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ABSTRACT: Responses of the estuarine unicellular algae M onochrysis lutheri, Isochrysis galbana, 
Dunaliella euchlora, and Phaeodactylum tricornutum  to excess C u C l2, C d C l2, and Z n C l2 in growth 
media were determined. Tolerance to metals in artificial seawater was much greater than in enriched 
natural seawater, presumably because of the higher concentration of metal ligands in the former. 
Growth differences between species in media containing excess Cu or Cd were observed in both media 
tested. Growth of M  lutheri and I. galbana was inhibited considerably more than that of the other test 
organisms. This difference did not occur in media with excess Zn. After extended periods of subculture 
in sublethal concentrations of Cu and Cd, algae developed tolerances to metal concentrations that were 
inhibitory upon initial exposure. Strains of I. galbana adapted to grow in a medium with 10 mg% CuCl2 
(47.3 ppm Cu) or 2.5 mg% CdCl2 (15.3 ppm Cd) were fed to laboratory-reared veliger larvae of the 
oyster Crassostrea virginica. These algal foods induced poor growth and high mortalities in grazing 
larvae. We conclude that pollution of estuarine waters with high concentrations of metals can decrease 
primary productivity and alter algal species dominance. With continued exposure to sublethal concen­
trations, phytoplankters can exhibit a limited increase in tolerance and adaptation to the metals. These 
populations are then potentially toxic for grazing species at higher trophic levels.

INTRODUCTION

A n in c r e a s in g  bo d y  of k n o w le d g e  is r e v e a l in g  d e t r i ­
m e n ta l  effects of w a s te  m a te r ia ls  on m a r in e  life (e.g. 
Bryan, 1971; K orringa ,  1971; F r ib e rg  e t  al., 1974; C ole,
1979). In r e c e n t  years ,  the  u b iq u i to u s  u se  of m e ta ls  
th r o u g h o u t  th e  w o rld  h a s  r e s u l te d  in  th e  p ro d u c t io n  of 
h ig h ly  c o n c e n t r a te d  m e ta l l ic  w a s te s  w h ic h  a re  often  
r e l e a s e d  d i rec t ly  in to  th e  m a r in e  e n v i r o n m e n t  or e v e n ­
tu a l ly  f ind  th e i r  w a y  in to  coas ta l  w a te r s  from a v a r ie ty  
of d u m p  sites. M e ta l  p o l lu t io n  is a w o r ld w id e  p ro b le m . 
A b n o rm a l ly  h ig h  co n c e n t ra t io n s  of m e ta ls  h a v e  b e e n  
re p o r te d  from coas ta l  w a te r s  of th e  s o u th e a s te r n  
U n i te d  S ta te s  (W indom  a n d  Sm ith ,  1972), th e  J a p a n e s e  
coas t  (Ikuta, 1968), th e  coas t  of S p a in  (E s tab l ie r  a n d  
P asq u a i ,  1974), th e  British coas t  (Boyden, 1975), N e w
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Z e a la n d  (N ie lsen ,  1975), L ong  I s la n d  S o u n d  (G re ig  e t  
al., 1977), the  coas t  of Is rael (A m ie l a n d  N avro t,  1978), 
a n d  th e  St. L a w re n c e  R iver  e s tu a ry  (C ossa  a n d  Poule t ,  
1978).

B iv a lves  c o n c e n t r a te  so m e  r e q u i r e d  m e ta ls  to lev e ls  
in e x ce ss  of th o se  fo u n d  in  m e t a l l o e n z y m e s  (Wolfe, 
1970; C o o m b s ,  1972, 1974), as  w e l l  as  o th e r  m e ta ls  for 
w h ic h  no r e q u i r e m e n t  h a s  b e e n  d e m o n s t r a t e d  (P r in g le  
e t  al., 1968; F e n g  a n d  R uddy , 1974; V a l ie l a  e t  ah,
1974). A  d a ta  b ib l io g r a p h y  c o m p i le d  b y  K id d e r  (1977) 
lists 189 p u b l i s h e d  a r t ic le s  r e p o r t in g  c o n c e n t r a t i o n s  of 
h e a v y  m e ta ls  fo u n d  in  b iv a lv e s  c o l l e c te d  th r o u g h o u t  
th e  w o rld .  A l th o u g h  th e  la t te r  p u b l i c a t i o n  in d ic a te s  
th a t  m u c h  r e s e a rc h  h a s  b e e n  c o n d u c te d  to d e te r m in e  
th e  c o n c e n t r a t i o n  of h e a v y  m e ta ls  s to red  in  a d u l t  
b iv a lves ,  w ith  th e  e x c e p t io n  of th e  s tu d y  of C a la b r e s e  
et al. (1977) on la rv a e  of th e  A m e r i c a n  o y s te r  C ras­
sos trea  v irg in ica  a n d  th e  h a rd  c la m  M e rc e n a r ia  m e r ­
cenaria , l i t t le  in te re s t  h a s  b e e n  s h o w n  in  d e t e r m i n in g  
th e  to le r a n c e  to m e ta ls  of th e  m o re  f rag i le  la rva l  
s tag es .
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S o m e  m ic ro -a lg a e  h a v e  b e e n  s h o w n  to to le ra te  m o d ­
e ra t e ly  h ig h  c o n c e n t ra t io n s  of h e a v y  m e ta ls  (Cossa, 
1976; B ra e k  et al., 1980). T h is  to l e r a n c e  s u g g e s t s  th e  
p o ss ib i l i ty  th a t  m e ta ls  m a y  a c c u m u la te  in  p h y to p la n k -  
te rs  a n d  c an  b e  t r a n s fe r re d  from  foods to g r a z in g  
s p e c ie s ;  thus , m e ta ls  c an  r e a c h  th e  h ig h e r  trop h ic  
leve ls .  C o n c e rn  o v e r  th is  a c c u m u la t io n  of m e ta ls  by  
c o m m e rc ia l ly  m a r k e t e d  m a r in e  sp e c ie s  h a s  b e e n  
v o ic e d  in  th e  p u b l i c  p re s s  (e. g. T h e  N e w  York T im es,  
1978, 1980), as  w e l l  as th e  sc ien t i f ic  l i t e r a tu re  (e .g .  
H a i i  e t  al., 1976). In th is  l a t te r  s tudy ,  c a d m iu m  c o n c e n ­
t ra t io n s  u p  to 20 p p m  w e r e  fo u n d  in  so m e  fish p ro d u c ts  
i n t e n d e d  for h u m a n  c o n su m p tio n .

For p u r p o s e s  of e c o lo g ic a l  m a n a g e m e n t  it is im p o r ­
ta n t  to g a in  a n  u n d e r s t a n d i n g  of th e  ro u te s  b y  w h ic h  
h ig h  c o n c e n t ra t io n s  of m e ta ls  a re  a c c u m u la te d  in  fish 
a n d  sh e l lf ish .  T h e  p r e s e n t  s tu d y  in v e s t i g a te s  (1) effects 
of th e  h e a v y  m e ta ls  co p p e r ,  c a d m i u m  a n d  z in c  on 
g ro w th  ra te s  of 4 e s tu a r in e  u n ic e l lu l a r  a lg a e  in  co n tro l ­
led  cu l tu re  m e d i a  c o n ta in in g  d if fe ren t  co n c e n t ra t io n s  
of c h e la te ;  (2) th e  p o te n t i a l  of th e  a lg a e  for a d a p ta t io n  
to e x c e s s  m e ta l  c o n c e n t r a t io n s  in  g ro w th  m e d ia ;  (3) the  
e ffec ts  of a lg a l  food c u l tu r e d  in  h ig h  m e ta l  c o n c e n t r a ­
t ion s  o n  g ra z in g  C rassostrea  v irg in ica  la rvae .

