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Methylmercury uptake from water and food by a q u a t i c  organisms from 

d i f f e r e n t  t roph ic  l e v e l s .  

ABSTRACT 

Uptake of methylmercury ( a s  CH HgC1) from water was s tud ied  i n  3 

a u n i c e l l u l a r  green a l g a ,  Chlamydomonas r e  inhard t i i ,  a  c ladoceran ,  

Daphnia pu lex ,  and a  f i s h ,  Salmo g a i r d n e r i .  I n  _D. p l e x  and 2. 

g a i r d n e r i ,  the r e l a t i v e  uptake of mercury from water  and food was com- 

pared t o  a s s e s s  the s i g n i f i c a n c e  of t hese  two modes of mercury accumu- 

l a t i o n .  Toxic concen t r a t ions  of methylmercury were e s t a b l i s h e d  f o r  

each  spec i e s  and subsequent experiments conducted a t  l e v e l s  w e l l  

below these  concen t r a t ions .  No d i f f e r e n c e  i n  accumulation was obser-  

ved between l i v i n g  and dead C. r e i n h a r d t i i ,  sugges t ing  su r f ace  adsorp- 

t l o c .  Uptake was d i r e c t l y  r e l a t e d  t o  concent ra t ions  of mercury i n  the  

medium, a t  l e a s t  a t  concen t r a t ions  t o  20 ng ~ g / m l .  

I n  - D. p u l e x  and 2. g a i r d n e r i  the  r a t e  of mercury uptake from the 

water was higher  than  from the  food, b u t  t he  percentage uptake of 

mercury was higher  from the  l a t t e r  source.  I n  both  s p e c i e s ,  uptake a t  

mercury l e v e l s  < 1 ng ~ g / m l  showed a l i n e a r  r e l a t i o n s h i p  w i t h  mercury 

concen t r a t ions  i n  the media, b u t  a t  the higher  l e v e l s ,  the uptake 

r a t i o s  g radua l ly  decreased.  This sugges ts  the ope ra t ion  of some 

mechanism, poss ib ly  increased  mucus product ion a t  the r e s p i r a t o r y  

s u r f a c e s  and the gut  ep i the l ium,  l i m i t i n g  mercury accumulation. 

Although a q u a t i c  organisms a r e  capable of removing methylmercury from 

the water ,  i t  i s  concluded t h a t  organisms of higher  t roph ic  l e v e l s  i n  



n a t u r a l  a q u a t i c  systems accumulate most o f  t h e i r  mercury from food s i n c e  

methylmercury d i s so lved  i n  wate r  i s  p r e s e n t  i n  ex t remely  low concent ra -  

t i o n s  (<1 n g / l  ). 
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INTRODUCTION 

High l e v e l s  of mercury ( > 1 pg/g ) i n  f i s h  were f i r s t  observed 

i n  t he  1950's i n  Minamata Bay, Japan,  and have s i n c e  been found i n  

va r ious  organisms from d i f f e r e n t  p a r t s  of the  world ( Johnels  et aJ.., 

1969; Wobeser e t  a l . ,  1970; Uthe and Bligh,  1971). Most of t he  mercury 

i n  t hese  organisms was i n  t h e  form of methylmercury ( ~ e s t 8 8 ,  1966, 1969; 

J e rne luv ,  1969; Johansson e t  a l . ,  1970), a l though mercury i s  o f t e n  

p r e s e n t  only a s  inorganic  mercury i n  o r i g i n a l  sources.  This  d i f f e r e n c e  

can now be a t t r i b u t e d  t o  methyla t ion  of inorganic  mercury by mic rob ia l  

and chemical processes  i n  a q u a t i c  sediments (Wood e t  a l . ,  1968; Jensen 

and ~ e r n e l u v ,  1969; Landner, 1971; Wood, 1974). I n  a d d i t i o n ,  t h e r e  i s  

some evidence t h a t  b a c t e r i a  (e.g. Pseudomonas sp . )  i n  the  i n t e s t i n e  of 

f i s h  and on the  e x t e r n a l  mucus a r e  a b l e  t o  methylate  inorganic  mercury 

(Tonomura and Kanzaki, 1969). 

Numerous experiments have shown t h a t  organisms r a p i d l y  remove 

va r ious  forms of mercury from water (Rucker and Amend, 1969; J e rne luv ,  

1970; G i l l e s p i e  and S c o t t ,  1971; G i l l e s p i e ,  1972) and from food (Hannerz, 

1968; ~ ! f cks t r8m,  1969). However, q u a n t i t a t i v e  d a t a  on the  r e l a t i v e  

importance of uptake from these  two sources  a r e  l imi t ed  ( ~ e r n e l u v  and 

Lann, 1971). Severa l  au tho r s  have suggested t h a t  mercury concen t r a t ions  

i n  organisms a r e  r e l a t e d  t o  t h e  t r o p h i c  l e v e l  occupied by such organisms 

(Stock and Cucuel, 1934; F imre i t e  e t  a l . ,  1971; Gavis and Ferguson, 1972). 

However, o t h e r s  have not  observed t h i s  r e l a t i o n s h i p  (Hannerz, 1968; Cope- 

land and Ayers, 1972). 

The aim of t h i s  s tudy  was t o  eva lua t e  the  s i g n i f i c a n c e  of bo th  
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water  and food a s  sources  of methylmercury (as  CH3HgC1) f o r  t h r e e  or- 

ganisms : a u n i c e l l u l a r  green  a l g a ,  Chlamydomonas r e i n h a r d t i i ;  a 

c ladoceran ,  Daphnia p l e x  and the  rainbow t r o u t ,  Salmo g a i r d n e r i .  I 

determined the  s i g n i f i c a n c e  of t he  primary producer (g. r e i n h a r d t i i )  

a s  a source of methylmercury f o r  D. p l e x  and eva lua t ed  the  cont r ibu-  

t i o n  of mercury i n  the  food t o  t h a t  accumulated by 2. g a i r d n e r i .  These 

d a t a  were compared w i t h  d i r e c t  uptake of methylmercury from water  by 

these  organisms. Since these  i n v e s t i g a t i o n s ,  of n e c e s s i t y ,  had t o  be 

conducted a t  s u b - l e t h a l  mercury concen t r a t ions ,  i t  was necessary  t o  

f i r s t  e s t a b l i s h  l e t h a l  l e v e l s  f o r  each  organism and then t o  conduct 

the  uptake experiments a t  concen t r a t ions  not  t o x i c  over the  perfod of 

experimentat ion.  



MATERIALS AND METHODS 

Mercury concen t r a t ion  i n  a l l  samples was determined by a c i d  

d i g e s t i o n ,  followed by f l ame les s  atomic abso rp t ion  spectrophotometry. 

