19. B a r t l e t t ’ s  t e s t  fo r  hom ogenity of v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f  v a r ia n c e s  (ANOVA) and Newman-Keuls t e s t  fo r  
48 hou rs  o f  r e te n t io n  by L. h o f f m e i s t e r i . Also
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia t io n  and sample 
s iz e  fo r  each experim ent a t  48̂  h o u rs .

B a r t l e t t ' s t e s t  fo r  homogenity o f v a r ia n c e s = 5.611

Source DF

ANOVA Table 

SS MS F

Experim ents 4 37.36 9.340 186.5*

E rro r 45 2.254 0.05008

T otal 49 39.614

Newman-Keuls Test

S tandard  d e v ia tio n  o f
ex p erim en ta l means = 0.0708 Degrees o f freedom = 45

Experim ent 2 4 3 5 1

Mean 9.119 9.463 9.586 9.714 11.57

2 9.119 0.344* 0.467* 0.595* 2.45*

4 9.463 — 0.122 0.251* 2.11*

3 9.586 — — 0.128 1.99*

5 9.714 --- — — 1.86*

Experim ent Mean Standard  D ev iation Sample S ize

1 11.57 0.2394 10

2 9.119 0.1699 10

3 9.586 0.2249 10

4 9.463 0.2768 10

5 9.714 0.1925 10

* S ig n if ic a n t d if fe re n c e s a t  th e  95% le v e l  of co n fid en ce .
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Table 20. B a r t l e t t ' s  t e s t  f o r  hom ogenity o f  v a r ia n c e s  (C h i-sq u a re ) , 
a n a ly s is  o f  v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  fo r  
72 h ou rs o f  ^-37qs r e t e n t io n  by L. h o f f m e i s t e r i . Also 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s iz e  f o r  each experim ent a t  72̂  h o u rs .

B a r t l e t t ' s  t e s t  fo r  hom ogenity o f v a r ia n c e s  = 16 .72*

ANOVA Table

Source DF SS MS F

Experim ents 4 22.03 5.508 86 .48*

E rro r 44 2.802 0.06369

T o ta l 48 24.832

Newman--Keuls T est

S tandard  d e v ia tio n  o f 
ex p erim en ta l means = 0.0807 Degrees o f  freedom = 44

Experim ent 2 4 3 5 1

Mean 9.356 9.494 9.502 9.707 11.16

2 9.356 0.137 0.145 0.350* 1.80*

4 9 .494 — 0.008 0.213 1.67*

3 9.502 — — 0.205 1.66*

5 9.707 — — — 1.45*

Experim ent Mean S tandard  D ev ia tio n Sample S ize

1 11.16 0.1990 10

2 9.356 0.1260 9

3 9.502 0.3141 10

4 9.494 0.2982 10

5 9.707 0.2648 10

* S ig n if ic a n t  d if f e re n c e s  a t  th e  95% le v e l  o f co n fid e n ce .
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Table 21. B a r t l e t t ' s  t e s t  fo r  hom ogenity o f v a r ia n c e s  (C h i-sq u a re ), 
a n a ly s is  o f v a r ia n c e s  (ANOVA) and Newman-Keuls t e s t  fo r  
96 hou rs  o f -*-37qs r e te n t io n  by L. h o f f m e is t e r i . Also 
p re se n te d  a re  th e  mean, s ta n d a rd  d e v ia tio n  and sample 
s i z e  fo r  each experim ent a t  96 h o u rs .

B a r t l e t t ' s  t e s t  fo r  hom ogenity o f  v a r ia n c e s  = 8.735

ANOVA Table

Source DF SS MS F

E xperim ents 4 26.28 6.5 69 117.0*

E rro r 45 2.527 0.05616

T o ta l 49 28.807

Newman--Keuls T est

S tandard  d e v ia tio n  o f 
e x p e rim en ta l means = 0.0749 Degrees of freedom = 45

Experim ent 3 2 4 5 1

Mean 9.137 9.218 9.365 9.562 11.10

3 9.137 0.081 0.227 0.425* 1.96*

2 9.218 — 0.146 0.344* 1.88*

4 9.365 — — 0.197 1.73*

5 9.562 1.53*

Experim ent Mean S tandard  D ev ia tion Sample Size

1 11.10 0.2786 10

2 9.218 0.3003 10

3 9.137 0.2132 10

4 9.365 0.1745 10

5 9.562 0.1927 10

* S ig n if ic a n t  d if f e re n c e s  a t  th e  95% le v e l  o f co n fid e n ce .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

Table 22. Summary o f  B a r t l e t t ' s  t e s t  (C h i-sq u a re ) , a n a ly s is  o f
v a r ia n c e  (ANOVA) and Newman-Keuls t e s t  f o r  the  r e te n t io n  
experim en ts . S in d ic a te s  s ig n i f i c a n t  r e s u l t s  a t  the  
95% le v e l  o f  confidence and NS in d ic a te s  no s ig n i f i c a n t  
d if fe re n c e s  a t  th e  same le v e l .

