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ABSTRACT: Effects and accumulation of cadmium were studied in unialgal 10-1 batch-culture 
experiments with the dinoflagellate Prorocentrum micans Ehrenberg. Tests were made using sterile 
filtered North Sea water enriched with nitrate and phosphate only in order to avoid disturbances by 
complex formation. Cadmium was added to the cultures in amounts of 100 to 0.13/~g 1 -t. In one 
series it was added at the start of the experiments and in a second one after a growth period of 1 
week. Addition of only 1.2/~g Cd 1-1 reduces multiplication rates and maximum cell densities of the 
algae. Not until 0.4 #g Cd -1 does growth correspond to that of the controls. Cadmium concentrations 
were measured, after filtration, in the culture medium and in the biomass by means of flameless 
AAS. The cadmium content in algae increased from 2.7/~g g-1 (dry weight) in controls to 500/~g g-1 
(dry weight) in media containing 100 ~g Cd 1 -t. Uptake occurred rapidly during the first few days of 
the experiments, slowed down somewhat during exponential growth stage, and increased during 
decay of the cultures. Cadmium content of culture media remained nearly constant (Series 1) or 
decreased only slowly during experimental t ime (Series 2). The highest concentration factor was 
measured in the controls. It decreased with increasing metal concentration in the medium and 
increased with experimental  time. Structural modifications of the cells were visible after Lugol 
fixation only, indicating brittleness of the cell walls. P. micans has shown to be extremely sensitive 
to cadmium and to accumulate this metal. 

I N T R O D U C T I O N  

C a d m i u m  is a v e r y  c o m m o n  w a s t e  c o m p o n e n t  w h i c h  is h i g h l y  toxic  to p lants ,  

a n i m a l s  a n d  m a n  (Varma  & Katz, 1976; Y a m a g a t a ,  1978}. Thus ,  m a n y  i n v e s t i g a t i o n s  on  

l e t h a l  a n d  s u b l e t h a l  ef fects  of th is  m e t a l  on  m a r i n e  o r g a n i s m s  h a v e  a l r e a d y  b e e n  

u n d e r t a k e n  (e. g. H o p p e n h e i t  & Spe r l i ng ,  1977; v. W e s t e r n h a g e n  e t  al., 1978; M a r k h a m  

et  al., in  press) .  As  mos t  such  s tud ies  h a v e  c o n c e n t r a t e d  on  i n d i v i d u a l s  at c e r t a i n  s t ages  

of l i fe  h i s to ry  it s e e m s  to be  m e a n i n g f u l  to add,  as in  t he  p a p e r  p r e s e n t e d ,  s o m e  

e x p e r i m e n t s  at  t he  p o p u l a t i o n  l eve l .  I m p a i r m e n t  at  th is  l e v e l  w o u l d  h a v e  a se r ious  

i m p a c t  on  the  w h o l e  e c o s y s t e m  of p o l l u t e d  areas .  F u r t h e r m o r e ,  a t t e n t i o n  m u s t  no t  on ly  

b e  p a i d  to toxici ty ,  b u t  a lso  to the  b i o a c c u m u l a t i o n  of c a d m i u m  in  a q u a t i c  o r g a n i s m s  
(e.g. D e t h l e f s e n ,  1977/78;  a n d  the  l i t e r a tu re  c i t ed  therein}.  

As mos t  of t h e  a c c u m u l a t i o n  a n d  tox ic i ty  s tud ies  on  m a r i n e  o r g a n i s m s  c o n c e n t r a t e  

on  h i g h e r  t roph ic  l e v e l s  on ly  s y s t e m a t i c  s tud ies  ex is t  a b o u t  the  i m p a c t  of c a d m i u m  on  
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p r imary  producers .  These  ma in ly  cons is ted  of smal l - sca le  l abora tory  expe r imen t s  wi th  
cadmium concentra t ions  far above  the levels  to be  expec t ed  in  po l lu t ed  areas.  Fur ther-  
more,  o ther  authors  used  different  e x p e r i m e n t a l  condi t ions,  often us ing  chela tors  or soil  
extracts  in the i r  media ,  which  m a y  inf luence  toxici ty  and  u p t a k e  of cadmium.  This 
wou ld  a p p e a r  to exp la in  why  resul ts  va r i ed  in a w ide  range  as is shown in l i te ra ture  
reviews by  Taylor  (1977), Davies  (1978) and  Le land  (1978). To avoid  such difficult ies,  we  
en r i ched  the test  m e d i u m  (sterile f i l te red  Nor th  Sea water)  wi th  phospha te  and ni t ra te  
only. We cons ide red  this as an  essen t ia l  p recond i t ion  for the  observa t ion  of effects at 
rea l i s t ic  Cd concentrat ions .  In the  G e r m a n  Bight  these  concentra t ions  r ange  from 0.018 
(Sperl ing,  unpub l i shed)  and  0.02-0.05 (Kremling,  pe r sona l  communica t ion)  to 0.15 #g 
Cd 1-1 (Schmidt,  1976). In some nearshore  coastal  waters ,  however ,  levels  of 4.9 (Bristol 
Channel )  and  5.8 #g Cd 1-1 (Severn Estuary  - Bryan, 1976) have  b e e n  found. 