The spec t rophotometr ic  method was t h a t  descr ibed  by Uthe e t  a l .  (1970), 

excep t  t h a t  I used a  flow-through system. The procedure involved 

complete d i g e s t i o n  of t i s s u e  samples (,<I g) o r  water  ( 75 m l  ) w i t h  

10 m l  of concent ra ted  FINO3: H C 1  ( 4 : 1 v/v ) i n  100-ml f l a s k s  a t  

60 C. Samples were subsequent ly cooled t o  0 C f o r  1 hr and oxid ized  

w i t h  10 m l  7% aqueous KMnO (w/v), one drop  of 30% H202, and brought 
4 

t o  100 m l  w i th  d i s t i l l e d  water .  Samples were t r a n s f e r r e d  t o  poly- 

e thy lene  b o t t l e s  i n  which they could be s t o r e d  f o r  a t  l e a s t  one week 

wi thout  apparent  l o s s  of mercury. 

A 50-ml a l i q u o t  from each  d iges t ed  sample was t r a n s f e r r e d  t o  a  

125-ml r e a c t i o n  f l a s k .  Manganese oxides were removed and mercury 

reduced by a d d i t i o n  of 5  m l  hydroxylamine hydrochlor ic  a c i d  and 5 m l  

20% (w/v) stannou2 c h l o r i d e .  The mixture was s t i r r e d  magnet ica l ly  f o r  

1 min and purged wi th  a  cons t an t  flow ( 300 ml/min ) of d r i e d  p u r i f i e d  
',<"wx& 

ai r  v i a  t he  abso rp t ion  c e l l  of a Perkin-Elmer atomic abso rp t ion  

spectrophotometer (Model 290) i n t o  a  f l a s k  where the mercury vapour 

was f i n a l l y  t rapped wi th  a  s a t u r a t e d  s o l u t i o n  of potassium t r i i o d i d e .  

Absorption was measured a t  253.7 nm and va lues  co r r ec t ed  f o r  the  

r eagen t  blanks and per c e n t  recovery (94.4%). Average c o e f f i c i e n t  of 

v a r i a t i o n  between r e p l i c a t e  samples w i t h  concen t r a t ions  ranging  from 5 - 
50 ng ~ g / m l  was 4.3%; d e t e c t i o n  l i m i t  was 0 . 1  ng Hg/ml. One-way 

a n a l y s i s  of var iance  was used f o r  a l l  s t a t i s t i c a l  comparisons. 



Cul tu re s  of Chlamydomonas r e i n h a r d t i i  (wild type,  mat ing s t r a i n  

89, 90) were grown i n  s t e r i l i z e d  B e i j e r i n c k ' s  medium a t  16 k 1 C. 

Cu l tu re s  were maintained on a  16 : 8 h r  l i g h t  - dark c y c l e  i n  e i t h e r  

co t ton - s toppe red  2800-ml Fernbach o r  250-ml Erlenmeyer f l a s k s  on a  

r e c i p r o c a t i n g  shaker  under d a y l i g h t  f l u o r e s c e n t  lamps producing 2.5 

3 2 x 10 ergs/cm /sec.  

The e f f e c t  of methylmercury ( a s  CH3HgC1) on the  growth r a t e  of 

C. r e i n h a r d t i i  was measured i n  r e p l i c a t e  125-ml c u l t u r e s  over  a  range - 
of 0 - 40  ng Hg/ml. Growth r a t e s  were monitored e i t h e r  spec t rophoto-  

m e t r i c a l l y  ( 685 nm ) o r  from c e l l  counts  ob t a ined  w i t h  a  Coul te r  

Counter equipped w i t h  a 50 p a p e r t u r e  tube.  To c a l i b r a t e  t h e  spec t r o -  

photometer,  a l g a e  were p e r i o d i c a l l y  c o l l e c t e d  on a membrane f i l t e r  

(HA M i l l i p o r e ,  0 .45 p), d r i e d  a t  60 C f o r  24 hr  and weighed. A 

r e l a t i o n s h i p  between absorbance,  d r y  weight  and c e l l  number was es- 

t a b l i s h e d .  

The r e l a t i v e  importance of s u r f a c e  a d s o r p t i o n  and a c t i v e  uptake 

of methylmercury by C. r e i n h a r d t i i  was i n v e s t i g a t e d  by comparing t h e  

r a t e s  of up take  i n  l i v i n g  and k i l l e d  c u l t u r e s .  A t  t he  beginning  of  

exponen t i a l  growth ( 1 .0  x lo5  ce l l s / rn l  ), 1-li ter  c u l t u r e s  were 

k i l l e d  w i t h  e t h a n o l  ( 6 - 7% v/v ) and methylmercury added t o  t h e s e  

and l i v i n g  c u l t u r e s .  I n i t i a l  mercury c o n c e n t r a t i o n  was 20 ng ~ g / m l .  

P e r i o d i c a l l y ,  100-ml samples were taken  from each  c u l t u r e ,  the  c e l l s  

s epa ra t ed  from t h e  medium by c e n t r i f u g a t i o n  a t  4000 rpm f o r  10 min. 

and prepared f o r  mercury a n a l y s i s .  

The uptake of methylmercury a s  a f u n c t i o n  of a l g a l  c o n c e n t r a t i o n  

and mercury c o n c e n t r a t i o n  i n  the  medium was a l s o  eva lua t ed .  A t  each  



of f i v e  d i f f e r e n t  c e l l  concen t r a t ions  s i x  c u l t u r e s  were e s t a b l i s h e d .  

Each c u l t u r e  was exposed i n  the  dark  t o  one of s i x  mercury concentra-  

t i o n s  ranging  from 0 .5  - 20 ng ~ g / m l .  Af t e r  complete removal of the  

mercury from the medium, ( 15 mins - 10 h r ,  depending on i n i t i a l  

mercury concen t r a t ion ) ,  c u l t u r e s  were k i l l e d  w i t h  e thano l ,  cen t r i fuged  

and C. r e i n h a r d t i i  analysed f o r  mercury content .  

Daphnia p l e x  (de Greer ) ,  ob ta ined  from Deer Lake, B r i t i s h  

Columbia, were maintained i n  14 C dech lo r ina t ed  water i n  20-1 "plank- 

t o n k r e i s e l s "  (Greve, 1968) on a  mixture of s. r e i n h a r d t i i  and y e a s t  

c e l l s .  To e s t a b l i s h  the  e f f e c t  of methylmercury i n  t he  food on 

s u r v i v a l  and reproduct ion  of - D, ~ u l e x ,  s i x  t r i p l i c a t e  groups of 10 

a d u l t  female _D. pulex of s i m i l a r  s i z e  and comparable numbers of  eggs 

i n  t h e i r  brood pouches were f ed  - C.  r e i n h a r d t i i ,  p rev ious ly  c u l t u r e d  

i n  methylmercury concen t r a t ions  ranging  from 0.5 - 20 ng Hg/ml. This 

food was given i n  a  concen t r a t ion  which sus t a ined  maximum s u r v i v a l  

and r ep roduc t ion  of D. p u l e x  ( see  Appendix I). 