R e ten tio n  Time in  Hours

T est 1 3 6 12 24 48 72 96

C hi-square S NS S S S NS S NS

ANOVA

Newman-
Keuls

S S S S S S S S

1 v s . 5 s s S S S S S S

4 v s . 5 - - NS S NS S NS NS

2 v s . 3 - - NS S S S NS NS

2 v s . 4 - - NS S S S NS NS

3 v s . 5 NS NS NS NS S NS NS S
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DISCUSSION

In flu e n c e  o f Potassium

The accumulation of by the worms in potassium free

m odified  Knops s o lu tio n  was c h a ra c te r iz e d  by a ra p id  accum ulation  

o f the  iso to p e  from s o lu t io n .  The asym pto tic  v a lue  o f  th e  curve 

(a param eter) i s  very  c lo se  to  th e  computer p re d ic te d  curve a f t e r  

96 hours o f accum ula tion . This com parison in d ic a te s  eq u ilib r iu m  

was approxim ated in  t h i s  s tu d y . The study  shows th a t  th e  worms 

a re  a b le  to  accum ulate th e  is o to p e  from s o lu t io n .  Davis and F o s te r  

(1958) n o ted  th a t  ra d io n u c lid e s  may be accum ulated by a q u a tic  

organism  by th re e  p ro c e sse s . These p ro cesses  a re :  a d so rp tio n

to  exposed s u r fa c e s ,  a s s im i la t io n  o f in g e s te d  m a te r ia ls  and 

a b so rp tio n  th rough membranes. I t  seems u n lik e ly  th a t  th e se  

worms accum ulated th e  is o to p e  by in g e s t io n  o f s o l id  m a te r ia ls  

because  o f o b se rv a tio n s  of th e  Knops s o lu tio n  and th e  c lu s t e r s  o f  

worms a t  th e  v a r io u s  sam pling tim es showed th a t  b o th  were f r e e  o f  

fo re ig n  m a te r ia ls .  The chloram phenicol was p re s e n t a t  the  concen­

t r a t i o n  used because i t  i s  b a c t e r io s t a t i c  to  m icroorganism s most 

l i k e ly  to  be in tro d u ced  by h a n d lin g . A ll worms were washed in  

a Knops s o lu t io n  th a t  co n ta in ed  50 mg/1 o f s ta b le  cesium  to  

remove is o to p e  adhering  to  th e  c u t ic le  o f th e  worms. W hitten 

and Goodnight (1967) showed through rad io au to g rap h s  th a t  sm all 

amounts o f  Calcium-45 and S trontium -89 rem ained adsorbed  to  th e  

c u t ic u la r  s u r f a c e ,  even a f t e r  th e  worms were washed in  Knops

67
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s o lu t io n .  They ex p la in ed  th a t  m ucoproteins which lu b r i c a te  the 

c u t ic le  form CaCO  ̂ complexes which may have bound some o f  th e  

is o to p e s .  I f  sm a ll amounts o f  th e  iso to p e  were adsorbed  to  the  

c u t ic le  and n o t removed by w ashing, i t  seems u n lik e ly  th a t  i t  would 

c o n tr ib u te  s ig n i f i c a n t ly  to  th e  t o t a l  amount accum ulated  by th e  

worms because  th e re  i s  no known fu n c tio n  fo r  cesium  in  m ucoprotein 

complex fo rm ation . The most l i k e ly  e x p la n a tio n  fo r  th e  accum ulation 

o f  th e  is o to p e  i s  a b so rp tio n  through membranes.

When 2 ppm po tassium  was p re se n t in  s o lu t io n ,  th e  accum ulation 

o f th e  is o to p e  was reduced  by some 3 .5  fo ld  when compared to  th e  

po tassium  f re e  experim ent (F ig u res  1 and 2 ) . The asym pto tic  

v a lu e  and th e  computer p re d ic te d  curve in d ic a te  th a t  e q u ilib r iu m  

was a ls o  a f f e c te d  by th e  p resen ce  o f  th e  p o tassium . These compari­

sons as w e ll as th e  an a ly se s  and g rap h ic  r e p re s e n ta t io n  o f  th e  

confidence  in t e r v a l s  fo r  th e  a and 6 p aram eters  o f  each experim ent 

a l l  in d ic a te  s ig n i f i c a n t  d if f e re n c e s  between th e se  two experim en ts .

These d if f e re n c e s  a re  due to  th e  p resence  o f th e  2 ppm potassium  

in  th e  Knops s o lu t io n .

More -^^Cs was r e ta in e d  by th e  worms in  th e  po tassium  f re e  

s o lu tio n s  v e rsu s  th e  worms in  th e  2 ppm po tassium  s o lu t io n s .  E ig h ty - 

fo u r p e rc e n t o f th e  ra d io n u c lid e  was r e ta in e d  by th e  worms in  the  

po tassium  s o lu t io n s .  Most o f th e  is o to p e  was r e ta in e d  by the  

worms when po tass iu m  was n o t p re s e n t in  s o lu t io n .

This i s  in  agreem ent w ith  th e  s tudy  o f  Davis (1961). He 

found th a t  p o tassium  and cesium were absorbed and a d e f ic ie n c y

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

o f po tassium  in c re a s e d  th e  a b so rp tio n  and decreased  th e  e l im in a tio n  

o f  th e  cesium. He a ls o  n o ted  th a t  when po tass iu m  io n s  in c re a se d  

in  c o n c e n tra tio n , i t  decreased  th e  a b s o rp tio n  and in c re a se d  th e  

e x c re tio n  o f  cesium .