The  d inof lage l l a t e  Prorocentrum micans Ehrenberg ,  t es ted  in the  exper imen t s  
p resen ted ,  is a common Nor th  Sea p l ank ton  spec ies  and  has  a l r e a dy  b e e n  p roved  to be  
very  sensi t ive  to other  h e a v y  meta l s  l ike  Hg  and  Zn (Kayser, 1976, 1977). In a first ser ies  
Cd  (0.13-100/~g 1-1) was  a d d e d  i m m e d i a t e l y  at  the  start  of the exper iments .  In a second  
ser ies  (3.7-100/~g Cd  1-1) it  was a d d e d  1 w e e k  after inocula t ion  in o rder  to inves t iga te  
poss ib le  effects of o rganic  subs tances  r e l e a s e d  from the a l g a e  into the  medium.  

MATERIALS AND METHODS 

The d inof lage l l a t e  Prorocentrum micans Ehrenbe rg  was  i so la ted  nea r  H e l g o l a n d  
and cu l t iva ted  in  non-axen ic  monocul tu res  us ing  a m e d i u m  of na tu ra l  s eawa te r  from 
List, Sylt  (29 _ 1.5 %o S, s ter i le  f i l te red  th rough  Mi l l ipore  filters of 0.22-#m pore  d i ame-  
ter). Stock cul tures  were  kep t  in f/2 m e d i u m  (Gni l la rd  & Ryther, 1962). In c a dmium 
exper imen t s  cul ture  m e d i u m  was  pure  seawa te r  en r i ched  only wi th  0.075 g NaNO3 and  
0.005 g NaH2PO 4 " H20 p e r  litre.  The  first inocu la t ion  was  from stock cul tures  which  h a d  
b e e n  t ransfer red  for at  leas t  2 ba tch-cu l tu re  pe r iods  to only N- and  P-enr iched  seawa te r  
m e d i u m  in order  to avo id  the t ransfer  of f/2 nut r ients  into the  test  medium.  Fur ther  
inocula  fo l lowed from control  cul tures  dur ing  exponen t i a l  growth  phase .  The a lgae  were  
cu l t iva ted  in ser ies  of 10-1 glass  bot t les  ( Jenaer  Glas,  DURAN 50). Before use  the  bot t les  
were  w a s h e d  tho rough ly  wi th  HNO3, r insed  wi th  b id i s t i l l ed  wa te r  and  p re t r ea t ed  twice  
wi th  cul ture  m e d i u m  con ta in ing  the same ini t ia l  Cd concent ra t ion  as in the  fo l lowing 
exper iments ;  this  sa tu ra ted  the  glass  walls .  The meta l  was  a d d e d  in amounts  of 0.13 to 
100/ tg  1-1 from a stock solut ion (1.6308 g CdC12 - Baker  - in  1 1 b id i s t i l l ed  water) .  The  
m e d i u m  was not  c h a n g e d  dur ing  the exper iment .  

In order  to p rec lude  any  effects of c a d m i u m  res idues  from the glass  wal l s  of bot t les  
which  were  used  r e p e a t e d l y  in sepa ra te  expe r imen ta l  series,  a n u m b e r  of 8 control  
cul tures  was  set up  in cul ture  vessels ,  w a s h e d  twice  wi th  HNO3 and r insed  wi th  
b id i s t i l l ed  water ,  which  had  b e e n  used  p rev ious ly  in expe r imen t s  wi th  a concent ra t ion  
of 100 #g Cd  1-1. The resul ts  showed  that  there  was  no "bot t le  res idue  effect" on the 
growth  of a lgae .  By w a y  of precaut ion ,  however ,  the  expe r imen t  wi th  1.2 #g Cd 1-1 was  
run in  thorough ly  c l eaned  n e w  bott les .  

The cul tures  were  set up in  cons tan t - t empera tu re  rooms at 18 --+ 1 ~ The  bot t les  
were  i l l umina t ed  by  l a t e ra l ly -pos i t i oned  day l igh t  f luorescent  l amps  (Osram- L40 W/50) 
wi th  a l ight  in tens i ty  of about  3,000 Lux. The d i s tance  from the l ight  source to the  bot t les  
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was 10 cm. A 14:10 h l ight :dark period was main ta ined .  To effect a homogeneous  
dis t r ibut ion of the a lgae slight tu rbu lence  of the culture m e d i u m  was obta ined  by 
aerat ion (coarse bubbles ,  40 ml air m in  -1) through a glass capillary. 