The e f f e c t  of methylmercury i n  the  water  on s u r v i v a l  and repro-  

duc t ion  was measured by exposing a d u l t  females t o  water con ta in ing  

methylmercury i n  concen t r a t ions  r ang ing  from 0 . 5  - 20 ng Hg/ml. 

These concen t r a t ions  were below the 96-hr medium to l e rance  l i m i t  

(TLm) f o r  - D. p l e x  ( see  Appendix 11). A p ropor t iona l  d i l u t e r  s i m i l a r  

t o  t h a t  descr ibed  by Mount and Brungs (1967) provided water of the  

d e s i r e d  mercury concen t r a t ions  t o  the  con ta ine r s  i n  which mesh- 

covered beakers  with;. p l e x  were submerged. The animals were f ed  

C.  r e i n h a r d t i i ,  p r ev ious ly  c u l t u r e d  i n  methylmercury concen t r a t ions  - 
ranging  from 0 .5  - 20 ng Hg/ml. Experiments l a s t e d  f o r  14 days and 



extended over two gene ra t i ons  . 
Uptake of methylmercury from the  water  was measured by t r ans -  

f e r r i n g  approximately 10,000 ;, p u l e x  i n t o  each  of a  s e r i e s  of 5-1 

c o n t a i n e r s ,  cont inuous ly  supp l i ed  w i t h  methylmercury a t  concentra-  

t i o n s  below those which a f f e c t e d  t h e i r  s u r v i v a l  and r ep roduc t ion  

( 0.25  - 5 ng Hg/ml ), P e r i o d i c a l l y ,  samples were removed, b r i e f l y  

washed w i t h  d i s t i l l e d  wa te r ,  and prepared  f o r  mercury a n a l y s i s .  

Mercury uptake from food by D. p u l e x  was determined by f eed ing  

themC. r e i n h a r d t i i  ( 2 .0  x l o5  c e l l s / m l  ) prev ious ly  grown i n  

methylmercury concen t r a t i ons  r ang ing  from 0.25 - 5 ng ~ g / m l .  Per iod i -  

c a l l y ,  samples of _D. p u l e x  were t r a n s f e r r e d  t o  dech lo r ina t ed  wa te r ,  

a l lowed t o  c l e a r  t h e i r  g u t s  and then  ana lysed  f o r  mercury con ten t .  

Feeding r a t e s  were determined a s  desc r ibed  by Sheldon and Parsons 

(1966). Percentage of mercury a s s i m i l a t e d  was c a l c u l a t e d  from mercury 

concen t r a t i ons  i n  C. r e i n h a r d t i i  and i n  2. p u l e x  and f eed ing  r a t e  of 

D. p u l e x  . Uptake experiments  l a s t e d  f o r  72 hr .  - 
J u v e n i l e  rainbow t r o u t  (Salmo g a i r d n e r i )  weighing 2 - 3 g, were 

ob t a ined  from the  F i s h  and W i l d l i f e  Branch Hatchery a t  Abbotsford, 

B r i t i s h  Columbia. They were k e p t  i n  13 f 1 C dech lo r ina t ed  water 

and f e d  commercial t r o u t  food p e l l e t s  each  day i n  a n  amount equa l  t o  

about  4 - 5% of t h e i r  wet weight .  Uptake of methylmercury from water  
, ! "  y -  l.J L f - ' -  

was a s se s sed  w i t h  f i v e  groups of 20 t r o u t .  Each group was exposed i n  

a flow-through system t o  one of f i v e  d i f f e r e n t  concen t r a t i ons  of  

methylmercury ranging  from 0.25 - 5 ng ~ g / m l .  These concen t r a t i ons  

were below the  96-hr TL f o r  rainbow t r o u t  (Appendix 11). F o u r , f i s h  m 

from each  group were removed a f t e r  1; 2 ,  3 ,  6 and 12 weeks of cont inu-  
U i.s' 5 ' e: ) ,  ,* i 



ous exposure. Two f i s h  were b l o t t e d  d ry ,  weighed and homogenized i n  a  

t i s s u e  g r inde r .  The remaining two were homogenized a f t e r  a  thorough 

r i n s e  w i t h  dech lo r ina t ed  water  and a  brushing  wi th  5% HN03 s o l u t i o n  t o  

remove mucus. Rep l i ca t e  1-g samples of each  homogenate were used f o r  

mercury a n a l y s i s .  

Methylmercury uptake from food was measured over a 12-week per iod  
_C" 

by provid ing  t r o u t  w i t h  food con ta in ing  f i v e  d i f f e r e n t  concen t r a t ions  

of methylmercury. Groups of 10 t r o u t  were placed i n  con ta ine r s  con t i -  

nuously suppl ied  w i t h  dech lo r ina t ed  water .  The o r i g i n a l  i n t e n t  was t o  

feed  the  f i s h  mercury-containing - D. pu l ex .  The t r o u t ' s  consumption of 

D. p u l e x ,  however, was slow and moreover, 2. p u l e x  g radua l ly  l o s e s  - 
mercury when t r a n s f e r r e d  t o  dech lo r ina t ed  water .  Consequently,  mercury 

uptake us ing  2, p u l e x  a s  a  food source could no t  be measured wi th  su f -  

f i c i e n t  accuracy.  Therefore ,  the f i s h  were f ed  mercury-containing pel-  

l e t e d  food. P e l l e t s  p rev ious ly  soaked i n  f i v e  d i f f e r e n t  concen t r a t ions  

of methylmercury were provided d a i l y  a t  a  r a t i o n  of 4  - 5% of the  f i s h e s  

wet weight.  Mercury concen t r a t ions  i n  t he  p e l l e t s  on a d ry  weight b a s i s  

were w i t h i n  10% of those in;. p u l e x  exposed f o r  72 h r  t o  methylmercury 

r ang ing  from 0.25 - 5 ng ~ g / m l .  Samples of two f i s h  from each  group 

were taken a f t e r  1, 2 ,  3 ,  6 and 12 weeks of feeding .  Mercury concentra-  

t i o n s  i n  these  f i s h  were determined 24 hr  a f t e r  the  l a s t  feeding .  