Many in v e s t ig a to r s  have s tu d ie d  th e  e f f e c t s  o f  th e  p resen ce  

o f  a s ta b le  is o to p e  on th e  accum ula tion  o f  i t s  r a d io a c t iv e  co u n te r­

p a r t  (Tomiyama, Kobayashi and I s h io ,  1956a and 1956b; K om berg,

1960 and 1961; Bryan, 1963; W hitten , 1966; and W hitten  and G oodnight, 

1967). In  a l l  o f th e se  in v e s t ig a t io n s ,  th e  ra d io is o to p e  accumula­

t i o n  was reduced  when th e  s ta b le  is o to p e  was p r e s e n t .  Because 

o f  th e  p h y s ic a l and chem ical s i m i l a r i t i e s  between ^ ^ C s  and 

p o tassium , t h e i r  p h y s io lo g ic a l  a c t io n s  a re  s im i la r  (D avis and 

F o s te r ,  1958; D avis, 1961; K om berg, 1960 and 1961; Bryan, 1963).

As Kom berg (1960 and 1961) p o in te d  o u t ,  th e se  s i m i l a r i t i e s  shou ld  

n o t be overdrawn because  b io lo g ic a l  p ro c e sse s  do n o t d is c r im in a te  

betw een th e se  two elem ents in  a  c o n s ta n t and p r e d ic ta b le  m anner.

Bryan s tudy  on b ra c k ish  w ate r in v e r te b r a te s  in  1963 found th a t  

cesium  c o n c e n tra tio n s  in c re a s e d  to  h ig h e r  le v e ls  th an  d id  p o tassium .

Body s u r fa c e  a re a  was more im p o rtan t in  th e  accum ulation  and lo s s  

o f  po tassium  w h ile  th e  amount o f  m uscle t i s s u e  seemed to  be a  

l im i t in g  f a c to r  in  th e  accum ula tion  and lo s s  o f  cesium .

The experim en ts on th e  accum ula tion  and r e te n t io n  o f  -*-^Cs 

by th e  worms in  s o lu t io n s  w ith  and w ith o u t po tassium  dem onstra te  

th e  s i m i l a r i t i e s  betw een cesium  and p o tassium . The worms accumu-
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l a t e d  and r e ta in e d  more cesium  when th e re  was no po tassium  p re s e n t .  

The p re sen ce  o f  2 ppm o f p o tassium  reduced th e  amount o f cesium  

accum ula tion  by 3 .5  fo ld  and d ecreased  th e  amount o f  th e  is o to p e  

r e ta in e d  by th e se  worms. I f  p o tass iu m  were n o t s im i la r  to  cesium , 

i t s  p resen ce  in  s o lu t io n  should  no t a l t e r  th e  accum ulation  and 

r e te n t io n  o f th e  iso to p e  by th e  worms. However, po tassium  in  

s o lu t io n  g r e a t ly  m odified  b o th  accum ulation  and r e te n t io n  cu rv es .

This in d ic a te s  th a t  p o tassium  was com peting w ith  cesium fo r  absorp­

t io n  by th e  worms. These f in d in g s  ag a in  dem onstra te  th e  b io lo g ic a l  

137im portance o f Cs because  o f  th e  p h y s io lo g ic a l  im portance o f  

p o tass iu m  in  l i v in g  organism s.

In f lu e n c e  o f  Tem perature

These ex p erim en ts , 4 and 5 , and t h e i r  an a ly se s  show th a t  th e re

i s  a  s ig n i f i c a n t  tem p era tu re  e f f e c t  on th e  accum ula tion  and r e te n t io n  

137o f Cs by L. h o f f m e is t e r i . At 20°C the  worms accum ulated th e  

is o to p e  e x p o n e n tia l ly . A ccum ulation a t  10°C was n e a r ly  l i n e a r .

The Newman-Keuls t e s t  compared th e se  two experim en ts and showed 

s ig n i f i c a n t  d if fe re n c e  in  th e  amount o f is o to p e  accum ulated a t  

every  sam pling tim e (see summary, Table 1 2 ). A pproxim ately tw ice  

as much cesium  was accum ulated  a t  20°C th an  a t  10°C (F igu re  2 ) . 

R e ten tio n  o f  th e  is o to p e  a t  b o th  tem p era tu res  was l i n e a r  (F ig u re  6 ). 

A lthough th e re  were some d if f e re n c e s  a t  th e  v a r io u s  sam pling tim e s , 

F ig u re  8 shows th a t  th e se  experim en ts  were d i f f e r e n t  when bo th  

p a ram eters  fo r  each experim ent a re  compared. Hie r e te n t io n  curve
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in  F ig u re  6 in d ic a te s  a more ra p id  lo s s  o f  th e  iso to p e  a t  20°C 

w ith  r e te n t io n  approach ing  th e  10°C curve a t  96 h o u rs . The r a te s  

o f lo s s  a re  c le a r ly  n o t d i f f e r e n t ,  b u t  th e  e q u ilib r iu m  v a lu e s  a re . 

These f in d in g s  a re  in  good agreem ent w ith  th e  work o f  Stromberg 

and Goodnight (1971). They s tu d ie d  th e  e f f e c t  o f  tem p era tu re  on 

th e  accum ula tion  o f Phosphorous-32 by L im nodrilus worms. They 

found th a t  an in c re a s e  in  th e  r a t e  o f  accum ulation  o ccu rred  a t  th e  

h ig h e r  tem pera tu re  b u t th e re  was no c le a r  in d ic a t io n  o f  a  change 

in  th e  e q u ilib r iu m  o f ^2p w ith  th e  h ig h e r  te m p era tu re .