MATERIALS AND METHODS

E x p e r im e n ts  w e re  c o n d u c te d  w i th  a x e n ic  c u l tu re s  of 
th e  fo l lo w in g  a lg a e :  th e  f l a g e l l a te s  M o n o c h ry s is

lu th e r i  Droop, Iso ch rys is  g a lb a n a  Parke ,  D u n a lie lla  
eu ch lo ra  L erche  (the la t te r  s t ra in  id e n t i f ie d  b y  Dr. R. A. 
L ew in  b u t  re fe r re d  to as D. tertio lec ta  b y  M cL achlin ,  
1960), a n d  th e  d ia to m  P h a e o d a c ty lu m  tr ico rn u tu m  
Bohlin .  T h e s e  a lg a l  s t ra in s  h a v e  b e e n  m a in ta in e d  in 
th e  Milford  L abo ra to ry  C o l lec t io n  for m a n y  yea rs  as 
a x e n ic  c u l tu re s  in  m e d ia  id e n t ic a l  to tho se  u t i l iz e d  in 
th e s e  ex p e r im e n ts .

A lg a e  w e re  c u l tu re d  in  Pyrex  s c r e w -c a p p e d  tes t  
tu b e s  (19 m m  X 150 m m , w i th  l ine rs  in caps  rem o ved )  
a n d  E r le n m e y e r  s c r e w - c a p p e d  f la sks  w h e n  la r g e r  v o l­
u m e s  of c u l tu re  w e re  r e q u i re d .  G la s s w a re  w as  w a s h e d  
in  d e t e r g e n t  (Alco-Jet) , r in se d  w i th  tap  a n d  d is t i l l ed  
w a te r ,  a n d  im m e rs e d  for at le a s t  1 h, tw ic e  in b o i l in g  
g la s s -d is t i l l e d  w a te r .

S e a w a te r  from th e  M ilford  L ong  Is land  S o u n d  e s t u ­
ary  (salinity: 2 7 -2 8  ppt) w a s  s to re d  in  a 1 0 ,000-ga l lon  
(ca. 40,000 1) f ib e rg la s s - l in e d  a tt ic  t a n k  a n d  b r o u g h t  
in to  la b o ra to r ie s  by g rav i ty  flow. S e a w a te r  w a s  f i l te red  
th r o u g h  10 a n d  1 pm p o ly p r o p y le n e  fi lter  c a r t r id g e s  
(Fi l te ri te  Corp.,  M ary la n d ,  USA), i r r a d ia te d  by tw in  18- 
in ch  u l t ra v io le t  l igh ts  (d e s ig n  d e sc r ip t io n  in  Loosanoff 
a n d  Davis, 1963), a n d  f ina lly  p a s s e d  th ro u g h  an  a c t i ­
v a te d  c h a rc o a l  fi lter  c a r t r id g e  (B arns tead) .  T w o  d if fe ­
r e n t  m e d ia  fo rm u la t io n s  w e re  u sed :  a n  e n r ic h e d  
n a tu r a l  s e a w a te r  m e d iu m ,  E (U keles ,  1973) a n d  an  
ar t if ic ia l  s e a w a te r  m e d iu m ,  A S P 2 (Provasoli et al., 
1957) (T ab le  1). C o n c e n t ra t io n s  of te s te d  m e ta l  salts  
a re  e x p re s s e d  in  m g % , i .e .  m g  w e ig h t  p e r  1 0 0 m l  
so lu tion ,  b e c a u s e  th is  is th e  u su a l  m e th o d  of e x p r e s ­

Table 1. Algal culture media (concentrations 1 1 ‘ )

Artificial seawater medium (Provasoli et al., 1957)
NaCl 18 gm Vitamin mix S3‘ ‘ 10 ml
M g S 0 4 5 gm Na2EDTA 30 mg
KCl 0.6 gm FeCl3 6H20 0.829 mg
CaCl2 ■ 2H20  101 mg ZnCl2 144 gg
N a N 0 3 50 mg MnCl2-4H20 1.25 mg
K2H P 0 4 5 mg CoCl2 ■ 6 H ,0 3.1 gg
Na2S i0 3 9H20  150 mg CuCL 1.18 gg
'THAM' ‘ ‘ ‘ 1 gm h 3b o 3 6.16 mg
Vitamin B12 2 gg

Enriched natural seawater medium (Ukeles, 1973)
Seawater 500 ml T H A M " • ■ 1.0 gm
KH2P 0 4 20 mg C u S 0 4 ■5H20 0.0098 gg
NaNOj 300 mg Z n S 04 7H20 0.022 gg
NaFe Sequestrene 5 mg CoC12 ■ 6H20 0.013 gg
Vitamin B12 0.003 mg MnCl2 ■ 4H20 0.180 gg
Thiamine HCl 0.3 mg Na2M o 0 4 • 2H20 0.0063 gg

■ Solutions and media are brought to volume with double glass-distilled water
■ ‘ Vitamin mix S3 is prepared by dissolving the following in 100 ml double glass-distilled water- 30 mg thymine, 5 mg

thiamine HC1, 1 mg nicotinic acid, 1 mg Ca pantothenate, 0.1 mg para-amino benzoic acid, 0.01 mg biotin, 50 mg
inositol, and 0.02 mg folic acid

‘ 1 ‘ Tris(hydroxymethyl)aminomethane
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s in g  co n c e n t ra t io n s  of n u t r ie n t s  in p h y co lo g ic a l  
s tud ies .  R e ta in in g  th is  c o n v e n t io n  fac i l i ta te s  c o m p a r i ­
sons b e tw e e n  e x p e r im e n ta l  m e ta l  salt  c o n c e n t ra t io n s  
a n d  th ose  co n c e n t ra t io n s  u se d  in n o rm a l  g ro w th  
m e d ia .  W h e re  a p p ro p r ia te ,  c o n c e n t ra t io n s  of m e ta ls  
a re  a lso  e x p re s s e d  as m g m e ta l  ion p e r  l i te r  (ppm), the  
d e s ig n a t io n  m os t often  u s e d  for w a te r  q ua l i ty  cri ter ia .  
It sh o u ld  b e  n o te d  th a t  th e s e  v a lu e s  do not r e p r e s e n t  
ionic  c o n c e n t ra t io n s  a v a i l a b le  to the  a lg a e  as a la rge  
p e r c e n t a g e  of th e  m e ta l  ions a re  b o u n d  by c h e la t in g  
a g e n t s  in the  g ro w th  m ed ia .  C o p p e r ,  as w ell  as z inc  
a n d  c a d m iu m ,  w as  te s te d  as su l fa te  salt  in the  n a tu ra l  
s e a w a te r  m e d iu m  s in ce  C u S 0 4 a n d  ZnSCq are  
ro u t in e ly  u se d  as t r ace  m e ta l  c o m p o n e n ts .  M e ta ls  w e re  
a d d e d  as  c h lo r id e  sa l ts  in e x p e r im e n t s  w ith  ar t if ic ia l 
s e a w a te r  m e d iu m  as c h lo r id e  is th e  a n io n  of th e  c o p p e r  
a n d  z inc  sa l ts  in th is  fo rm u la t ion .