Percentage withdrawal of mercury from water  was c a l c u l a t e d  from the  

mercury concen t r a t ion  i n  t he  t r o u t ,  t h a t  i n  the water ,  and the volume of 

water  pass ing  through the  g i l l  chamber ( v e n t i l a t i o n  volume; s e e  Appendix 

111 f o r  sample c a l c u l a t i o n ) .  Percentage a s s i m i l a t i o n  of mercury from the 

food was determined from food in t ake ,  mercury concen t r a t ion  i n  the  food, 

and mercury concen t r a t ion  i n  the  t r o u t .  



RESULTS 

Exposure t o  methylmercury increased  the  l a g  phase i n  Chlamydomonas 

r e i n h a r d t i i  c u l t u r e s .  This  was p a r t i c u l a r l y  ev iden t  a t  mercury concen- 

t r a t i o n s  exceeding 10 ng Hg/ml (F ig .  1 ) .  R e l a t i v e  growth c o n s t a n t s  (K) 

and mean gene ra t i on  times (T) were c a l c u l a t e d  a s  fol lows:  

l o g  e  
2  0.693 

- - and T  = 

where N = c e l l  concen t r a t i on  a t  time t ,  N = c e l l  concen t r a t i on  a t  time 
0 

to w i t h  t and to = time i n  days taken  from the  l i n e a r  p o r t i o n  of the  

growth curve. 

Growth c o n s t a n t s  f o r  t he  c o n t r o l  c u l t u r e  and c u l t u r e s  exposed t o  1, 

5, and 10 ng Hg/ml  of methylmercury were 0.38,  0.35, 0.32 and 0.27 res- 

p e c t i v e l y .  Corresponding mean gene ra t i on  times were 44.3,  47.8, 51.1 

and 61.4 h r .  Growth of C. r e i n h a r d t i i  c u l t u r e s  exposed t o  20 ng Hg/ml 

was s e v e r e l y  r e t a r d e d ,  whereas those  c e l l s  exposed t o  40 ng Hg/ml were 

k i l l e d  (Fig.  1 ) .  The e f f e c t  of methylmercury on a l g a l  growth was redu- 

ced a t  higher  c e l l  concen t r a t i ons  (Fig.  2 ) .  

Uptake of methylmercury by l i v i n g  and k i l l e d  - C. r e i n h a r d t i i  exposed 

t o  20 ng Hg/ml showed no d i f f e r e n c e  du r ing  the  f i r s t  10 hr  (Fig.  3 ) .  The 



Fig. 1. Growth of Chlamydomonas reinhardtii in media containing 

different initial concentrations of methylmercury ( ng ~ g / m l  ). 

(a), control; (o), 1; ( A ) ,  5; ( m ) ,  10; ( n ) ,  20; (A), 40. 

Cultures were maintained at 16 f 1 C under white light of 2.5 x 

3 2 10 ergs/cm /sec on a 16 : 8 hr light - dark regime. 
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Fig. 2. Growth of Chlamydomonas reinhardtii in relation to initial 

cell concentrations and methylmercury concentrations ( ng ~ g / m l  ). 

( a ) ,  control; ( o ) ,  1; (A), 5; ( m ) ,  10; ( n ) ,  20; (A), 40, 

Cultures were maintained at 16 f 1 C under white light of 2.5 x 10 

2 ergs/cm /sec on a 16 : 8 hr light - dark regime. 
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- 1 la- 

Fig. 3. Uptake of methylmercury by living ( 0-0 ) and killed 

( a----8 ) cultures of Chlamydomonas reinhardtii. Cultures were 

exposed to an initial concentration of 20 ng ~g/ml. Living cul- 

tures were maintained at 16 f l C under white light of 2.5 x 10 3 

2 ergs/cm /sec on a 16 : 8 hr light - dark regime. Algal biomass 
(mg algal dry weightll) in living (A) and killed (A) cultures. 
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decreased mercury concen t r a t ion  i n  l i v i n g  c e l l s  a f t e r  

a t t r i b u t a b l e  t o  exhaus t i o n  of mercury i n  the  medium. 

mercury a t  d i f f e r e n t  concen t r a t ions  by C. r e i n h a r d t i i  

10 hr  i s  probably 

Liptake of methyl- 

increased  l i n e a r -  

l y  w i t h  the  i n i t i a l  mercury concen t r a t ion  i n  the  medium t o  20 ng Hg/ml. 

Moreover, uptake per u n i t  weight  was i n v e r s e l y  r e l a t e d  t o  c e l l  concen- 

t r a t i o n  (Fig.  4) .  

I n  experiments concerning methylmercury e f f e c t  on s u r v i v a l  and r e -  

product ion  of 2. pulex,when methylmercury was only a v a i l a b l e  v i a  the  

food, on ly  - C ,  r e i n h a r d t i i  p r ev ious ly  exposed t o  20 ng Hg/ml caused a 

s i g n i f i c a n t  decrease  (p  < 0.05) i n  s u r v i v a l  of the  F1 gene ra t ion  and r e -  

product ion  of bo th  the F and the  p a r e n t a l  genera t ion  (Table 1 ) .  When 
1 

methylmercury was p re sen t  i n  water  a s  w e l l  a s  food, the e f f e c t s  were 

more pronounced (Table 2 ) .  I n  t h i s  ca se ,  each  of the  two h ighes t  con- 

c e n t r a t i o n s  s i g n i f i c a n t l y  reduced s u r v i v a l  of the  p a r e n t a l  gene ra t ion  

( p  < 0.05) and prevented i t s  reproduct ion .  Accordingly, i n  subsequent 

experiments  on methylmercury uptake by 2. pu lex ,  concen t r a t ions  < 10 ng 

Hg/ml were used. 

Uptake of methylmercury by 2. pulex from water w a s  r a p i d  and r ea -  

ched a maximum i n  l h r .  F i n a l  concen t r a t ions  i n  D. p l e x  were r e l a t e d  - 
t o  those i n  the  water  (Fig.  5).  S i m i l a r l y ,  mercury concen t r a t ions  i n  

D. pu l ex  f ed  contaminated food were r e l a t e d  t o  the  a l g a l  mercury concen- - 
t r a t i o n s  (Fig.  6 ) .  However, the  percentage of mercury a s s i m i l a t e d  by 

D, p l e x  was i n v e r s e l y  r e l a t e d  t o  mercury concen t r a t ion  i n  the food - 
(Table 3 ) .  