Davis and F o s te r  (1958) n o te d  th a t  th e  e f f e c t  of tem p era tu re  

may be a  more in v o lv ed  r e la t io n s h ip  on th e  c o n c e n tra tio n  of ra d io ­

is o to p e s  under n a tu r a l  c o n d itio n s . The e f f e c t  i s  p robab ly  on the 

r a t e  o f b io lo g ic a l  p ro c e s se s . During co ld  w eather f i s h  in  th e  

Columbia R iver consumed le s s  food and, co n seq u en tly , l e s s  ra d io ­

a c t i v i t y .  A s im i la r  c o n d itio n  was n o te d  in  in s e c t s ,  c ru s ta c e a n s  

and m ollusks by P o lik a rp o v , 1966. G laser in  1961 found th a t  

tem p era tu re  a f f e c te d  th e  c o n c e n tra tio n  f a c to r  o f  Iod ine-131  in  

D ru ssen sia  polym orpha. The c o n c e n tra tio n  r a t i o  between 3°C and 20°C 

was 1 :4 , r e s p e c t iv e ly .  There w ere no d if f e re n c e s  betw een th e  3°C 

and 13°C c o n c e n tra tio n  f a c to r s .  I t  was shown by Boroughs, Chipman 

and R ice (1957) th a t  P la ic e  f ry  co n c e n tra te d  l e s s  S trontium -89 

a t  a low er te m p era tu re . Only a  t h i r d  o f th e  amount co n cen tra ted  

a t  2 0 °C was co n c e n tra te d  a t  10°C.
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In  L im nodrilus h o f f m e is te r i , th e  amount o f -^^Cs accum ulated 

was decreased  a t  a  low er te m p era tu re . The r a te s  of accum ulation 

were s ig n i f i c a n t ly  d i f f e r e n t  between th e se  two exp erim en ts , b u t 

e q u ilib r iu m  v a lu es  were n o t. I f  e q u ilib r iu m  w ere s ig n i f i c a n t ly  

a l te r e d  by d i f f e r e n t  te m p e ra tu re s , some p h y s ic a l p ro cess  could 

be hypo thesized  in  c o n t ro l l in g  cesium  accum ulation  by th e se  

worms. But i t  was n o t ,  su g g e s tin g  th a t  enzyme k in e t ic s  were 

reduced by th e  low er tem p era tu re  and co n seq u en tly , so  were 

b io lo g ic a l  p ro cesse s  re sp o n s ib le  fo r  th e  accum ulation  and r e te n t io n  

o f  cesium in  th e se  worms.

In flu e n c e  o f E. c o l i

The purpose o f th e se  s tu d ie s  was to  determ ine th e  in f lu e n c e  

o f E. c o l i  on th e  accum ula tion  and r e te n t io n  o f -^^Cs by th e  

tu b i f i c i d  worm, L̂ . h o f f m e is te r i . The an a ly se s  o f  th e  accum ulation 

o f  ^-^Cs by th e  worms w ith  and w ith o u t IS. c o l i  a t  20°C show th a t  

th e se  experim ents were n o t s ig n i f i c a n t ly  d i f f e r e n t .  F igu re  8 a ls o  

dem onstrates th a t  th e se  s tu d ie s  were n o t d i f f e r e n t  because o f  th e  

o v erlap  (shaded a re a )  o f th e  r e c ta n g le s ,  which d e sc r ib e  th e  

in t e r v a ls  o f  each experim ent. Comparing curves and a param eters 

o f th e se  two experim ents in d ic a te  s l i g h t l y  more ^-^Cs was accumu­

la te d  by th e  worms when E. c o l i  were n o t p re s e n t in  th e  Knops 

s o lu t io n .  At 10°C b o th  o f th e  param ete rs  f o r  each experim ent 

(w ith  and w ith o u t IS. c o l i )  a re  d i f f e r e n t .  C le a rly  th e  worms a t  

10°C w ith o u t IS. c o l i  accum ulated more iso to p e  and a t a d i f f e r e n t
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r a t e .  Because s l i g h t l y  more is o to p e  was accum ulated by th e  worms

a t  20°C w ith o u t 35. c o l i  b e in g  p re se n t i n  s o lu t io n  and s ig n i f i c a n t ly

more iso to p e  was accum ulated by th e se  worms a t  10°C w ith o u t EL c o l i ,

in d ic a te s  th a t  th e  amount o f is o to p e  a v a i la b le  to  th e  worms in  the

s tu d ie s  w ith o u t 35. c o l i  was g r e a te r  th a n  th e  amount a v a i la b le  to  the

worms in  th e  s tu d ie s  w ith  E. c o l i  (F ig u re s  2 , 3 and 4 ) .  These

fin d in g s  in d ic a te  th a t  th e  b ac te riu m  competed w ith  th e  worms fo r

th e  a v a i la b le  cesium . B a c te r ia  a re  known to  accum ulate ra d io n u c lid e s

(Davis and F o s te r ,  1958; Gunnison and Goodnight, 1971). The

r e te n t io n  s tu d ie s  in d ic a te  th e  same f in d in g s .  R e ten tio n  r a t e s  were

no t d i f f e r e n t  fo r  th e se  s tu d ie s  a t  e i t h e r  te m p era tu re . What was

s ig n i f i c a n t ly  d i f f e r e n t  was th e  amount o f  iso to p e  in  th e se  worms

a t  th e  beg in n in g  o f  th e  r e te n t io n  experim en ts (F ig u res  6 , 7 and 8 ).