Growth rates, cell product ion and  morphological  al terat ions of the cells were 
observed in  order to evaluate  the effects of cadmium. Cell  counts were made  with an 
inver ted  microscope. Samples  were taken  daily or in  some cases at longer  intervals.  
Sampl ing  took always place at a fixed t ime of the day (10.00 h). Each series was repeated  
fivefold and  accompanied  by 3 controls. 

The cadmium content  of the cells was de te rmined  with a f lameless AAS. For this 
purpose quotas of 200 to 1,500 ml of the cultures were filtered (Millipore; 0.45-#m pore 
diameter) at the start of the exper iments  and on the 1st, 3rd, 7th, 14th, 21st and  28th days. 
The cells were washed  on the filters with uncon tamina t ed  seawater  in  order to remove 
cadmium residues from the culture medium,  scraped off carefully from the filters and  
transferred into 1.5-ml cadmium-free  Eppendorf-micro test tubes. After drying (at 60 ~ 
overnight) the cadmium content  was de te rmined  by the method of Sper l ing et al. (1977). 
The cadmium concentrat ions in  the culture media  were de te rmined  after fil tration by the 
method of Sperl ing (1977). Below a concentra t ion of 3.7 #g Cd 1-1 flameless AAS 
measurements  had to be combined  with APDC extraction (Sperling, 1978). 
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Fig. 1. Prorocentrum micans. Cadmium content of the culture media: (A) Series in which Cd was 
added directly after inoculation by ca. 100 cells m1-1, (B) Series in which Cd was added one week 

after inoculation (cell density then: ca. 1,150 cells m1-1) 
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RESULTS 

C a d m i u m  c o n t e n t  of t h e  c u l t u r e  m e d i a  

The s t anda rd  cadmium content  of N- and  P-enr iched  seawa te r  m e d i a  for controls  
was  0.11 • 0.075 #g 1-5 (n -- 27}. In c a d m i u m - e n r i c h e d  m e d i a  the  r ecove red  leve ls  were  
about  10 to 15 % lower  than  in tended .  In the  series  wi th  add i t i on  of the  me ta l  imme d i -  
a te ly  at the  b e g i n n i n g  of the  exper iments ,  leve ls  r e m a i n e d  re la t ive ly  constant  dur ing  
expe r imen t a l  t ime:  At  100 ~g Cd 1-1 a m e a n  va lue  of 91 • 3.5 ~g 1-1 was  r ecove red  (Pig. 
1A); dur ing  the first 14 days  of the expe r imen t  only a s l ight  dec rease  of this  concentra-  
t ion was  observed.  At 33.3 ~ 1-5, the  recovered  Cd  levels  in the  m e d i u m  were  
28.4 • 1.2 #g 1.5 at the  start  and  25 • 0.7 ~g 1.5 at the end  of the  exper iments .  At  11.1 and  
3.7 ~g Cd 1-1 the content  of the  m e d i a  r e m a i n e d  re la t ive ly  constant  at 9.92 • 0.7 and  
2.8 • 0.4 #g Cd 1-5, respect ive ly .  In the  ser ies  wi th  add i t ion  of c a dmium 1 w e e k  after  the 
start  of the  expe r imen t s  the  me ta l  content  of the  cul ture  m e d i a  (Fig. 1B) d e c r e a s e d  
somewha t  more  than  in the  foregoing  series.  At add i t ion  of 100 #g Cd  1.5 the  r ecove red  
concent ra t ions  were  96/~g 1-5 after the  1st day  and  79 yg  1-1 at  the  end  of the exper iment .  
At  add i t ion  of 33.3 and  11.1/~g Cd  1-5 va lues  dec reased  from 29.2 and  8.2 to about  25 and  
5 ~g 1-5, respec t ive ly ,  dur ing  the first 14 days; va lues  r e m a i n e d  nea r ly  constant  at  these  
levels  for the  fo l lowing 2 weeks .  