Uptake of methylmercury by t r o u t  was r e l a t e d  t o  concent ra t ions  i n  

the water (Fig. 7 ) .  Rate of uptake was high du r ing  the f i r s t  t h r ee  

weeks, a f t e r  which concen t r a t ions  i n  the f i s h  remained more o r  l e s s  con- 



Fig. 4. Uptake of methylmercury by Chlamgdomonas r e i n h a r d t i i  i n  

r e l a t i o n  t o  c e l l  concen t r a t ion  ( mg a l g a l  dry we igh t / l  ) and i n i -  

t i a l  mercury concen t r a t ion  ( ng ~ g / m l  ). ( E l ) • ÷  0.5; ( a ) • ÷  1.0; 

( v ) ,  2.5; ( m ) ,  5.0; ( O ) ,  10; ( A ) ,  20. Cul tures  were exposed 

i n  t h e  dark  and k i l l e d  a f t e r  mercury i n  t he  medium was deple ted .  



mg algal d r y  weight/ l  



Table 1. Surv iva l  and r ep roduc t ion  of two gene ra t i ons  of  Daphnia pulex 

f e e d i n g  on Chlamydomonas p rev ious ly  c u l t u r e d  i n  d i f f e r e n t  concentra-  

t i o n s  of  methylmercury. Values are the  means of t h r e e  samples. 

Methylmercury Calcu la ted  amount of Paren t  1 

conc. i n  m- methylmercury consu- gene ra t i on  gene ra t i on  

mydomonas 
1 

med (ng ~ ~ / m ~  d r y  Surv. Reprod. Surv. Reprod. 

2 
(ng ~ g / m g  d ry  wt)  w t  of ~ a p h n i a / h r )  % coe f f .  % coe f f .  

I )  Based on a feed ing  r a t e  of 64.48 pg a l g a l  d ry  wt/mg d r y  w t  of naphnia/ 

2 
) T o t a l  number of j uven i l e s  produced d iv ided  by number of a d u l t s  i n i t i a l -  

l y  added. 



Table 2. Surv iva l  and r ep roduc t ion  of  two gene ra t i ons  of Daphnia pulex 

f eed ing  on Chlamydomonas p rev ious ly  c u l t u r e d  i n  d i f f e r e n t  concentra-  

t i o n s  of methylmercury and s imul taneous ly  exposed t o  the  same mercury 

concen t r a t i ons  i n  which the  Chlamydomonas had been c u l t u r e d .  Values 

a r e  the  means of t h r ee  samples.  

Methylmercury Paren t  1 

conc. i n  water  gene ra t  ion  gene ra t i on  

(ng ~ d m l )  Surv i v a  1 Re prod . Surv iva l  Reprod. 

1 
% coef f .  % coe f f .  

1 
) Tota l  number of j u v e n i l e s  produced d iv ided  by number of a d u l t s  

i n i t i a l l y  added. 

2 
) - No F gene ra t i on  p re sen t .  1 



Fig.  5. Uptake of methylmercury by Daphnia p u l e x  from water  i n  

r e l a t i o n  t o  mercury concen t r a t ion  ( ng ~ g / m l  ). ( ), con t ro l ;  

( a ) ,  0.25; ( r ) ,  0.5; ( o ) ,  1.0; ( A ) ,  2.5; ( o ) ,  5.0. 

Continuous-flow experiments conducted a t  14 C. Values a r e  means 

of t h r e e  samples f s tandard  e r r o r .  





Fig. 6 .  Uptake of methylmercury obtained by Daphnia pulex  from 

Chlamydomonas r e i n h a r d t i i  which had previously been exposed t o  

d i f f e r e n t  concentrat ions of methylmercury ( ng ~ g / m l  ). 

5.0. Values a r e  means of three  samples f standard e r r o r .  







Fig. 7. Uptake of methylmercury by Salmo g a i r d n e r i  from water  

con ta in ing  d i f f e r e n t  mercury concen t r a t ions  ( ng ~ g / m l  ). 

( m ) ,  con t ro l ;  (o), 0.25; ( r ) ,  0.5; ( o ) ,  1.0; ( A ) ,  2.5; 

( ) , 5.0. Continuous-f low experiments conducted a t  14 C. 

( -  ), mercury concen t r a t ion  i n  whole f i s h  sample wi th  mucus; 

( ---- ), mercury concen t r a t ion  i n  whole f i s h  sample wi thout  

mucus. Mean of s i x  samples & s tandard  e r r o r  i nd ica t ed ,  



WEEKS 



s t a n t .  Comparison of mercury concen t r a t ions  i n  t o t a l  f i s h  w i t h  those 

i n  f i s h  a f t e r  removal of mucus ind ica t ed  t h a t  mercury con ten t  of the  

mucus was higher  than t h a t  of the  t i s s u e s ,  except  a t  the lowest  con- 

c e n t r a t i o n  of mercury used (Fig. 7). Percentage withdrawal of mercu- 

r y  was i n v e r s e l y  r e l a t e d  t o  the  mercury concen t r a t ion  i n  the  water  

and a l s o  decreased wi th  l eng th  of exposure (Table 4) .  

The amount of mercury a s s i m i l a t e d  du r ing  12 weeks of f eed ing  was 

p o s i t i v e l y  c o r r e l a t e d  wi th  the  concen t r a t ion  of methylmercury i n  the  

food (Fig. 8 ) .  Percentage a s s i m i l a t i o n  was inve r se ly  r e l a t e d  t o  con- 

c e n t r a t i o n  i n  the food, and f o r  each  concen t r a t ion  decreased w i t h  

time (Table 5) .  Comparison of Fig. 7  and 8  shows t h a t  accumulat ion 

of methylmercury from the water  dur ing  the f i r s t  t h r ee  weeks, p a r t i -  

c u l a r l y  a t  the higher  concen t r a t ions ,  was more r a p i d  than  from the  

food. Only i n  the  l a t t e r  ca se ,  however, accumulation cont inued a f t e r  

t h i s  per iod.  There was no d i f f e r e n c e  i n  growth r a t e  between c o n t r o l s  

and mercury- t r e a t e d  f i s h .  
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Fig. 8. Uptake of methylmercury by Salmo g a i r d n e r i  from food 

con ta in ing  d i f f e r e n t  mercury concen t r a t ions  ( pg ~ g / g  d ry  w t  ). 

( m ) ,  con t ro l ;  ( o ) ,  3.4; ( r ) ,  6.2; (o), 9 .3;  ( A ) ,  15.8; 

(e), 21.6. Food p e l l e t s  were consumed a t  a d a i l y  r a t i o n  of 

4 - 5% of the  f i s h e s  wet weight.  Mean of six samples & s t an -  

dard  e r r o r  i nd ica t ed .  
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Fig. 8, Uptake of methylmercury by Salmo g a i r d n e r i  from food 

con ta in ing  d i f f e r e n t  mercury concen t r a t ions  ( pg ~ g / g  d ry  w t  ). 