These f in d in g s  appear to  be in  c o n tra d ic t io n  w ith  th e  fin d in g s

o f o th e r  in v e s t ig a to r s  who have s tu d ie d  32. c o l i  and t u b i f i c i d  worms

w ith  o th e r  is o to p e s .  W hitten and Goodnight (1967) s tu d ie d  th e  

32accum ulation  o f P by L im nodrilus worms from s o lu t io n ,  b a c te r ia  

and sed im en ts . These worms accum ulated more phosphorous from 

la b e le d  E. c o l i  th an  from s o lu t io n  o r  sed im en ts . I t  was thought 

th a t  th e  b a c t e r i a  changed th e  in o rg a n ic  phosphate  to  an o rg an ic  

form more u s e fu l  to  th e  worms. In  s tu d ie s  perform ed by Stromberg 

and Goodnight (1971) th e  t r a n s f e r  o f  ^2p from 32. c o l i  and

Chlamydomas py ren o id o sa  to  L im nodrilus worms showed th a t  th e

32worms accum ulated more P from th e  b a c te r ia  th a n  from th e  a lg a e .

The b a c te r ia  and a lg ae  competed w ith  th e  worms f o r  th e  is o to p e  as
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th e  worms in g e s te d  them. I t  was found th a t  th e se  worms d id  

n o t have an endogenous c e l lu la s e  to  d ig e s t  th e  c e l l u l i t i c  

c e l l  w a ll  o f th e  a lg ae  to  absorb  th e  bound rad io p h o sp h o ro u s .

In  th e  p re s e n t s tu d ie s ,  th e  worms were s p e c ia te d  and only  

worms b e lo n g in g  to  th e  genus sp e c ie s  L im nodrilus h o f fm e is te r i  were 

used . In  th e  afo rem entioned  s tu d ie s ,  worms o f  th e  genus Limno­

d r i l u s  were s tu d ie d . B rin k h u rs t and Chara (1969) s tu d ie d  some 

o f th e  p o te n t ia l  n u t r i t i o n a l  re so u rc e s  by th re e  t u b i f i c i d  worms. 

Seven sp e c ie s  o f b ac te riu m  w ere fed  to  th e  worms. A f te r  one week 

o f  exposure , only  one sp e c ie s  could  be found in  th e  media and 

worm g u t. Ihe s u rv iv in g  sp e c ie  was d i f f e r e n t  f o r  each worm. This 

su g g es ted  to  th e  experim en to r th a t  a d if f e re n c e  in  d ig e s t iv e  

enzymes o ccu rred  in  each sp e c ie s  s tu d ie d .  This s tu d y  in d ic a te d  

s p e c i f i c  p h y s io lo g ic a l  d if fe re n c e s  t h a t  may be r e l a t e d  to  th e  

d i s t r i b u t io n  and n ic h e  th e  sp e c ie s  o f  worms occupy.

Because L im nodrilus h o f fm e is te r i  d id  no t accum ulate l ^ C s  

b e t t e r  when E_. c o l i  were p re se n t in  s o lu t io n ,  in d ic a te s  th a t  

E. c o l i  d id  n o t p la y  a  s ig n i f i c a n t  r o le  in  th e se  accum ulation  

s tu d ie s  and th a t  th e se  worms c o l le c te d  from th e  Kalamazoo R iver 

may n o t have been a b le  to  d ig e s t  th e  E_. c o l i . The i n a b i l i t y  to  

d ig e s t th e  b ac te riu m  may be r e la te d  to  th e  n ich e  th a t  th e se  

worms occupy in  th e  Kalamazoo R iver o r  to  d i f f e r e n t  d ig e s t iv e  

enzymes p re s e n t in  L. h o f fm e is te r i  compared w ith  o th e r  

L im nodrilus worms.
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SUMMARY

1. L im nodrilus h o f fm e is te r i  worms w ere a b le  to  accum ulate 

Cesium-137 from a 0.01% m od ified  Knops s o lu t io n  th a t  was po tassium  

f r e e .  The most l i k e ly  p ro cess  o f  accum ula tion  was a b so rp tio n .

2. When 2 ppm po tassium  was p re s e n t  in  a 0.01% m odified  

Knops s o lu t io n ,  th e  amount o f  Cesium-137 accum ulated by th e  worms 

was reduced  by 3 .5  fo ld  when compared to  th e  po tass iu m  f r e e  e x p e r i­

m ent. The r a t e  o f accum ula tion  was no t a p p re c ia b ly  a f f e c te d  and 

e q u i l ib r iu m  was n o t a t ta in e d  d u rin g  th e  s tu d y  p e r io d .

3. A g r e a te r  amount o f  th e  ra d io is o to p e  was r e ta in e d  in  

th e  p o tassium  f r e e  experim ent v e rsu s  th e  2 ppm ex p erim en t, The 

r a t e s  o f lo s s  were n o t s ig n i f i c a n t l y  d i f f e r e n t .

4. A ccum ulation curves w ere determ ined  fo r  th e  worms a t  20°C 

and 10°C. The low er te m p era tu re  reduced  th e  accum ulation  o f  ra d io ­

is o to p e  by ap p ro x im ate ly  tw o -fo ld . E q u ilib riu m  d id  n o t appear to  

be a f f e c te d ,  b u t th e  shapes o f  th e  cu rves w ere. Accum ulation a t

20°C was e x p o n e n tia l ,  w h ile  n e a r ly  l i n e a r  a t  10°C.

5. A g r e a te r  p e rce n tag e  o f  th e  ra d io is o to p e  was r e ta in e d

a t  th e  low er te m p e ra tu re . At 2 0°C l e s s  -^^Cs was r e ta in e d  and by 

th e  end o f  th e  s tudy  approached th e  10°C r e te n t io n  cu rve.