I n h i b i t i o n  of g r o w t h  

Addition of cadmium at the beginning of the experiments 

In control  cul tures  Prorocentrum micans r e a c he d  a m e a n  doub l ing  t ime of about  1.9 
days  dur ing  the exponen t i a l  s tage;  the  cel l  dens i ty  i nc reased  from 100 cells m1-1 to about  
12,000 • 4,500 cells m1-1 wi th in  28 days  (Pigs 2, 3, and  5). The  add i t i on  of 100 ~g Cd  1-1 
caused  an  in i t ia l  l ag  phase  of 1 day; then  cel l  dens i ty  inc reased  dur ing  exponen t i a l  
growth  to about  1,250 cel ls  m1-1 at the  8th day  of the  exper iment .  Growth  s topped  at this 
poin t  and  cell  n u m b e r  d e c r e a s e d  to about  370 cel ls  m1-1 on the 21st day  (not shown). At  
lower  c a d m i u m  concent ra t ions  the  growth  dep res s ion  was  even  more  distinct:  after 
add i t ion  of 33.3 #g 1-1 the  cel l  number s  g r ew  slowly to a m a x i m u m  of only 800 cells m1-1 
and  s t agna ted  at this l eve l  (Pig. 2). Add i t ion  of 11.1 and  3.7 #g Cd 1-1 caused,  after  a 
m a x i m u m  of 600 and  300 cel ls  m1-1, a dec rease  to about  260 and  125 cel ls  m1-1, 
respect ive ly .  Even add i t i on  of 1.2 ~g Cd 1-1 caused  dec rea sed  growth  which  l ed  to a f inal  
m e a n  cel l  n u m b e r  of only 750 cel ls  m1-5 (compared  wi th  12,000 cel ls  m1-1 of the  controls). 
Sepa ra t e  cultures,  however ,  showed  unusua l  var ia t ions  b e t w e e n  60 and  2,250 cel ls  m1-1 
at  the  end  of the  expe r imen t  (Fig. 2). Final ly ,  add i t i on  of 0.4 ~g Cd 1-1 (Pig. 3) and  0.13 #g 
Cd 1-5 (not shown) h a d  no v is ib le  effect on divis ion ra te  and  m a x i m u m  cel l  n u m b e r  for a 
pe r iod  of 29 days.  

M a x i m u m  and  f inal  cel l  dens i t ies  of the  cul tures  at  var ious  Cd concentra t ions  in the 
m e d i a  are  summar i zed  in  P igure  4A. The resul ts  show that  the  effect of Cd  was  most ly  
dis t inct  after add i t i on  of 3.7 ~g 1-1. After  add i t i on  of 1.2/~g Cd 1-5 the  d ivis ion ra te  of the 
a lgae  was  r e d u c e d  to a m e a n  doub l ing  t ime of 5.4 days  for the  first 10 days  (1.9 days  in 
controls, Pig. 2). In controls  cel ls  d iv ided  7 t imes  dur ing  the  exper iment ;  af ter  add i t i on  of 
3.7 #g Cd 1-5 this  ra te  was  r e d u c e d  to 1.5 t imes.  
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Fig. 2. Prorocentrum micans. Cel l  density after addi t ion of 33.3 to 1.2/~g C d l  -1 direct ly after 
inoculation. Mean values and standard deviations are given from every 5 replicates and a total of 17 

controls 

Addi t ion of  cadmium one w e e k  after the start of  the exper iments  

In all cultures the cell densi ty  increased dur ing  the first week  but  division rate 
decreased with increas ing  cadmium concentrat ions (Pig. 5). Max imum cell densi t ies  
amoun ted  to about  14,000 cells m1-1 in  controls whereas  ma x i mum cell densi t ies  of only 
6,400 and  4,300 cells m1-1 were ob ta ined  after addi t ion  of 3.7 and  100/~g Cd 1-1, 
respectively. At the end  of the exper iments  the corresponding cell densi t ies  were only 
2,300 and  750 cells m1-1. The results are summar ized  in  Figure 4B (maximum and  final 
cell densi t ies  of the cultures versus Cd concentrat ions in  the media). Growth inh ib i t ion  
increased with increas ing  cadmium concentrat ions.  After addi t ion of the metal,  cells 
d ivided 3.6 t imes in  controls, 2.5 t imes at 3,7/~g 1-1 and  1.9 t imes at 100 #g 1-1. 

M o r p h o l o g i c a l  a l t e r a t i o n s  of t he  ce l l s  

The only morphological  al terat ions to be found directly were i r regular  deformations 
of cells of decreas ing  cultures at h igher  cadmium concentrat ions.  After Lugol fixation, 
however,  in  cadmium-t rea ted  cells a vesicular  sinus of the protoplast was observed 
occasionally which protruded over the far end  of the armour. These bladders  occurred 
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Fig. 3. Prorocentrum micans. Cell density after addition of 0.4 #g Cd 1-1 directly after inoculation. 
Mean values and standard deviations are given from 5 replicates 

ma in ly  after add i t i on  of 100 and  33.3 #g Cd 1-1 on the 3rd day,  and  at 11.1 ~g Cd 1-1 on the 
7th day  of the  exper iments ,  and  the i r  f requency  inc reased ,  wi th  t ime.  In controls 
co r respond ing  formations have  only rare ly  b e e n  observed.  