T h e  m a x im u m  co n c e n t ra t io n s  of th e  m e ta ls  tha t  
cou ld  b e  te s te d  w e re  l im i ted  to th ose  w h ic h  r e m a in e d  
so lu b le  in  th e  a lk a l in e  g ro w th  m ed ia .

All a lg a l  cu l tu re  m e d ia  w e re  s t e a m -s te r i l i z e d  in a 
C as t le  a u to c la v e  for 20 m in  a t  15 -17  lb a tm  p re s su re  
a n d  a l lo w e d  to e q u i l ib r a te  at le a s t  24 h b e tw e e n  
s te r i l iz a t io n  a n d  in o cu la t ion .  S tock  cu l tu re s  of e ach  
o rg a n i sm  w e re  m a in ta in e d  in tes t  tu b e s  c o n ta in in g  
10 ml of A S P 2 or E m e d i u m  a n d  s u b c u l tu r e d  ro u t in e ly  
e v e ry  14 d. E x p e r im e n ta l  cu l tu re s  w e re  in o c u la te d  
a se p t ic a l ly  w i th  0.5 ml of a 14-d s tock  cu l tu re ,  an d  
e a c h  tes t w as  c o n d u c te d  in  t r ip l ica te .  A lgal cu l tu re s  
w e re  in c u b a t e d  in a S h e re r  S e r ie s  RI-LTP L igh ted  
B io in cu b a to r  e q u ip p e d  w ith  co o l-w h i te  f lu o re sc e n t  
lights .  I l lu m in a t io n  w as  a b o u t  500 ft C on a 12/12 h 
l ig h t /d a rk  cyc le  a n d  t e m p e r a tu r e  w a s  m a in ta in e d  at 
20 °C ( ±  1 C°). C e ll  co u n ts  of cu l tu re  s a m p le s  w e re  
m a d e  in an  Im p ro v e d  N e u b a u e r  H e m a c y to m e te r  
(Bright-Line).  C u l tu re  d e n s i ty  w as  d e t e r m i n e d  in 
m a tc h e d  c a l ib ra te d  tes t tu b e  cuve ttes ,  u s in g  s t a n d a rd  
b la n k s  of u m n o c u l a t e d  m e d iu m  for e a c h  m e ta l  c o n ­
cen tra t io n ,  in a B ausch  a n d  Lom b S p e c tro n ic  20 Col- 
o r im e te r - s p e c t ro p h o to m e te r  at 520 nm. E x p e r im e n ta l  
r e su l ts  of a lg a l  g ro w th  s tu d ie s  w e re  e x p re s se d  as the  
ra t io  of g ro w th  in excess  m e ta ls  to th a t  of con tro l  
cu ltu res ;  th is  ra tio  w a s  c o n v e r te d  to a p e rc e n t  va lue .

E x p e r im e n ts  w e re  d e s i g n e d  to d e te r m in e  le v e ls  of 
le tha l ,  su b le th a l ,  a n d  n o n - in h ib i to ry  c o n c e n t ra t io n s  of 
Cu, Zn, a n d  C d  in n a tu ra l  a n d  ar t if ic ia l  s e a w a te r  
m ed ia .  S p ec ie s  w e re  c u l tu re d  in  s u b le th a l  c o n c e n t r a ­
t ions of c o p p e r  a n d  c a d m iu m  a t  d if fe ren t  in i t ia l  cell  
c o n c e n t ra t io n s  to d e te r m in e  if ce ll  d e n s i ty  in f lu e n c e d  
m e ta l  to le ran ce .  C a p a c i t ie s  of a lg a l  sp e c ie s  to a d a p t  to 
m e ta ls  w e re  in v e s t i g a te d  by  s u b c u l tu r e  e v e ry  2 w in 
A SP2 m e d iu m  c o n ta in in g  s u b le th a l  m e ta l  c o n c e n t r a ­
tions. C u l tu re  d e n s i t i e s  w e re  d e te r m in e d  spec -  
t ro p h o to m etr ica l ly .  At s u b c u l tu r e  11, l iv in g  cells  from 
contro l c u l tu re s  a n d  from th e  h ig h e s t  c o n c e n t ra t io n  of

e a c h  m e ta l  to le ra te d  w e re  e x a m i n e d  m ic ro sc o p ica l ly  
for g ross  m o r p h o lo g ic a l  c h a n g e s .

A d u l t  oys ters  C rassostrea  v irg in ica  w e re  in d u c e d  to 
s p a w n  in th e  la b o ra to ry  by w a rm  w a te r  s t im u la t io n  
(Loosanoff a n d  Davis,  1963). F e r t i l iz e d  e g g s  w e r e  c o l­
le c te d  a n d  w a s h e d  on N i tex  (m o n o f i l a m e n t  nylon) 
s c r e e n in g  a n d  s u s p e n d e d  a t  a c o n c e n t ra t io n  of 15 m l-1 
in 26 °C s e a w a te r  for 48 h. F u lly  d e v e lo p e d  v e l ig e r  
la rv ae  w e re  w a s h e d  on  a 3 6 -m e sh  N itex  sc reen ,  r e s u s ­
p e n d e d ,  a n d  c o u n te d  in a S e d g w ic k -R a f te r  cell .  L a rv ae  
w e re  s u s p e n d e d  to y ie ld  a c o n c e n t r a t io n  of 20 la rv a e  
m l-1 in 600 ml of s e a w a te r  in  p o ly p r o p y le n e  b e a k e r s  
th a t  w e re  in c u b a te d  on  a w a te r  ta b le  m a i n t a i n e d  at 
26 °C.

Iso c h ry s is  g a lb a n a  w a s  s tu d ie d  in the  la rva l  f e e d in g  
e x p e r im e n t s  b e c a u s e  it is r a p id ly  u t i l iz e d  a n d  k n o w n  
to h a v e  h ig h  n u t r i t io n a l  v a lu e  for la rv ae  (D avis a n d  
G u i l la rd ,  1958,- W aln e ,  1963; U k e le s ,  1971). In p r e p a r a ­
tion  for f e e d in g  of la rvae ,  a lg a e  w e re  c o n c e n t r a te d  by 
c e n t r i fu g a t io n  a t  1500 RPM  (276 G) in a n  IEC I n t e r n a ­
tiona l C e n t r i fu g e  (M odel PR2) for 8 m in  a t  5 °C. T h e  
s u p e r n a t a n t  m e d i u m  w a s  d e c a n te d ,  a n d  th e  ce l ls  w e re  
r e s u s p e n d e d  in  40 ml of f i l t e r - s te r i l iz e d  s e a w a te r .  T h is  
w a s h e d  cell s u s p e n s io n  w a s  a d d e d  to th e  la rv a l  c u l tu re  
as food source .  I. g a lb a n a  w e r e  fed  a t  a c o n c e n t r a t io n  of
16.5 X IO3 ce lls  m l“1 of la rv a l  cu l tu re .  In v e s t ig a t io n s  of 
la rv a l  g ro w th  w e re  c o n d u c te d  on  th e  fo l low in g  fe e d in g  
re g im es :  (1) u n fe d  la rvae ;  (2) u n fe d  la rvae ,  w i th  s o lu ­
tions of C u C l 2 or C d C l2 a d d e d  to th e  cu l tu re ;  (3) la rv a e  
fed a lg a e  c u l tu r e d  in A S P 2 g ro w th  m e d iu m  a n d ,  also, 
so lu t io n s  of C u C l2 or C d C l2 a d d e d  to th e  la rv ae ;  (4) 
la rv ae  fed  a lg a e  a d a p te d  to g ro w  in A S P 2 g ro w th  
m e d iu m  c o n ta in in g  h ig h  c o n c e n t r a t io n s  of C u C l 2 or 
C d C l2.