6. There were no s ig n i f i c a n t  d if f e re n c e s  between th e  accumu­

l a t i o n  experim en ts a t  20°C w ith  and w ith o u t E. c o l i . However, th e  

worms appeared  to  accum ulate s l i g h t l y  more ra d io is o to p e  w ith o u t

E. c o l i . At 10°C more is o to p e  was accum ulated when E_. c o l i  were 

n o t p re s e n t in  th e  Knops s o lu t io n .
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I t  appeared  th a t  th e  b a c t e r i a  competed w ith  th e  worms fo r  

th e  a v a i la b le  ra d io is o to p e . P o ss ib ly  th e  worms w ere no t a b le  to  

d ig e s t th e se  b a c te r ia .

7. There was no c le a r  in d ic a t io n  th a t  th e  r e te n t io n  e x p e ri­

ments a t  20°C w ith  and w ith o u t Ê . c o l i  were d i f f e r e n t .  At 10°C 

b o th  experim ents were d i f f e r e n t  in  th e  amount o f ra d io iso to p e  

r e ta in e d ,  b u t no t in  th e  r a t e  o f lo s s .  This p robab ly  r e f l e c t s  

d if fe re n c e s  in  th e  amount o f  th e  ra d io is o to p e  a v a i la b le  to  th e  

worms d u rin g  accum ulation  due to  co m p e titio n  w ith  E. c o l i .
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Appendix 1
Experimental Data for the Accumulation of by L. hoffmeisteri
in Potassium Free Modified Knops Solution with Chloramphenicol at

20°C (Experiment 1)

Sample Time DPM/GM Wet Sample Time DPM/GM Wet
in  Hours Weight o f Worms in  Hours Weight o f  Worms

1 7,703 24 101,539
1 7,995 24 58,867
1 9,989 24 37,315
1 10,368 24 58,321
1 5,693 24 41,762
1 10,279 48 76,055
1 9,652 48 82,829
1 13,285 48 89,413
1 12,380 48 81,359
1 9,239 48 83,621
3 15,134 48 80,705
3 15,216 48 116,459
3 17,758 48 120,476
3 18,119 48 88,134
3 12,081 48 125,832
3 13,585 72 64,063
3 18,204 72 117,367
3 13,868 72 168,617
3 12,698 72 118,589
3 12,505 72 159,210
6 13,371 72 119,381
6 13,870 72 69,490
6 17,099 72 84,865
6 17,681 72 152,387
6 17,938 96 73,323
6 14,705 96 78,125
6 18,905 96 94,670
6 16,589 96 102,248
6 16,933 96 75,520
6 14,633 96 73,373

12 40,732 96 75,061
12 47,550 96 68,895
12 37,663 96 112,360
12 37,104 96 64,167
12 40,886 96 183,738
12 31,030 96 112,366
12 32,788 96 113,533
12 36,757 96 59,792
12 36,754 96 144,564
12 47,742 96 67,482
24 39,827 96 60,670
24 44,949 96 102,100
24 70,646 96 150,201
24 55,475 96 106,586
24 35,062
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Appendix 2

Experimental Data for the Accumulation of -'-̂ Cs by L. hoffmeisteri
in 2 ppm Potassium Modified Knops Solution with E. coli at 10°C

(Experiment 2)

Sample Time DPM/GM Wet Sample Time DPM/GM Wet
in  Hours Weight o f  Worms in  Hours Weight o f Worms

6 1,805 48 6,824
6 2,724 48 6,839
6 1,985 48 5,820
6 1,840 48 6,809
6 2,000 48 7,061
6 1,747 48 6,175
6 1,907 48 17,717
6 1,734 48 6,484
6 1,726 48 15,872
6 1,912 48 13,243

12 2 ,484 72 17,683
12 4,549 72 9,894
12 2,889 72 11,277
12 2,361 72 11,720
12 5,219 72 12,063
12 3,302 72 9,645
12 2,665 72 9,340
12 3,075 72 16,360
12 2,439 72 9,629
12 4,032 72 11,885
24 6,621 96 11,571
24 7,257 96 12,490
24 4,725 96 9,747
24 7,928 96 11,462
24 4,368 96 10,377
24 4,962 96 10,028
24 4,203 96 16,157
24 4,013 96 10,472
24 4,756 96 11,396
24 4,355 96 9,914
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Appendix 3

Experimental Data for the Accumulation of b y  L . hoffmeisteri
in 2 ppm Potassium Modified Knops Solution with Eh coli at 20°C

(Experiment 3)

Sample Time DPM/GM Wet Sample Time DPM/GM Wet
in  Hours Weight o f  Worms in  Hours Weight o f Worms

1 298 24 8,894
1 802 24 16,968
1 499 24 7,680
1 608 24 6,930
1 464 24 9,559
1 488 24 5,412
1 770 24 7,837
1 423 24 5,979
1 1,000 24 5,514
1 778 24 12,305
3 1,430 48 14,437
3 2,928 48 8,522
3 1,396 48 13,790
3 1,836 48 7,412
3 1,075 48 8,188
3 2,301 48 15,393
3 1,622 48 9,432
3 2,237 48 22,046
3 1,655 48 14,701
3 3,016 48 23,753
6 3,754 72 18,250
6 2,601 72 15,107
6 4,629 72 15,520
6 2,986 72 12,908
6 2,466 72 14,422
6 3,102 72 12,464
6 5,451 72 19,054
6 2,243 72 17,262
6 3,190 72 19,351
6 4,306 96 20,890