C a d m i u m  a c c u m u l a t i o n  

Addit ion of cadmium at the beginning  of the experiments  

The s t andard  c a d m i u m  content  in cel ls  of s tock and  control  cul tures  was d e t e r m i n e d  
in 132 separa te  samples  and a m o u n t e d  to a m e a n  va lue  of 2.66 + 1.32 #g g-1 dry we igh t  
(Pig. 6). After  add i t i on  of 100 #g Cd 1-1 this  va lue  i nc reased  rap id ly  to 48.3 4- 3.1 and  
85 -+- 30 #g g-1 dry we igh t  after the  1st and  3rd days  of the  exper iment ,  respect ive ly .  
After  this pe r iod  r e d u c e d  up t ake  l ed  to a concent ra t ion  of 99 • 6/~g Cd 1-1 dry we igh t  on 
the 8th day.  This da te  cor responds  with  the  end  of the  exponen t i a l  growth  s tage  of the  
cultures.  Dur ing  the fo l lowing dec rease  of the  cel l  densi ty,  however ,  c a d m i u m  content  
r ap id ly  i nc reased  anew to 284 • 44 and  348 • 30 #g Cd g-1 dry w e i g h t  on the 14th and  
21st days,  r e spec t ive ly  {not shown). After  add i t ion  of 33.3 #g Cd 1-1, c a dmium content  of 
the  cells l i kewise  i nc reased  very  r ap id ly  to 67 + 12/~g Cd g-1 dry we igh t  dur ing  the first 
3 days  (Pig. 6); then  96.3 • 15.5 #g Cd  g-1 dry we igh t  were  r e a c he d  at the  end  of the  
expe r imen t  on the 23rd day.  Cel l  dens i ty  s t agna ted  at  this  t ime (Fig. 2) wi thout  the  
r e m a r k a b l e  dec rease  no ted  in cul tures  at 100 #g Cd  1-1. The  same t e n d e n c y  was  also 
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and a total of 20 controls 

obse rved  at lower  c admium concentra t ions  from 11.1 to 1.2 fig 1-1 (Fig. 6) and  l ed  to a 
f inal  content  of 52 to 22 fig Cd  g-1 dry weight ,  respect ive ly .  At 0.4 #g Cd 1-1 the  c a dmium 
content  of the  cel ls  i nc reased  to 8.2 4- 0.4 #g Cd g-1 dry we igh t  after a pe r iod  of 1 w e e k  
and  r e m a i n e d  more  or less constant  at 7.3 __ 1.4 # g  Cd  g-1 dry  we igh t  dur ing  the 
fo l lowing t ime (Fig. 6). This was  3 t imes  the  leve l  of u n c o n t a m i n a t e d  a lgae .  

Addit ion of  cadmium one w e e k  after the start of  the exper iments  

After  add i t ion  of 100 #g 1-1 the cadmium content  of the cel ls  i nc reased  very r ap id ly  
from 2.66 to 76/~g g-t dry we igh t  wi th in  the  first 3 days  (Fig. 7). Ca. 95 #g Cd g-i  dry 
we igh t  were  r e a c h e d  after 1 week ,  w h e n  the exponen t i a l  growth  s tage  came  to an  end  
(Fig. 5}. Dur ing  the fo l lowing phase  of dec rease  the  c a d m i u m  content  of the  cel ls  rose 
r ap id ly  to 500/~j  g-1 dry we igh t  at the  end  of the  exper iment .  S imi la r ly  at 33.3 and  
11.1/~g Cd 1 -i  the  f inal  cel l  content  r e ache d  200 and  100/~g Cd g-i  dry weight ,  
respect ive ly .  At  lower  concent ra t ions  the cadmium increase  wi th  t ime was  nea r ly  l inea r  
for the  first 3 w e e k s  and  r eached  a sa tura t ion  leve l  for the  las t  week .  After  add i t ion  of 
3.7/~g 1-1 the  c a d m i u m  content  in a lgae  inc reased  18 t imes  the  na tura l  l eve l  after 28 days  
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of exposure (48 #g Cd g-1 dry weight) .  Nearly  the same va lue  (17 times) was  reached 
after addit ion of 100 #g Cd 1-1 even  on the first day of the experiment; after 28 days of 
exposure,  an increase of 187 t imes was  recorded (500 fig Cd g-1 dry weight) .  

C o n c e n t r a t i o n  factor  

The concentration factor of cadmium (cadmium content in the cel ls  [fig kg  -1 wet  
weight]  d iv ided by its actual concentration determined in the test water [fig 1 -~] is 
demonstrated in Figure 8. For wet  we ight  calculat ion an average water content of 63 % 
was  determined in Prorocentrum micans. As average  cadmium content of control cel ls  
was  985.2 fig kg  -1 wet  we ight  and the metal  concentration in control media  about 0.1 ~g 
1A the concentration factor amounts  in this case to 9,852. At increas ing cadmium 
concentrations the factor lowered (e. g. to 11 at the start of the experiment  at 100 ~g Cd 
1-1). The factor increased with t ime but va lues  remained  smaller than that of the controls 
at all concentrations tested. In the series with addition of cadmium I w e e k  after the start 
of the experiments  (Fig. 8B) the concentration factors increased to somewhat  h igher  
va lues  than in the series with addit ion of the metal  immedia te ly  at the b e g i n n i n g  of the 
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Fig. 8, Prorocentrum micans. Concentra t ion  factor (cadmium content  in the organisms [~tg Cd kg -1 
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after addi t ion of cadmium (A) directly at inoculat ion and  (B) one week  after inoculat ion 

exper imen t s  (Fig.8A); the curves of F igure  8B show a more  d i f fe ren t ia ted  course wi th  
respec t  to the  var ious  Cd concentra t ions  than  that  of F igure  8A. 