At 24 -h  in te rva ls ,  s t a r t in g  48 h af te r  fe r t i l iza t ion ,  
la rv a e  from  e a c h  b e a k e r  w e re  co l le c te d  on a 3 6 -m e sh  
N itex  sc ree n ,  w a s h e d  w i th  a p r e s s u r i z e d  s t r e a m  of 
s e a w a te r ,  a n d  r e s u s p e n d e d  in  b e a k e r s  c o n ta in in g  
500 ml of s e a w a te r  A 20-m l s a m p le  w as  t a k e n  from 
e a c h  b e a k e r  a n d  p r e s e rv e d  in 4 % fo rm alin .  A d d i t io n s  
of food a n d  m e ta ls  w e re  a g a in  m a d e ,  th e  v o lu m e  
b r o u g h t  to 500 ml w i th  s e a w a te r ,  a n d  th e  b e a k e r s  r e ­
in c u b a te d .

D aily  m ic ro sco p ic  e x a m in a t io n s  w e re  c o n d u c te d  to 
o b se rv e  th e  q u a l i t a t iv e  a p p e a r a n c e  of th e  l iv in g  l a r ­
vae, a n d  1-ml f ixed  s a m p le s  w e re  c o u n te d  in  a  S e d g ­
w ick -R a f te r  c h a m b e r  to d e t e r m i n e  d e a d / l iv e  ra t ios .  For 
g ro w th  d e te r m in a t io n s ,  50 la r v a e  w e re  m e a s u r e d  
a lo n g  th e  w id e s t  d im e n s io n  of th e i r  she l l  p a r a l l e l  to th e  
s t r a ig h t -h in g e ,  u s in g  a B a u sc h  a n d  L om b B a lp la n  m i ­
c ro sco p e  w i th  a c a l i b r a t e d  e y e p ie c e  scale .

S a m p le s  of la rv a e  from e a c h  f e e d in g  r e g im e  w e re  
ta k e n  1 h a f te r  th e  9 th  f e e d in g  for o b s e r v a t io n  of f e e d ­
in g  b e h a v io r  by  e p i f lu o re s c e n c e  m ic roscop y ,  as 
d e s c r ib e d  by  B a b in c h a k  a n d  U k e le s  (1979). L a rv ae
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w e r e  e x a m i n e d  for f l u o re s c e n c e  of a lg a e  w i th in  th e  g u t  
w i th  a B au sc h  a n d  L om b B a lp la n  f lu o re sc e n c e  m ic ro ­
sco p e  (u s in g  th e  i n c id e n c e  f lu o re sc e n c e  m od e)  fi t ted  
w i th  a n  A B O -50  W m e rc u ry  v a p o r  l a m p h o u s e  p o w e r  
su p p ly .  A B au sch  a n d  L om b 3 5 -m m  c a m e ra  w i th  a 
B a u sc h  a n d  L om b  AX-1 A u to m a t ic  E x p o su re  C o n t ro l ­
le r  w a s  u s e d  for p h o to g r a p h in g  s a m p le s  on K o d a k  Tri- 
X p a n  film.

RESULTS 

R esponses of A lgae to M etals in Artificial Seaw ater

A b o v e  a t h r e s h o ld  v a lu e ,  th e r e  w a s  a d i re c t  r e l a t i o n ­
sh ip  of m e ta l  c o n c e n t r a t i o n  to g ro w th  in h ib i t io n .  T h e  
re s p o n s e  to m e ta ls  v a r ie d  b e tw e e n  sp ec ies .  M o n o c h r y ­
s is  lu th e r i  a n d  Iso ch ry s is  g a lb a n a  d e m o n s t r a t e d  very  
s im i la r  r e s p o n s e s  a n d  w e re  c o n s id e ra b ly  m o re  s e n s i ­
t ive  to th e  m e ta ls  th a n  w e re  D u n a lie lla  e u ch lo ra  or 
P h a e o d a c ty lu m  tr ico rn u tu m .

N o s ig n i f i c a n t  g ro w th  in h ib i t io n  in  th e  a r t if ic ia l  s e a ­
w a te r  m e d i u m  w a s  o b s e r v e d  in  C u C l 2 c o n c e n t ra t io n s  
b e lo w  5 X IO“1 m g %  (2.37 p p m  Cu). P a r t ia l  in h ib i t io n  
of Iso c h ry s is  g a lb a n a  o c c u r r e d  in  5 m g %  C u C l 2, r e d u c ­
in g  g ro w th  in  th e  m e ta l  to 7 3 .6 %  of th e  contro l .  T h e  
o th e r  s p e c ie s  w e r e  less  a f fec te d  a t  th is  c o n c e n t ra t io n :
81.4 % for M o n o c h r y s is  lu th er i, 89.5 % for P h a e o d a c ty ­

lu m  tr ico rnu tum , a n d  9 3 .7 %  for D u n a lie lla  euch lora . 
T h e s e  re la t io n s  in g ro w th  ra te  w e re  r e p e a t e d  at 
10 m g %  a n d  25 m g %  C u C l2. At the  la t te r  c o n c e n t r a ­
tion, g ro w th  of M . lu th e r i  a n d  I. g a lb a n a  w a s  only
11.2 % a n d  14.3 %, re spec t iv e ly ,  of th a t  in  the  controls.  
H o w ever , P. tr ico rn u tu m  p o p u la t io n s  in c r e a s e d  to
59.2 % of th e  contro l a n d  D. eu ch lo ra  w a s  only  s l igh t ly  
in h ib i t e d  (T ab le  2).

Z n C l2, at or less  th a n  1 m g %  (4.80 p p m  Zn), c a u s e d  
no s ig n if ic an t  in h ib i t io n  of a n y  of th e  a lg a e  te s ted .  In 
m e d i u m  w i th  3 m g %  Z n C l2, all sp e c ie s  w e re  s im ila r ly  
r e d u c e d  in  g ro w th  to b e tw e e n  7 4 -7 9  % of th e  control.  
In m e d ia  w i th  5 m g%  and  7 m g % , s o m e w h a t  m ore  
in h ib i t io n  w a s  o b se rv e d  (T ab le  2).