( m ) ,  con t ro l ;  ( u ) ,  3.4; ( r ) ,  6.2; (o), 9 . 3 ;  ( A ) ,  15.8; 

( o ) ,  21.6. Food p e l l e t s  were consumed a t  a  d a i l y  r a t i o n  of 

4 - 5% of the  f i s h e s  wet weight.  Mean of s i x  samples & s tan-  

dard e r r o r  ind ica ted .  
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DISCUSSION 

The observed de lay  i n  the  o n s e t  of exponent ia l  growth of Chlamy- 

domonas r e i n h a r d t i i  exposed t o  methylmercury i n  s u b l e t h a l  concentra-  

t i o n s  (Fig. 1 ), seems t o  be a c h a r a c t e r i s t i c  e f f e c t  of t h i s  meta l  on 

a lgae .  It confirms the  obse rva t ion  of Ben-Bassat (1972) f o r  C. r e i n -  

h a r d t i i  and Kamp-Nielsen (1971) f o r  C h l o r e l l a  pyrenoidosa, a s  w e l l  a s  

those of H a r r i s s  e t  a l .  (1970) f o r  a  n a t u r a l  phytoplankton community. 

Both Kamp-Nielsen (1971) and H a r r i s s  -- e t  a l .  (1970) r e p o r t e d  t h a t  t he  

growth- inhib i t ing  e f f e c t  of methylmercury decreased w i t h  i n c r e a s i n g  

c e l l  concen t r a t ion .  My i n v e s t i g a t i o n s  ~ i e l d e d  the  same r e s u l t  (Fig. 2). 

These l a s t  observa t ions  sugges t  t h a t  t he  amount of mercury per  c e l l  i s  

a n  important  f a c t o r  governing the  e f f e c t  of mercury on a l g a l  growth. 

There were no d i f f e r e n c e s  i n  r a t e  of methylmercury uptake between 

l i v i n g  and dead 2. r e i n h a r d t i i  (Fig.  3 ) ,  sugges t ing  a n  accumulation by 

pas s ive  adso rp t ion .  The importance of su r f ace  adso rp t ion  i n  t he  uptake 

of mercury by a l g a e  and o t h e r  a q u a t i c  p l a n t s  has been emphasized by 

o t h e r s  (Hannerz, 1968; Glooschenko, 1969). As - C. r e i n h a r d t i i  grown i n  

B e i j e r i n c k 2 s  medium does n o t  develop a  mucoprotein shea th  (J. S t e i n ,  

personal  communication), t he  f i r s t  s t e p  i n  the  accumulation probably i s  

b inding  t o  the  c e l l  membrane. This would be f a c i l i t a t e d  by the  h igh  

s o l u b i l i t y  of methylmercury i n  l i p i d s  and i t s  low s o l u b i l i t y  i n  water  

('toe f  f  , >loo; Hughes, 1957).  Whether methylmercury subsequent ly e n t e r s  

t he  c e l l s  and how i t  a f f e c t s  them i s  no t  known. I n  C h l o r e l l a  pyrenoi- 

dosa,  accord ing  t o  Kamp-Nielsen ( l 9 7 l ) ,  the primary e f f e c t  of mercury - 
bound t o  the membrane i s  a  leakage of potassium, followed by phosphate.  

This would cause a  r e d u c t i o n  i n  metabol ic  a c t i v i t y  and lead t o  reduced 



autospore  formation. Kamp-Nielsen (1971) a l s o  suggested t h a t  i ons  

p e n e t r a t e  t he  c e l l s  and then  e x e r t  a d d i t i o n a l  e f f e c t s  by b inding  t o  

the  a c t i v e  s i t e s  of enzymes. 

The r e l a t i o n  of mercury accumulat ion i n l .  p l e x  t o  the  concen- 

t i o n  of methylmercury i n  water and food (F ig ,  5 and 6 ) ,  sugges ts  a n  

uptake mechanism involv ing  a n  equ i l i b r ium r e a c t i o n ,  I f  accumulation 

was s o l e l y  determined by a n  equ i l i b r ium between mercury i n  water  o r  

food and the a v a i l a b l e  b inding  s i t e s  i n  g., pulexL one would expec t  the  

uptake r a t i o  (Q), i . e .  t he  r a t i o  of maximum mercury concen t r a t ion  i n  

D. pulex t o  the  concen t r a t ion  of mercury i n  the source ,  t o  be the  same - 
f o r  each  of the f i v e  concen t r a t ions  a t  which uptake was measured. 

This expec ta t ion  r e s t s  on the  assumption t h a t  the mercury accumulated 

by - D. p u l e x  was w e l l  below s a t u r a t i o n  l e v e l s .  However, a s  can be seen  

i n  Table 6,  the  uptake r a t i o s  were s i m i l a r  only a t  lower mercury con- 

c e n t r a t i o n s  and g radua l ly  decreased wi th  higher  concen t r a t ions .  There- 

f o r e ,  I conclude t h a t  exposure of _D. p u l e x  t o  a threshold  concentra-  

t i o n  of methylmercury a c t i v a t e s  a mechanism t h a t  reduces f u r t h e r  mercu- 

r y  uptake. I n  my experiments ,  t he  t h re sho ld  concen t r a t ions  were be- 

tween 1 and 2.5 ng ~ g / m l  i n  water  and be tween 16 and 3 9 ng H g h g  i n  

food. The reduced uptake occurred  w i t h i n  1 hr a f t e r  exposure began. 

The time r equ i r ed  f o r  maximum accumulation of mercury i n  t r o u t  

(Fig. 7 and 8)  was longer  than i n  2. p u l e x ,  p a r t i c u l a r l y  when mercury 

was provided i n  food, b u t  the p a t t e r n s  of uptake were s i m i l a r .  Uptake 

r a t i o s  i n  t r o u t  were s i m i l a r  on ly  a t  t he  lower concen t r a t ions  (Table 6 ) ,  

bu t  they decreased a t  concen t r a t ions  of methylmercury > 1 ng ~ g / m l  i n  

the water  o r  > 9 . 3  ng ~ g / m g  i n  the  food, The mechanism re spons ib l e  f o r  





t h i s  decrease  i n  uptake r a t i o  l i m i t e d  mercury accumulat ion t o  l e v e l s  

below those  t h a t  would have been a t t a i n e d  i f  uptake were s o l e l y  a func- 

t i o n  of methylmercury concen t r a t i on  i n  water  o r  food and numbers of 

a v a i l a b l e  b ind ing  s i tes .  