12 3,137 96 21,101
12 3,224 96 22,115
12 3,564 96 20,859
12 7,100 96 23,326
12 2,739 96 14,414
12 3,206 96 28,504
12 3,427 96 16,018
12 3,527 96 13,689
12 4,074 96 20,771
12 4,417
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Appendix 4

Experimental Data for the Accumulation of 137cs by L. hoffmeisteri
in 2 ppm Potassium Modified Knops Solution with Chloramphenicol at

10°C (Experiment 4)

Sample Time DPM/GM Wet Sample Time DPM/GM Wet
in  Hours Weight o f Worms in  Hours Weight o f  Worms

6 1,020 48 9,742
6 1,423 48 12,838
6 2,093 48 7,568
6 1,381 48 7,322
6 2,617 48 4,404
6 1,919 48 7,043
6 2,135 48 6,611
6 1,536 48 9,625
6 1,852 48 7,253
6 1,584 48 10,630

12 2,816 72 12,295
12 2,372 72 9,843
12 2,363 72 10,436
12 3,384 72 10,926
12 2,772 72 8,227
12 2,092 72 8,871
12 2,500 72 13,286
12 2,482 72 8,691
12 2,246 72 9,748
12 1,867 72 10,242
24 4,090 96 15,133
24 5,008 96 14,496
24 4,687 96 22,517
24 5,396 96 17,628
24 4,988 96 12,137
24 4,073 96 11,611
24 4,616 96 24,399
24 5,392 96 13,278
24 4,664 96 14,275
24 6,090
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Appendix 5

Experimental Data for the Accumulation of 137cs by L. hoffmeisteri
in 2 ppm Potassium Modified Knops Solution with Chloramphenicol at

20°C (Experiment 5)

Sample Time DPM/GM Wet Sample Time DPM/GM Wet
in  Hours Weight o f  Worms in  Hours Weight o f  Worms

1 5,851 24 8,623
1 1,091 24 15,347
1 2,812 24 6,586
1 2,378 24 6,560
1 2,910 24 11,069
1 1,877 24 7,456
1 3,815 24 15,800
1 1,074 24 12,877
3 3,628 48 16,101
3 2,470 48 15,200
3 7,047 48 18,873
3 3,353 48 12,938
3 2,230 48 15,373
3 1,784 48 18,988
3 2,644 48 14,098
3 1,619 48 10,806
3 4,313 48 20,493
3 2,125 48 23,154
6 4,415 72 27,139
6 4,387 72 22,244
6 2,266 72 36,975
6 4,627 72 28,809
6 3,167 72 30,674
6 3,126 72 35,039
6 2,536 72 23,037
6 3,030 72 36,800
6 3,937 72 20,875

12 7,150 72 18,398
12 8,043 96 19,746
12 6,678 96 19,843
12 7,146 96 35,701
12 4 ,087 96 14,631
12 6,529 96 19,041
12 6,162 96 40,082
12 10,180 96 41,906
12 7,426 96 33,816
12 12,118 96 14,883—
24 10,595 96 28,192
24 12,688
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Appendix 6

Experimental Data for the Retention of 137cs by L. hoffmeisteri in
Potassium Free Modified Knops Solution with Chloramphenicol at 20°C

(Experiment 1)

Sample Time 
in  Hours

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

3
3
3
3
3
3
3
3
3
3

DPM/GM Wet Sample Time DPM/GM Wet
Weight o f  Worms in  Hours Weight o f Worms

73,323 6 74,198
78,125 6 105,074
94,670 6 124,640

102,248 6 98,217
75,520 6 79,761
73,373 6 108,624
75,061 6 81,539
68,895 6 97,590

112,360 6 119,226
64,167 6 73,574

183,738 12 97,991
112,366 12 92,519
113,533 12 99,799

59,792 12 105,364
144,564 12 79,677

67,482 12 100,076
60,670 12 77,628

102,100 12 65,729
150,201 12 81,770
106,586 12 96,290

69,658 24 99,658
82,562 24 122,662
57,800 24 70,243
84,639 24" 62,631
79,284 24 87,983
81,909 24 70,304
65,340 24 104,749
75,783 24 80,328
94,825 24 109,664
75,335 24 73,459

111,119 48 81,040
77,209 48 98,390
59,420 48 70,118
91,912 48 125,648
94,441 48 108,051
60,804 48 152,557

102,380 48 91,238
72,464 48 103,389
75,113 48 128,767
91,421 48 130,882
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Appendix 6 (Cont'd)

Sample Time DPM/GM Wet Sample Time DPM/GM Wet
in  Hours Weight o f  Worms in  Hours Weight o f Worms

72 77,231 96 71,455
72 60,928 96 76,356
72 100,273 96 49,518
72 55,707 96 39,376
72 79,673 96 59,447
72 81,814 96 68,463
72 69,316 96 91,862
72 76,080 96 64,730
72 61,500 96 59,345
72 52,623 96 101,849
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Appendix 7

Experimental Data for the Retention of -*-̂ Cs by L. hoffmeisteri in
2 ppm Potassium Modified Knops Solution at 10°C (Experiment 2)

Sample Time DPM/GM Wet
Hours Weight o f Worms

0 11,571
0 12,490
0 9,747
0 11,462
0 10,377
0 10,028
0 16,157
0 10,472
0 11,396
0 9,914
6 10,403
6 20,549
6 11,724
6 21,787
6 12,591
6 11,406
6 12,037
6 10,082
6 11,143
6 15,981