DISCUSSION 

The s t anda rd  c a d m i u m  content  of N- and  P-enr iched  m e d i a  in control  cul tures  was  
0.11 +__ 0.075 #g I-Z; ex t reme  care must  be  t a k e n  at these  concentra t ions  and  the reIa-  
t ive ly  la rge  s t anda rd  dev ia t ion  m a y  have  a r i sen  from un in ten t iona l  con tamina t ion  
dur ing  e x p e r i m e n t a l  work. In c a d m i u m - e n r i c h e d  m e d i a  r ecove red  leve ls  were  about  
15 % lower  than  in tended .  Such losses have  b e e n  obse rved  l ikewise  by  Rosenthal  & 
Sper l ing  (1974), K15ckner (1978) and  M a r k h a m  et al. (1980) and  as s tandards  for 
m e a s u r e m e n t  were  p r e p a r e d  in exac t ly  the  same w a y  the effect may  have  b e e n  caused  
by  adsorp t ion  of Cd to glass  wal l s  or organic  compounds  of the  medium.  Dur ing  
expe r imen ta l  t ime,  the  cadmium content  of the m e d i a  r e m a i n e d  re la t ive ly  constant;  
compara t ive ly  smal l  quotas  of the  ava i l ab le  me ta l  have  b e e n  incorpora ted  by  the a lgae  
themselves .  A rough  ca lcu la t ion  shows that, for example ,  onIy 0.8 % of the total  
c a d m i u m  content  of the  cul ture  m e d i u m  h a d  b e e n  incorpora ted  by  the a lgae  dur ing  the 
first 14 days  after the  add i t ion  of 100 pg Cd 1 -~ at the  b e g i n n i n g  of the  exper iments .  The 
c a d m i u m  content  in the  ceils was  284/~g g - 1  d r y  weigh t  at  that  t ime.  The sI ight  increase  
of the  c a d m i u m  content  of the  m e d i u m  dur ing  the  las t  w e e k  of this  e xpe r ime n t  (Fig. 1 A) 
m a y  be  due to the  r e m a r k a b l y  dec reas ing  cel l  n u m b e r  (370 cel ls  m1-1 on the 21st day):  



C a d m i u m  accumula t ion  in Prorocentrum micans 99 

p robab ly ,  d e c o m p o s i n g  cel ls  r e l e a s e d  the i r  c a d m i u m  content  into the  med ium.  After  
add i t i on  of 0.13, 0.4 and  1.2 pg Cd  1-1, the  da ta  from chemica l  ana lyses  in the m e d i u m  
have  not b e e n  repor ted .  This  r ange  has  u n e x p e c t e d l y  b e e n  r e a c he d  and  un in ten t iona l  
con tamina t ions  wh ich  are  to le rab le  at  h ighe r  concent ra t ions  l ed  to var ia t ions  of the 
resul ts  wh ich  m a d e  the measu remen t s  m e a n i n g l e s s  then. In future work  it is i n t e n d e d  to 
c o m p l e m e n t  these  expe r imen t s  us ing  more  su i tab le  cul tural  and  s a m p l i n g  methods .  