T h e  m o s t  p ro n o u n c e d  d i f fe re n ces  in  re s p o n se  
b e tw e e n  sp e c ie s  to a m e ta l  sa l t  w e re  o b se rv e d  in 
e x p e r im e n ts  te s t in g  effects of C d C l2. A l th o u g h  no s ig ­
n if ican t  g ro w th  in h ib i t io n  o c c u r r e d  in less th a n
2.5 m g %  C d C l2 (15.3 p p m  Cd), a t  th is  c o n c e n t ra t io n  
g ro w th  of M o n o c h ry s is  lu th e r i  a n d  Iso ch ry s is  g a lb a n a  
w a s  a lm os t  c o m p le te ly  in h ib i t e d .  In 5 m g %  C d C l2, 
g ro w th  of M . lu th e r i  a n d  I. g a lb a n a  cea sed ;  w h e re a s ,  
D u n a lie lla  eu ch lo ra  a n d  P h a e o d a c ty lu m  tr ico rn u tu m  
a c h ie v e d  d e n s i t i e s  of 6 4 .3 %  a n d  80.1 %, re sp ec t ive ly ,  
of th e  contro ls .  At 20 m g %  C d C l2, g ro w th  of D. e u c h ­
lora  w a s  se v e re ly  red u ced ,  b u t  50 m g %  w a s  r e q u i r e d  
to c au se  this  d ra s t ic  re d u c t io n  in  P. tr ico rn u tu m  
(T ab le  2).

Table 2. Growth of algal populations exposed to metals in artificial seawater medium (ASP2), observed after 12 d; growth 
expressed as percentage of that obtained in absence of metal. Dash: no experiment

Metal salt 
(mg%)

Concentration
Metal ion 

(ppm)
Monochrysis

lutheri

Algal species 
Isochrysis Dunaliella 
galbana euchlora

Phaeodactylum
tricornutum

CuCl2 0.005 Cu 0.0237 119.3 99.0 103.7 104.9
0.01 0.0473 100.2 99.0 99.4 103.7
0.1 0.473 94.0 97.5 97.1 100.4
0.5 2.37 92.8 101.9 94.1 98.4
5.0 23.7 81.4 73.6 93.7 89.5

10.0 47.3 71.9 66.1 96.4 74.8
25.0 118 11.2 14.3 92.0 59.2

ZnCl2 0.025 Zn 0.120 99.0 98.9 98.0 98.1
0.1 0.480 97.2 98.8 90.9 99.2
1.0 4.80 94.5 93.4 89.9 98.8
3.0 14.4 76.6 76.3 78.7 74.2
5.0 24.0 71.7 75.6 68.6 62.7
7.0 33.6 64.7 50.9 60.4 59.6

CdCl2 0.01 Cd 0.0613 97.2 92.8 95.6 100.9
0.1 0.613 95.6 95.5 92.5 103.9
1.0 6.13 92.8 92.8 97.2 103.0
2.5 15.3 13.6 20.3 - -

5.0 30.7 6,2 8.3 64.3 80.1
10.0 61.3 4.9 5.6 27.3 76.2
20.0 123 4.9 4.7 5.6 52.3
25.0 153 - - 5.6 37.9
50.0 306 - - 5.0 9.2
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Table 3. Growth of algal populations exposed to metals in enriched natural seawater medium (E), observed after 12 d; growth
expressed as percentage of that obtained in absence of metal

Metal salt 
(mg%)

Concentration
Metal ion 

(ppm)
Monochrysis

lutheri

Algal species 
Isochrysis Dunaliella 
galbana euchlora

Phaeodactylum
tricornutum

C u S 0 4 0.119 Cu 0.473 98.3 94.9 88.6 94.6
1.19 4.73 91.7 92.8 86.4 92.8

11.9 47.3 10.3 7.4 81.2 85.8
Z n S 0 4 0.118 Zn 0.480 93.8 90.8 88.7 91.0

1.18 4.80 90.7 91.8 92.1 106.7
11.8 48.0 36.5 36.8 38.4 25.8

C d S 0 4 0.0114 Cd 0.0613 108.6 90.6 96.0 96.3
0.114 0.613 107.3 90.7 99.4 101.9
1.14 6.13 10.9 7.7 55.2 94.5

11.4 61.3 10.0 7.7 7.3 43.1

Responses oí A lgae to M etals in Enriched Natural 
Seawater

D iffe ren ces  in  sp e c ie s  to le ra n c e s  to m e ta l  sa l ts  w e re  
s im i la r  to th ose  o b s e r v e d  in  the  art if ic ia l  s e a w a te r  
m e d i u m  a l th o u g h  it soon  b e c a m e  a p p a r e n t  th a t  a lg a e  
w e re  less  to le ra n t  of c a d m iu m  a n d  c o p p e r  in  the  
e n r i c h e d  n a tu r a l  s e a w a te r  th a n  in th e  ar t if ic ia l  s e a w a ­
te r  m e d iu m .  In contras t ,  to le ra n c e s  of z inc  w e re  s im i la r  
in  b o th  m e d ia .

In h ib i t io n  d id  no t o ccu r  at or less  th a n  1.19 m g %  
C u S 0 4 (4.73 p p m  Cu), b u t  a t  11.9 m g %  p o p u la t io n  
in c re a se s  of M o n o c h ry s is  lu th e r i  a n d  Iso ch rys is  g a l­

bana  w e r e  a lm o s t  c o m p le te ly  in h ib i t e d .  In con tras t ,  at 
th is  la t te r  c o n c e n t ra t io n ,  D u n a lie lla  eu ch lo ra  a n d  
P h a e o d a c ty lu m  tr ico rn u tu m  d i s p la y e d  g ro w th  8 1 .2 %  
a n d  8 5 .8 %  of th a t  in th e  con tro ls  (T ab le  3).

G ro w th  w a s  n o t  in h ib i t e d  in  0 .118 m g %  a n d
1.18 m g %  Z n S 0 4; in  11.8 m g %  Z n S 0 4 (48.0 p p m  Zn) 
v e ry  s im i la r  g ro w th  r e s p o n s e s  b e tw e e n  2 5 .8 %  a n d
38.4 % of th e  con tro ls  w e re  o b se rv e d  in a ll  sp e c ie s  
(T ab le  3).

N o n e  of th e  t e s te d  s p e c ie s  w e re  in h ib i t e d  in 
0.114 m g %  C d S 0 4, b u t  in 1.14 m g %  C d S 0 4 (6.13 p p m  
Cd) g ro w th  of M o n o c h r y s is  lu th e r i  a n d  Iso c h ry s is  g a l­
bana  v ir tu a l ly  c e a se d .  In co n tras t ,  D u n a lie lla  eu ch lo ra
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Fig. 1. Isochrysis galbana. Growth in ASP2 medium (solid 
lines) and in ASP2 with the addition of 0.1 mg% CdCl2 
(0.613 ppm Cd) (dotted lines) at 2 initial cell populations, 
9.2 X IO4 cells m l '1 (solid circles) and 3 5 x  IO4 cells ml-1 

(open circles)
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Fig. 2. M onochrysis lutheri. Growth in ASP2 medium (solid 
lines) and in ASP2 with the addition of 0.1 mg% CdCl2 
(0.613 ppm Cd) (dotted lines) at 2 initial cell populations, 
5.7 x  IO4 cells ml-1 (solid circles) and 1.5 x  IO4 cells ml-1 