12 9,247
12 11,944
12 12,032
12 9,349
12 11,594
12 10,131
12 10,038
12 6,024
12 10,319
12 11,365
24 7,890
24 13,439
24 19,145
24 15,537
24 8,484

Sample Time DPM/GM Wet
in  Hours Weight o f  Worms

24 10,030
24 9,007
24 8,405
24 11,783
24 11,427
48 9,282
48 7,703
48 13,726
48 8,829
48 9,596
48 9,090
48 7,953
48 9,942
48 8,782
48 7,617
72 12,681
72 14,958
72 10,258
72 11,874
72 11,294
72 9,919
72 10,399
72 11,493
72 12,052
96 7,216
96 8,544
96 9,678
96 13,142
96 7,474
96 11,066
96 9,876
96 16,282
96 7,051
96 14,733
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Appendix 8
Experimental Data for the Retention of 137^ by L. hoffmeisteri in
2 ppm Potassium Modified Knops Solution at 20°C (Experiment 3)

Sample Time DPM/GM Wet Sample Time DPM/GM Wet
in  Hours Weight o f Worms in  Hours Weight o f  Worms

0 20,890 12 13,511
0 21,101 12 22,841
0 22,115 12 13,700
0 20,859 12 27,417
0 23,326 24 35,445
0 14,414 24 23,557
0 28,504 24 19,713
0 16,018 24 15,301
0 13,689 24 24,549
0 20,771 24 14,488
1 13,313 24 17,358
1 32,748 24 14,162
1 20,805 24 23,129
1 18,728 24 18,031
1 40,478 48 13,696
1 54,976 48 16,898
1 14,580 48 11,785
1 30,993 48 9,792
1 23,163 48 16,009
1 14,205 48 16,802
3 14,116 48 21,899
3 11,394 48 15,611
3 18,830 48 13,951
3 14,277 48 12,453
3 17,265 72 22,762
3 18,520 72 12,052
3 20,023 72 9,541
3 22,091 72 8,845
3 17,440 72 14,558 .
6 7,846 72 16,119
6 28,238 72 11,320
6 11,283 72 10,489
6 26,684 72 13,997
6 11,876 72 20,397
6 26,396 96 9,514
6 18,272 96 8,047
6 22,284 96 11,176
6 24,887 96 9,168
6 25,282 96 9,292

12 30,414 96 8,971
12 16,989 96 9,932
12 23,269 96 5,917
12 22,374 96 9,231
12 14,087 96 13,582
12 40,516
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Appendix 9
Experimental Data for the Retention of by L. hoffmeisteri in
2 ppm Potassium Modified Knops Solution with Chloramphenicol at 10°C

(Experiment 4)

Sample Time DPM/GM Wet
Hours Weight of Worms

0 15,133
0 14,496
0 22,517
0 17,628
0 12,137
0 11,611
0 24,399
0 13,278
0 14,275
6 17,118
6 16,610
6 12,216
6 14,177
6 14,335
6 12,002
6 28,132
6 15,832
6 17,823
6 15,163

12 15,649
12 12,407
12 13,305
12 14,496
12 14,363
12 14,274
12 13,578
12 18,569
12 17,786
12 11,972
24 14,587
24 13,138
24 16,073
24 22,109
24 13,461

Sample Time DPM/GM Wet
l Hours Weight of Worms

24 11,919
24 11,816
24 12,704
24 12,670
48 11,935
48 13,727
48 10,346
48 11,100
48 9,383
48 22,427
48 15,537
48 16,518
48 9,334
48 13,246
72 12,432
72 9,393
72 11,465
72 8,878
72 21,955
72 10,345
72 18,713
72 13,814
72 14,847
72 16,433
96 13,521
96 8,645
96 10,906
96 10,127
96 12,390
96 10,679
96 16,240
96 13,151
96 11,576
96 11,077
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Appendix 10

Experimental Data for the Retention of -^^Cs by L. hoffmeisteri in
2 ppm Potassium Modified Knops Solution with Chloramphenicol at 20°C

(Experiment 5)

pie Time DPM/GM Wet Sample Time DPM/GM Wet
Hours Weight o f Worms in  Hours Weight of Worms
0 19,746 12 23,017
0 19,843 12 14,173
0 35,701 12 18,503
0 14,631 12 20,616
0 19,041 24 20,142
0 40,082 24 16,254
0 41,906 24 14,101
0 33,816 24 16,561
0 14,881 24 13,920
0 28,192 24 13,319
1 18,076 24 19,556
1 31,249 24 13,588
1 34,387 24 15,598
1 14,441 24 15,051
1 23,202 48 24,558
1 28,788 48 14,899
1 15,300 48 15,362
1 47,791 48 14,464
1 36,214 48 21,639
1 15,346 48 15,995
3 17,908 48 15,934
3 16,704 48 15,989
3 16,212 48 12,774
3 15,290 48 16,846
3 16,288 72 23,035
3 16,235 72 14,667
3 16,171 72 11,363
3 25,337 72 17,910
3 19,134 72 19,718
3 16,435 72 17,726
6 15,767 72 10,420
6 21,738 72 22,337
6 15,624 72 17,606
6 24,211 72 14,538
6 10,705 96 13,064
6 12,869 96 13,641
6 11,308 96 14,272
6 11,243 96 14,914
6 12,561 96 20,189
6 14,013 96 10,357

12 21,692 96 17,519
12 18,484 96 13,642
12 14,680 96 11,457
12 17,412 96 15,538
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