The ques t i on  a r i s e s  what may have caused t h i s  l i m i t a t i o n  i n  mer- 

cury  uptake.  I n  f i s h ,  mercury uptake from water  occurs  a lmost  exc lu-  

s i v e l y  v i a  the  g i l l s  (Olson e t  a l . ,  1973). Methylmercury a t  concentra-  

t i o n s  > 1 ng Hg/ml appa ren t ly  i n h i b i t e d  t h i s  mode of up take ,  b u t  t he  

mechanism involved i s  n o t  c l e a r .  Presumably, uptake of methylmercury 

v i a  t h e  food p a r a l l e l s  food a b s o r p t i o n  from the  gu t .  An adverse  e f f e c t  

of mercury on t h i s  l a s t  f u n c t i o n  i s  a t h e o r e t i c a l  p o s s i b i l i t y .  A s ,  

however, i n  my experiments  mercury t rea tment  d id  no t  a f f e c t  growth of  

the  f i s h ,  i t  i s  h igh ly  u n l i k e l y  t h a t  t he  r e l a t i v e l y  reduced mercury up- 

t ake  from water  o r  food a t  h igher  methylmercury concen t r a t i ons  i s  t o  

be a t t r i b u t e d  t o  a decreased  volume of water  f lowing through the  g i l l  

chamber o r  a decrease  i n  food u t i l i z a t i o n .  

I hypothesize t h a t  t he  mechanism caus ing  r e d u c t i o n  of mercury up- 

take  involves  t he  product ion  of mucus. Mucus-secreting c e l l s  a r e  nume- 

r o u s  i n  g i l l  and gu t  ep i the l ium.  Mucus has a well-known a f f  i n i t y  f o r  

methylmercury (McLeod and Pessah,  1973). Moreover, mucus e x c r e t i o n  i s  

s t imu la t ed  by bo th  i no rgan ic  and organic  mercury (McKone e t  a l . ,  1971; -- 
Rucker and Amend, 1969; Amend -- e t  a l . ,  1969). I n  my experiments  w i th  

t r o u t ,  methylmercury i n  concen t r a t i ons  of 25 - 50 ng ~ g / m l  induced a 

v i s i b l e  i n c r e a s e  i n  product ion  of s k i n  mucus. To my knowledge, d a t a  

concerning the  b ind ing  of methylmercury by i n t e s t i n a l  mucus, have n o t  

been publ ished.  However, Clarkson (1971, 1973) r e p o r t e d  t h a t  in t roduc-  



t i o n  i n  t he  food of a n  " a r t i f i c i a l  mucus" (a  r e s i n  r i c h  i n  SH-groups) 

was capable  of reduc ing  by more than 60% the  i n t e s t i n a l  a b s o r p t i o n  of 

methylmercury i n  mice. As mucus i n  t he  gu t  a s  we l l  a s  i n  t he  g i l l s  i s  

con t inuous ly  produced and e l imina t ed ,  i t  could provide a  means t o  pre- 

ven t  a p o r t i o n  of t he  methylmercury from e n t e r i n g  body t i s s u e s .  

It is  n o t  c l e a r  whether t he  suggested r o l e  of mucus could  a l s o  

app ly  t o  2. p l e x .  The mechanism of methylmercury accumulat ion from 

water  by D. p l e x  probably involves  uptake ac ros s  the  r e s p i r a t o r y  su r -  

f a c e s ,  bu t  the  presence of mucus a t  t he se  s u r f a c e s  i s  u n c e r t a i n .  A s  

D. p l e x  i s  a suspension f e e d e r ,  i t s  food uptake i s  accompanied by in-  - 
g e s t i o n  of cons ide rab l e  amounts of mucus produced by glands a t  t he  base 

of t he  f o u r t h  t h o r a c i c  limbs and by the  l a b r a l  glands ( ~ b r g e n s e n ,  1966). 

Thus, i t  seems l i k e l y  t h a t  some methylmercury removed by 2. pulex  from 

food and water i s  bound t o  mucus and subsequent ly  e l imina t ed .  

TWO a s p e c t s  of my i n v e s t i g a t i o n  may be of p a r t i c u l a r  r e l evance  t o  

t h e  phenomenon of methylmercury accumulat ion by animals  i n  a  n a t u r a l  aqua- 

t i c  environment:  uptake i s  a p p a r e n t l y  l i m i t e d  by mercury concen t r a t i on  

i n  the  medium and uptake from food i s  many times more e f f i c i e n t  than  

from water  (Table 4 and 5) .  Few d a t a  on t o t a l  methylmercury concentra-  

t i o n s  i n  water  e x i s t  and even l e s s  conc lus ive  in format ion  i s  a v a i l a b l e  

on the  p a r t i t i o n i n g  of methylmercury between d i s so lved  and p a r t i c l e -  

bound f r a c t i o n s  (Jenne,  1973). My s tudy  and t h a t  of Burrows and Kren- 

k e l  (1973) showed a  r a p i d  uptake of any d i s so lved  methylmercury by orga- 

nisms. Except f o r  heavy i n d u s t r i a l  contamina t ion  of n a t u r a l  wa te r s  and 

sediments by methylmercury, s u r h  a s  occur red  i n  Minamata Bay, Japan ,  con- 

c e n t r a t i o n s  of t h i s  compound i n  water  a r e  normally ex t remely  low. For 



example, Chau and Sa i toh  (1974) r epo r t ed  t h a t  lake water contained d i s -  

so lved  methylmercury i n  concen t r a t ions  < 1 ng ~ g / l .  Furthermore, t h e r e  

i s  evidence t h a t  a v a r i e t y  of b a c t e r i a  a r e  a b l e  t o  demethylate methyl- 

mercury t o  t he  inorganic  form (Spangler e t  a l . ,  1973). As most of the  

methylmercury i s  p re sen t  i n  bottom sediments,  i t  i s  very  l i k e l y  t h a t  

b e n t h i c  organisms accumulate t h i s  compound t o  a cons iderable  degree. 
I 

This is  supported by the  obse rva t ion  t h a t  of a l l  f i s h  c o l l e c t e d  from 

major r i v e r s  and l akes  throughout t he  U.S.,  bottom feede r s  such a s  c a t -  

f i s h  had the  h ighes t  concen t r a t ion  of methylmercury (Henderson and 

Shanks, 1973). The occurrence of h igh  concen t r a t ions  of methylmercury 

i n  preda tory  f i s h  from appa ren t ly  uncontaminated waters  ( Johnels  e t  a l . ,  

1967; Wobeser -- e t  a l . ,  1970) i s  b e s t  expla ined  by assuming t h a t  t he  mer- 

cury  i n  these  preda tors  i s  acqui red  by consumption of benth ic  organisms 

o r  animals f eed ing  on the  benthos. I n  view of the  r e l a t i v e l y  h igh  con- 

c e n t r a t i o n  of methylmercury i n  these  food sources and my observa t ion  

t h a t  mercury uptake from the food i s  many times more " e f f i c i e n t "  than 

from the water ,' I would conclude t h a t  the food cha in  i s  the major source 

of methylmercury accumulation i n  organisms of higher  t roph ic  leve 1s.  
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Appendix I. Determinat ion of e f f e c t  of food concen t r a t ion  on repro-  

duc t ion  and s u r v i v a l  of Daphnia p l e x .  