(open circles)
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Fig. 3. D unaliella euchlora. Growth in ASP2 medium (solid 
lines) and in ASP2 with the addition of 1.0 mg% CdCl2 
(6.13 ppm Cd) (dotted lines) at 2 initial cell populations, 
4.1 X IO4 cells ml-1 (solid circles) and 4.9 x  IO3 cells m l '1 

(open circles)

D ay s

Fig. 4. Phaeodactylum tricornutum. Growth in ASP2 medium 
(solid lines) and in ASP2 with the addition of 10 mg% CdCl2 
(61.3 ppm Cd) (dotted lines) at 2 initial cell populations, 
2.4 X IO5 cells m l '1 (solid circles) and 2.0 x  IO4 cells ml-1 

(open circles)

8 0 -

2 0 -

S u b c u l t u r e  n u m b e r

Fig. 5. M onochrysis lutheri. 
Growth during extended expo­
sure to copper by periodic sub­
culture in ASP2 medium contain­
ing added CuCl2 (8 mg% 
CuCl2 = 37.8 ppm Cu; 10 mg% 
CuCl2 = 47.3 ppm Cu). Arrows: 
subcultures at which cells grow­
ing in one concentration of the 
metal were continued in this 
medium and also transferred into 
an additional higher or lower con­
centration of CuCl2. At the 3rd 
subculture the stock strain grow­
ing in ASP2 was transferred into 

8 mg% CuCl2

a n d  P h a e o d a c ty lu m  tr ico rn u tu m  w e re  fa ir ly  to le ran t ;  
th e i r  p o p u la t io n s  in c r e a s e d  to 5 5 .2 %  a n d  9 4 .5 % ,  
re s p e c t iv e ly ,  of th e  controls .  S im ila r ly ,  in  11.4 m g%  
C d S 0 4 P. tr ic o rn u tu m  w a s  m o re  re s i s t a n t  t h a n  D. e u c h ­
lora  (T a b le  3).

A lg a l  d e n s i ty  a f fec ted  th e  re s p o n s e  to s u b l e th a l  c a d ­

m iu m  co n c e n t ra t io n s  in d if fe ren t  w ays. In m ed ia  w ith  
c a d m iu m ,  M o n o c h ry s is  lu th e r i  a n d  Iso ch rys is  g a lb a n a  
a t  lo w er  in i t ia l  ce ll  d e n s i t i e s  h a d  a lo n g e r  lag  per io d  
th a n  th e  con tro ls  or c u l tu re s  in c a d m iu m  w ith  h ig h e r  
in i t ia l  cell  d en s i ty .  T h e  2 in i t ia l  I. g a lb a n a  d e n s i t ie s  
a t t a in e d  th e  s a m e  m a x im a l  p o p u la t io n s ,  b u t  M . lu th e r i
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Fig. 6. Monochrysis lutheri. 
Growth during extended expo­
sure to zinc by periodic sub­
culture in medium contain­
ing added ZnCl2 (3.5 mg% 
ZnCl2 = 16.8 ppm Zn; 5 mg% 
ZnCl2 = 24.0 ppm Zn). Arrows: 
subcultures at which cells grow­
ing in one concentration of the 
metal were continued in this 
medium and also transferred into 
an additional higher or lower con­

centration of ZnCl2

8 0 -

r♦-<
S
o
i- 6 0  _ O)
0L.*-
c
0
o 4 0 -
0

Z n C I 2
3 .5  mg % 

5 mg %2 0 .

S u b c u l t u r e  n u m b e r

from the  lo w er  in i t ia l  p o p u la t io n  d e n s i ty  la g g e d  
b e h in d  in m a x im a l  cell  n u m b e r s  (Figs. 1, 2). T h e se  
re su l ts  s e e m  to b e  r e la te d  to th e  q u a n t i t a t iv e  v a r ia t io ns  
of the  p o p u la t io n s  at th e  s ta r t  of th e  e x p e r im e n t .  W ith  I. 
g a lb a n a , o n e  p o p u la t io n  w a s  h ig h e r  th a n  the  o th e r  by  a 
factor of 2.6; w ith  Aí. lu theri, by a factor of 3.8. A still 
g r e a t e r  d if fe rence ,  i.e. by a factor of 8.5 in the  in i t ia l  
p o p u la t io n s  of D u n a lie lla  euch lora , d e c re a s e d  the  
g ro w th  ra te  of this sp e c ie s  to w a rd s  th e  e n d  of th e  log 
p h a s e  of the  g ro w th  cu rve  (Fig. 3). T h e  g re a t e s t  effect 
of m e ta l  c o n c e n t ra t io n  u p o n  cu l tu re  r e s p o n s e  from 2 
d if fe ren t  in i t ia l  p o p u la t io n s  w as  o b se rv e d  in the  
lo g a r i th m ic  p h a s e  of P h a e o d a c ty lu m  tr ico rn u tu m  
(Fig. 4); in this sp e c ie s  in i t ia l  cu l tu re  d e n s i t i e s  d if fe red  
by a factor of 12.

Adaptation to M etals in Artificial Seawater

U po n  p ro lo n g e d  e x p o su re ,  th e  a lg a e  d e m o n s t r a t e d  
v a ry in g  c a p a c i t ie s  to a d a p t  to in h ib i to ry  m e ta l  c o n ­
cen tra t ion s .  M o n o c h ry s is  lu th e r i  in  a r t if ic ia l  s e a w a te r  
w ith  10 m g %  C u C l2 (47.3 p p m  Cu) w a s  s e v e re ly  
r e d u c e d  to 5 .6 %  of th e  contro l  v a lu es ,  b u t  in  8 m g % , 
g ro w th  w as  m o re  success fu l  a n d  p o p u la t io n  d en s i ty  
in c r e a s e d  from 25 % to o v e r  90 % of th e  con tro l  d u r in g  
9 su b c u l tu re s .  T h is  s t ra in  in  th e  8 th  s u b c u l tu r e  w a s  
th e n  in o c u la te d  in to  m e d iu m  w ith  10 m g %  C u C l2. T h is  
t im e  th e  s t ra in  y ie ld e d  g ro w th  th a t  w a s  b e tw e e n  72 % 
a n d  94 % of th e  contro l  p o p u la t io n  (Fig. 5).

M o n o c h ry s is  lu th e r i  in  m e d iu m  c o n ta in in g  5 m g%
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Fig. 7. M onochrysis lutheri. Growth during extended expo­
sure to cadmium by periodic subculture in medium contain­
ing added CdCl2 (1-5 mg% CdCl2 =  9.20 ppm Cd; 2.5 mg% 
C dCl2 =  15.3 ppm Cd; 5.0 mg% CdCl2 =  30.7 ppm Cd). 
Arrows; subcultures at which cells growing in one concentra­
tion of the metal were continued in this medium and also 
transferred into an additional higher or lower concentration of 