With  respec t  to o ther  forms of d inof lage l l a tes  Ber land  et al, (1976) r epor ted  sub le tha l  
toxici ty  th resholds  in growth  expe r imen t s  wi th  Amphidinium carteri and  Exuviella 
mariae-lebouriae to levels  of 25 and  50 fig Cd 1-1, respect ive ly ;  in pho tosyn thes i s  tests 
wi th  Gyrodinium fissure T k a c h e n k o  et  al. (1974) found va lues  of 1-10 #g Cd  1-1. PrSvot 
& Soyer  (1978) r epor ted  growth  effects in Prorocentrum micans first af ter  add i t ion  of 5 #g 
Cd 1-1. The  resul ts  p r e s e n t e d  here  show, however ,  that  this la t te r  spec ies  is much  more  
sens i t ive  and  add i t ion  of the  me ta l  in amounts  only 1.2/~g Cd 1-1 caused  ser ious  growth  
inh ib i t ion  dur ing  the exponen t i a l  s tage  of the a lgae .  Not unt i l  add i t i on  of 0.4/~g Cd 1-1 
d id  growth  cor respond  to that  of control  cultures.  This resul t  m a y  be  due  to an  exper i -  
men ta l  des ign:  PrSvot & Soyer  (1978) used  m e d i a  en r i ched  wi th  soil  extracts.  The a d d e d  
c a d m i u m  m a y  then  have  b e e n  b o u n d  in a complex  form and  the par t  ava i l ab le  to the  
o rgan i sms  m a y  have  b e e n  lowered  at these  condi t ions.  A l though  this a s sumpt ion  cannot  
be  p roved  by  the p resen t  expe r imen t s  because  the quotas  of free and  bound  c a d m i u m  
ions have  not b e e n  d e t e r m i n e d  separa te ly ,  we  used  m e d i a  en r i ched  wi th  n i t ra tes  and  
phospha t e s  only in order  to min imize  complexa t ion  of the a d d e d  meta l  a l r e a dy  at  the  
start  of the  exper iments .  Fur thermore ,  the  r e l a t ive ly  low ini t ia l  ceil  dens i t ies  ob ta ined  
dur ing  the ser ies  wi th  add i t i on  of the  me ta l  at the b e g i n n i n g  of the  expe r imen t s  
const i tute  a for tunate  rat io  b e t w e e n  b iomass  and  cul ture  med ium.  It is to be  a s sumed  that  
these  condi t ions  are  essent ia l  for the  observa t ion  of effects at low concentrat ions .  

In the  p resen t  expe r imen t s  a d i f ference in  growth  response  was  obse rved  wi th  
respec t  to the  poin t  of the c a d m i u m  addi t ion.  W h e n  the me ta l  was  a d d e d  at the  start  of 
the  expe r imen t s  at r e l a t ive ly  low ini t ia l  cel l  densi t ies ,  g rowth  inh ib i t ion  was  most  
d is t inct  at 3.7/~g Cd 1-1; w h e n  the me ta l  was  a d d e d  1 w e e k  after inocu la t ion  at  
cons ide rab ly  g rea te r  cel l  numbers ,  inh ib i t ion  occurred  more  r egu la r iy  and  100 #g Cd 1-1 
caused  the  most v is ib le  re tardat ion .  This resul t  sugges t s  the  fo l lowing explana t ions :  (a) 
The  h ighe r  cel l  dens i ty  in the  second  ser ies  offers a d v a n t a g e s  to the  popu la t ion  for 
se lec t ion  processes  and,  thus, recovery.  In the first ser ies  no ind ica t ions  of recovery  have  
b e e n  found. (b) Re leased  organic  mate r i a l s  at h ighe r  popu la t i on  dens i ty  1 w e e k  after 
inocula t ion  in  the  second  ser ies  m a y  have  inac t iva ted  a cons ide rab le  par t  of the  
c a d m i u m  by  complexat ion .  The g e n e r a l l y  h ighe r  growth  inh ib i t ion  in the first ser ies  
suppor ts  this  theory.  As the  re la t ion  b e t w e e n  cul ture  wa te r  and  b iomass  is ex t r eme ly  
h igh  this effect is ma in ly  to be  expec t ed  at the lowest  concent ra t ion  of the  me ta l  in the  
med ium.  (c) In the  first ser ies  the  e x p e r i m e n t a l  subser ies  b e g a n  wi th  100 ~g Cd 1-1 and  
p rog re s sed  to lower  and  lower  concentra t ions .  In each  case  the  cont ro ls  of the  prev ious  
subser ies  had  b e e n  u sed  for inocula t ion  of the fo l lowing exper iment .  A l though  the 
behav iou r  of the  controls  showed  no s igni f icant  changes ,  it cannot  be  ful ly e x c l u d e d  that  
in only N- and  P-enr iched  seawa te r  m e d i a  the in te rna l  nut r ien t  status of the cei ls  was  
l o w e r e d  dur ing  the course of the  fo l lowing subser ies .  This fact poss ib ly  i nc reased  the 
sens i t iv i ty  of the  cel ls  to add i t iona l  env i ronmen ta l  stressors dur ing  e xpe r ime n t a l  t ime.  In 
the  second  ser ies  the  subser ies  wi th  different  Cd concentra t ions  ran  s imul taneous ly .  
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Fur ther  examina t ions  wi l l  exp lore  the  extent  to wh ich  the nutr ient  status of the  cel ls  m a y  
inf luence  the  sens i t iv i ty  of the  a lgae .  