To e s t a b l i s h  the  food concen t r a t ion  of Chlamydomonas r e i n h a r d t i i  

y i e l d i n g  maximum s u r v i v a l  and r ep roduc t ion  of _D. pu lex ,  a d u l t  female 

D. p l e x  were maintained i n  250-ml darkened BOD b o t t l e s  a t  one of - 
seven d i f f e r e n t  concen t r a t ions  of C. r e i n h a r d t i i .  Water and food were 

4 

renewed d a i l y .  Af te r  one week, a l l  - D. pu l ex  were removed and separed -- --~ . --"* * 

accord ing  t o  s i z e .  Adult  s u r v i v a l  and reproduct ion  c o e f f i c i e n t s  were 

determined. The r e s u l t s  i n d i c a t e  t h a t  food concen t r a t ions  of approxi-  

mately 2.0 x lo5  c e l l s / m l  w i l l  g ive  a maximum s u r v i v a l  and r ep roduc t ion  

(Fig. I). 



Fig. I. The effect of food concentration (Chlamydomonas reinhardtii) 

on survival and reproduction of Daphnia pulex at 14 C. Mean values + 
standard error indicated. 
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Appendix 11. Determination of t he  median to le rance  l i m i t  (TLm) f o r  

methylmercury ( a s  CH3HgC1). 

Concent ra t ions  of methylmercury tox ic  t o  Daphnia pu lex  and Salmo 

g a i r d n e r i  were determined t o  e s t a b l i s h  l e v e l s  below which uptake expe- 

r imen t s  were conducted. The TLm, the  time a t  which 50% of the  t e s t  

animals  a r e  k i l l e d  (Henderson and Tarzwell ,  1957), was used a s  a mea- 

s u r e  of t o x i c i t y .  Continuous-flow experiments were conducted a t  14 C 

f o r  96 h r  i n  water  of cons t an t  mercury concent ra t ions  a s  ~ r o v i d e d  by 

a p ropor t iona l  d i l u t e r  of t he  type descr ibed  by Mount and Brungs (1967). 

Groups of one hundred a d u l t $ .  pulex and t e n  S. g a i r d n e r i  were exposed - 
t o  one of f i v e  mercury concen t r a t ions  ranging  from 5 - 100 ng ~ g / m l  

(Fig. I I a )  and 10 - 200 ng ~ g / m l  (Fig. I I b )  r e spec t ive ly .  Animals 

were p e r i o d i c a l l y  checked f o r  m o r t a l i t y  and dead ones removed. 



Fig.  I I a .  The e f f e c t  of mercury concen t r a t i on  on the s u r v i v a l  of 

Daphnia pu l ex .  Continuous-flow experiments  conducted a t  14 C f o r  

96 h r .  

0- 0 Hg as CH3HgC1 





Fig. I I b .  The e f f e c t  of mercury concen t r a t ion  on the s u r v i v a l  of 

Salmo g a i r d n e r i .  Continuous-flow experiments conducted a t  14 C f o r  

96 hr .  

A-A Hg a s  HgC12 





Appendix 111. Determinat ion of percentage  withdrawal of methylmercury 

from the  water  by Salmo g a i r d n e r i .  - 

To determine the  percentage withdrawal  of methylmercury from the  

wa te r ,  i t  was f i r s t  necessary  t o  c a l c u l a t e  the  v e n t i l a t i o n  volume ( the  

volume of water  pass ing  over t he  g i l l s ) .  V e n t i l a t i o n  volume va lues  i n  

t he  l i t e r a t u r e  f o r  Salmo g a i r d n e r i  were p l o t t e d  a g a i n s t  weight  and a 
--4 

r e g r e s s i o n  l i n e  c a l c u l a t e d .  The s i g n i f i c a n t  l i n e a r  r e l a t i o n s h i p  i nd i -  

c a t e d  a v e n t i l a t i o n  volume o f  12 .8  mllmin f o r  an  8 g t r o u t  (Fig.  111). 

Since t he  s lope  of t he  l i n e  i s  c r i t i c a l  a t  low v e n t i l a t i o n  volume and 

a s l i g h t  change could double  o r  ha lve  t h e  volume, t h i s  va lue  was com- 

pared w i t h  a c a l c u l a t e d  v e n t i l a t i o n  volume based on oxygen uptake of  

a n  8.47 g sockeye salmon a s  r e p o r t e d  by B r e t t  (1965). This  s i z e  of 

f i s h  approximated the  mean weight  (8.12 g )  of t h e  t r o u t  used i n  my 

experiments .  V e n t i l a t i o n  volume was c a l c u l a t e d  a s  fo l lows:  

where VG = V e n t i l a t i o n  Volume 

VO2 = 'oxygen Uptake ( m l  0z/min ) 

P102= I n s p i r e d  Oxygen Tension 

PEo2= Expired Oxygen Tens i on  

aWO2= Oxygen S o l u b i l i t y  C o e f f i c i e n t  i n  Water 

( m l  O2/m1 ~ ~ 0 / m m  Hg a t  t e s t  temperature  ) 



Fig ,  111. The r e l a t i o n s h i p  between v e n t i l a t i o n  volume and weight 

of Salmo ga i rdner  i de r ived  from published va lues .  V e n t i l a t i o n  

volume was r e l a t e d  t o  weight by the  fo l lowing  l i n e a r  equat ion ,  

Y = 0.147X + 12.2; r = 0.97. . . 

(1) Van Dam (1938) 

(2) Hughes and Saunders (1970) 

- ( 3 )  Holeton and Randall  (1967) 

(4) Davis and Cameron (1970) 

(5) Lloyd (1961) 



GRAMS 



B r e t t  c a l c u l a t e d  an  oxygen uptake f o r  a  8.47 g sockeye a t  one-quar te r  

a c t i v i t y  (presumed e q u i v a l e n t  t o  test  cond i t i ons  i n  t h i s  experiment)  

aWO = 4.68 x  (Randal l ,  1970). Assuming an  i n s p i r e d  oxygen 
2 

t e n s i o n  of 155 tnm Hg ( 760 mm x 0.209(water vapor p re s su re  a t  13 C) ) 

and t h a t  40% of a v a i l a b l e  oxygen i s  u t i l i z e d  ( J .Davis ,  pe r sona l  

communication ), 

A s  t h i s  va lue  was about  60% of t h a t  de r ived  from the  r e g r e s s i o n  l i n e ,  

I assumed a n  average va lue  of 10 ml/min a s  a v e n t i l a t i o n  volume i n  my 

c a l c u l a t i o n s .  
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