CdCl2
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Fig. 8. Isochrysis galbana. Growth du­
ring extended exposure to copper by 
periodic subculture in ASP2 medium 
containing added CuCl2 (8 mg% 
CuCl2 =  37.8 ppm Cu; 10 mg% 
CuCl2 =  47.3 ppm Cu). Arrows: sub­
cultures at which cells growing in one 
concentration were continued in this 
medium and also transferred into an 
additional higher or lower concentra­

tion of CuCl2

Z n C l2 d e c r e a s e d  in  g ro w th  th r o u g h  4 su b c u l tu re s .  At 
s u b c u l tu r e  3 th e  v ia b le  ce ll  p o p u la t io n  w a s  t r a n s fe r re d  
in to  m e d i u m  w i th  3.5 m g %  Z n C l2 (16.8 p p m  Zn). C u l ­
tu r e s  s lo w ly  in c r e a s e d  in  d ens i ty ,  r e a c h i n g  a m a x im u m  
of 71 % of th e  con tro l  a t  S u b c u l tu r e  11. T h e  a p p e a r a n c e  
of a s u b s e q u e n t  r e d u c t io n  in  p o p u la t io n  a t  S u b c u l tu re s  
12 a n d  13 m a y  be , in  rea l i ty ,  on ly  a re f le c t io n  of an  
u n u s u a l ly  d e n s e  g ro w th  in  th e  co n tro l  c u l tu re s  r a th e r

th a n  a n  ac tu a l  d e c re a s e  in  a d a p ta t io n  (Fig. 6).
G ro w th  of M o n o c h ry s is  lu th e r i  in  ar t if ic ia l  s e a w a te r  

w i th  1.5 m g %  C d C l2 w a s  l im i te d  to a p o p u la t io n  of 
o n ly  5 % of th e  control in  th e  2 su b cu l tu re s ,  b u t  v iab le  
ce lls  w e re  a v a i l a b le  to b e  a g a in  t r a n s fe r re d  to m e d ia  
w i th  1.5 m g % , as w e ll  as  2.5 m g %  C d C l2 (15.3 p p m  
Cd). T h e  s t ra in  in  2.5 m g %  in c r e a s e d  to w e l l  over  
100 % of th e  contro l  lev e ls  b e tw e e n  S u b c u l tu re s  4 a n d
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Fig. 9. Isochrysis galbana. Growth 
during extended exposure to zinc 
by periodic subculture in medium 
containing added ZnCl2 (3.5 mg% 
ZnCl2 = 16.8 ppm Zn; 5 mg% 
ZnCl2 = 24.0 ppm Zn; 6 mg% 
ZnCl2 = 28.8 ppm Zn). Arrows: 
subcultures at which cells grow­
ing in one concentration of the 
metal were continued in this 
medium and also transferred into 
an additional higher or lower con­

centration of ZnCl2
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Fig. 10. Isochrysis galbana .
Growth during extended expo­
sure to cadmium by periodic sub­
culture in medium contain­
ing added CdCl2 (1.5 mg%
CdCl2 = 9 20 ppm Cd; 2.5 mg%
CdCl2 = 15.3 ppm Cd; 5.0 mg%
CdCl2 = 30.7 ppm Cd). Arrows: 
subcultures at which cells grow­
ing in one concentration of the 
metal were continued in this 
medium and also transferred into 
an additional higher or lower con­

centration of CdCl2

11. H o w ev e r ,  r e p e a t e d  a t t e m p ts  to g ro w  th is  sp e c ie s  in 
5 m g %  C d C l2 m e d iu m  fa i led  (Fig. 7).

G ro w th  of Iso ch rys is  g a lb a n a  in  m e d i u m  w ith  
10 m g %  C u C l2 (47.3 p p m  Cu) w a s  g re a t ly  r e d u c e d  
af te r  4 su b c u l tu re s .  In o c u la t io n  of 8 m g %  C u C l2 
m e d i u m  w ith  v ia b le  ce lls  from th e  10 m g %  cu l tu re  
y ie ld e d  p o p u la t io n s  th a t  w e re  j u d g e d  to b e  suf f ic ien t  
for th e  n ex t  t r an s fe r  to b e  a g a in  in th e  h ig h e r  c o n c e n ­
tra t ion  of C u C l2. G ro w th  in  10 m g %  w a s  n o w  sa t is fa c ­
tory, a n d  th e  s t ra in  w a s  co n t in u e d .  A lg a e  from th e  
la t te r  s t ra in  w e re  u se d  to r e - in o c u la te  8 m g %  C u C l2 
m e d iu m  to d e te r m in e  if th is  s t ra in  w o u ld  sh o w  an  
im p ro v e d  g ro w th  d e n s i ty  in  the  lo w e r  c o p p e r  c o n c e n ­
tra tion . In fact, th is d id  no t occur, a n d  b o th  s t ra in s  in 
8 m g %  a n d  10 m g %  C u C l2 d e m o n s t r a t e d  a re a s o n a b ly  
s t e a d y  g ro w th  th a t  r e m a in e d  b e tw e e n  50 % a n d  70 % 
of th e  co n tro l  for th e  d u ra t io n  of the  e x p e r im e n t  
(Fig. 8).

Iso ch rys is  g a lb a n a  in  5 m g %  a n d  6 m g %  Z n C l2 
m e d i a  w a s  d e p re s s e d .  At S u b c u l tu re  5, th e  d e c l in in g  
5 m g %  Z n C l2 s t ra in  w a s  u s e d  to in o c u la te  m e d iu m  
c o n ta in in g  less  Z n C l2, 3.5 m g %  (16.8 p p m  Zn). T h e  
la t te r  s t ra in  g r a d u a l ly  in c r e a s e d  to 50 % of th e  contro l  
b e tw e e n  S u b c u l tu re s  6 a n d  10 (Fig. 9).

Iso ch ry s is  g a lb a n a  i n o c u la te d  in to  m e d i u m  w ith
2.5 m g %  C d C l2 (15.3 p p m  Cd) r e s u l te d  in  on ly  a l i t t le  
ov e r  20 % of con tro l  g ro w th ,  b u t  s u b s e q u e n t ly  s h o w e d  
a s t e a d y  in c r e a s e  to o v e r  1 0 0 %  in  8 su b c u l tu re s .  R e­
p e a t e d  a t t e m p ts  to g ro w  th is  s t ra in  in  5 m g %  C d C l2 
m e d iu m  w e re  no t  su ccess fu l  (Fig. 10).

D u n a lie lla  eu ch lo ra  p ro v e d  to b e  v e ry  re s i s t a n t  to 
cop per ,  g ro w in g  a b o v e  80 % of th e  contro l  lev e ls  in

m e d i u m  w ith  25 m g %  C u C l2 (118 p p m  Cu). G ro w th  
w a s  fu r th e r  s t im u la t e d  to 1 2 0 %  of th e  con tro ls  a f te r  6 
s u b c u l tu r e s  a n d  s u b s e q u e n t ly  r e m a in e d  b e t w e e n  80 % 
a n d  1 0 0 %  of th e  con tro ls  (Fig. 11). D. eu ch lo ra  in 
6 m g %  Z n C l2 d e c r e a s e d  in  g ro w th  w i th  th e  first 3 
su b c u l tu re s  but,  a t  th e  2nd  s u b c u l tu re ,  a  s t r a in  in
5 m g %  Z n C l2 (24.0 p p m  Zn) w a s  s t a r t e d  a n d  d e n s i ty  in  
th is  c o n c e n t r a t io n  e v e n tu a l ly  in c r e a s e d .  T h is  s t ra in  
w a s  a g a in  p u t  in to  6 m g %  Z n C l2 w h e r e  it th e n  
a p p e a r e d  to to le ra te  t e m p o ra r i ly  th e  h ig h e r  m e ta l  c o n ­
c e n tra t io n .  At th e  9 th  s u b c u l tu re  th e  d e c l i n in g  s t ra in  in
6 m g %  w a s  t r a n s fe r re d  to m e d i u m  w i th  5 m g %  Z n C l2, 
a n d  g ro w th  c o n t in u e d  to im p ro v e  (Fig. 12).