The  s t anda rd  c a d m i u m  content  in control  cel ls  a m o u n t e d  to abou t  2.7/~g g-1 dry 
we igh t  wh ich  cor responds  to da ta  of Bryan (1974), who r epor t ed  a m e a n  of 2 ~g g-1 (dry 
weight)  in  phy top lank ton .  Cd exposure  caused  a very  r a p i d  inc rease  of its content  in the  
b iomass  dur ing  the  first days.  This m a y  be  due  to adsorp t ion  to the  cell  surface (Cossa, 
1976~ Kreml ing  et al., 1978). Dur ing  the subsequen t  exponen t i a l  growth  phase  the  
up t ake  rate  dec reases  s ign i f ican t ly  ind ica t ing  a re la t ion  wi th  the  d ivis ion ra te  of the  cel ls  
wh ich  p roduce  n e w  a lga l  matter .  Dur ing  this per iod,  however ,  c a d m i u m  m a y  have  b e e n  
incorpora ted  into the cel ls  to such a d e g r e e  that  the i r  me tabo l i sm was  inhib i ted .  Cul tures  
s t agna t ed  in  dens i ty  or decreased ,  therefore,  and  c a d m i u m  content  of the  cel ls  r ap id ly  
i nc reased  anew.  D a m a g e d  and  d e a d  cel ls  s eem to accumula t e  c a d m i u m  to a h ighe r  
degree .  Cor re spond ing  resul ts  have  b e e n  r epor t ed  by  M a n g  & Tromba l l a  {1978} who 
in t e rp re t ed  these  f ind ings  as a consequence  of a b r e a k d o w n  of the  pro tec t ive  ab i l i t i es  of 
the  cel l  wal l s  in  dy ing  cells.  A favoured  up t ake  of c a d m i u m  by cel l  wal l s  was  found by  
Rosentha l  & Sper l ing  (1974} w h e n  they  e x a m i n e d  he r r ing  eggs  before  and  after 
spawning .  

The  concent ra t ion  factor of c a d m i u m  was  h ighes t  in controls, dec r ea sed  wi th  
inc reas ing  me ta l  content  in the  m e d i u m  and  inc reased  dur ing  exposure  t ime.  Never the -  
less the  up t ake  of Cd was  h igh ly  d e p e n d e n t  on its concent ra t ion  in the  water .  This  is the  
typ ica l  pa t t e rn  of w e a k  ion -exchange  behaviour :  Sa tura t ion  d e p e n d s  s t rongly  on the 
concent ra t ion  of the  me ta l  ava i lab le .  Concen t ra t ion  factors r epor ted  by  other  authors  are  
in a s imi lar  r ange  (e. g. 350-6,000 in p l ank ton ic  a lgae ,  as r epor ted  by  Klass et  al., 1974, 
and  Yamagata ,  1978). Canter ford  et  al. (1978) showed  dec reas ing  factors wi th  inc reas ing  
meta l  concentra t ions  in  the  m e d i u m  in expe r imen t s  wi th  the  d ia tom DityIum brightwel- 
1ii. This ind ica tes  that  the  m a i n  b i n d i n g  sites of different  spec ies  are  not  ve ry  specif ic  bu t  
were  more  or less s imi lar  to each  other. 

Morpho log ica l  aber ra t ions  could  only be  no ted  in  Lugol - f ixed  cell  samples .  Corre-  
spond ing  observat ions  have  b e e n  shown by  Pr&vot & Soyer  (1978), i nd ica t ing  a br i t t le-  
ness of the  cel l  m e m b r a n e  in cadmium-a f fec t ed  cells. This seems  to be  a gene ra l  effect of 
Cd as a s imi iar  resul t  has  also b e e n  ob ta ined  by  Rosenthal  & Sper l ing  (1974) and  
Rosentha l  & Alde rd i ce  {1976} for he r r ing  eggs.  S i lve rberg  {1976) r epor t ed  cadmium-  
i n d u c e d  u l t ras t ruc tura l  changes  in mi tochondr ia  of f reshwater  g reen  a l g a e  and  consid-  
e red  the  mi tochondr ia  as the  p r imary  ta rge t  for c a dmium-a s soc i a t e d  cytotoxicity.  

A survey of the  l i t e ra ture  on the effects of c a dmium on mar ine  organisms  revea l s  that  
Prorocentrum micans is one of the  most sensi t ive  forms. Growth  re ta rda t ion  in cul ture  
expe r imen t s  occurs at  concentra t ions  wh ich  are  r epor t ed  l i kewise  from po l lu t ed  a reas  of 
nea r shore  coasta l  waters .  Fur thermore ,  the  resul ts  demons t ra te  the extent  to wh ich  
response  to cer ta in  Cd concentra t ions  d e p e n d s  on the e xpe r ime n t a l  des ign.  A full  
a s sessment  of the  eco log ica l  consequences  is imposs ib le  at p resen t  bu t  cons ider ing  the 
fact that  the  toxici ty th resholds  in  mar ine  organisms  vary  b e t w e e n  10 m g  Cd 1-1 in le tha l  
tests  and  1 ~g Cd  1-1 in  sub le tha l  tests, the  whole  concept  of so -ca l led  "safe ty  factors" 
m a y  be  ques t ioned.  
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