G ro w th  of D u n a lie lla  eu ch lo ra  in  10 m g %  C d C l2
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Fig. 11. Dunaliella euchlora . Growth during extended expo­
sure to copper by periodic subculture in ASP2 medium con­

taining added CuCl2 (25 mg% CuCl2 = 118 ppm Cu)
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Fig. 12. Dunaliella euchlora. 
Growth during extended expo­
sure to zinc by periodic sub­
culture in ASP2 medium contain­
ing added ZnCl2 (5.0 mg% 
ZnCl2 = 24.0 ppm Zn; 6.0 mg% 
ZnCl2 = 28.8 ppm Zn). Arrows: 
subcultures at which cells grow­
ing in one concentration of the 
metal were continued in this 
medium and also transferred into 
an additional higher or lower con­

centration of ZnCl2

(61.3 p p m  Cd) m e d i u m  in c r e a s e d  to a m a x im u m  of 
1 0 0 %  of th e  co n tro l  a f te r  6 su b c u l tu re s ;  th e rea f te r ,  
g ro w th  v a r i e d  b e t w e e n  7 0 %  a n d  9 5 %  of control

C d  Cl
5mg 7b

1 Omg %

S u b c u l t u r e  n u m b e r

Fig. 13. Dunaliella euchlora. Growth during extended expo­
sure to cadmium by periodic subculture in medium contain­
ing added CdCl2 (5 mg% CdCl2 = 30.7 ppm Cd; 10 mg% 
CdCl2 = 61.3 ppm Cd). Arrows: subcultures at which cells 
growing in one concentration of the metal were continued in 
this medium and also transferred into an additional higher or 

lower concentration of CdCl2

leve ls .  T h e  10 m g  % C d C l2 s t ra in  w a s  in o c u la te d  in to
5 m g  % C d C l2 m e d iu m , in w h ic h  g ro w th  w a s  s t im u ­
la te d  to 133.3 % of th e  contro l  g ro w th .  T h is  p ro c e d u r e  
w a s  r e p e a t e d  a t  S u b c u l tu re  8 a n d  a lso  y ie ld e d  a c u l ­
tu re  of h ig h  d en s i ty  (Fig. 13).

M e d iu m  w ith  25 m g %  C u C l2 s e v e re ly  r e d u c e d  
g ro w th  of P h a e o d a c ty lu m  tr ico rn u tu m  a f te r  3 s u b c u l ­
tu res .  At S u b c u l tu re  2, ce lls  from th e  25 m g %  C u C l2 
t r a n s fe r re d  in to  10 m g %  C u C l2 (47.3 p p m  Cu) m e d iu m  
a t t a in e d  1 0 5 %  of th e  contro l g ro w th  a t  S u b c u l tu re  5. 
A t te m p ts  to g ro w  th e  10 m g %  C u C l2 s t ra in  in  25 m g%  
C u C l2 m e d i u m  w e re  no t  success fu l  (Fig. 14).

G ro w th  of P h a e o d a c ty lu m  tr ico rn u tu m  fa i led  in
6 m g %  a n d  5 m g %  Z n C l2. A 3.5 m g %  Z n C l2 (16.8 p p m  
Zn) stra in ,  a f te r  a n  in i t ia l  dec l in e ,  e v e n tu a l ly  g re w  to 
p o p u la t io n  d e n s i t i e s  of 60 % of th e  control,  b u t  this 
s t im u la t io n  w a s  on ly  tem p o ra ry ,  a n d  d e n s i ty  d e c l in e d  
a f te r  th e  11th s u b c u l tu r e  (Fig. 15).

P h a e o d a c ty lu m  tr ico rn u tu m  in 20 m g %  C d C l2 (123 
p p m  Cd) m e d iu m  g re w  to ju s t  ov e r  60 % of con tro l  
lev e ls  in  the  1st su b c u l tu re .  This  s t ra in  w as  c o n t in u e d  
for 13 su b cu l tu re s ,  d u r in g  w h ic h  g ro w th  w a s  erratic , 
b u t  th e  s t ra in  r e m a in e d  b e tw e e n  60 % a n d  80 % of 
con tro l  leve ls .  At v a r iou s  t im es  th e  20 m g %  C d C l2 
s t ra in  w a s  u se d  to in o c u la te  10 m g %  m e d iu m ,  a n d  
ce l ls  from th is  cu l tu re  s u b s e q u e n t ly  w e re  u se d  to 
in o c u la te  5 m g %  C d C l2 m e d iu m .  R e su l t in g  s t ra ins  in 
th e  5 m g %  a n d  10 m g %  C d C l2 c o n c e n t ra t io n s  g re w  
s o m e w h a t  b e t t e r  th a n  the  20 m g %  C d C l2 stra in ,  bu t  
t h e r e  w a s  no e v id e n c e  of s ig n if ic an t  s t im u la t io n  w ith  
t im e  (Fig. 16).
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Fig. 14. P haeodactylum  tricor­
nu tum . Growth during  ex tended  
exposure  to copper  by periodic  
subcu l tu re  in ASP2 m edium  c o n ­
ta in ing ad d ed  CuC I2 (10 mg% 
C u C l2 =  47.3 ppm  Cu; 25 mg% 
C u C l2 =  118 ppm  Cu). Arrows: 
subcu ltu res  at which cells g ro w ­
ing in one concentra t ion  of the 
metal w ere  continued in this 
m ed ium  and  also transferred  into 
an addit ional  h ig h er  or lower con­

centra t ion  of CuC l,
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Fig. 15. P haeodactylum  tricor­
nutum . Growth during ex tended  
exposure  to zinc by periodic su b ­
culture  in m edium  c o n ta in ­
ing a d d ed  Z n C l2 (3.5 mg%
Z n C l2 =  16.8 ppm  Zn; 5.0 mg%
Z nC l2 =  24.0 ppm  Zn; 6.0 mg%
Z nC l2 =  28.8 ppm  Zn). Arrows:
subcu ltu res  at which  cells g ro w ­
ing in one concentra t ion  of the 
metal w ere  con tinued  in the 
m edium  and also transferred  into 
an add it ional  h ig h er  or lower con­
centration of Z n C l2. At the 4th 
subcu ltu re  the stock strain g ro w ­
ing in ASP2 was transferred into 
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M icroscopic Exam ination oí Adapted Strains

S a m p le s  t a k e n  from th e  h ig h e s t  c o n c e n t ra t io n  of 
e a c h  m e ta l  a t  S u b c u l tu re  11 w e re  e x a m in e d  m ic ro ­
scopica lly .  No e v id e n t  m o r p h o lo g ic a l  a n o m a l ie s  or 
c o n s is te n t  s ize  d i f fe ren ces  w e re  o b s e r v e d  af te r  
e x te n d e d  e x p o s u re  to th e  m eta ls .

Feeding oí Crassostrea virginica  Larvae w ith M etal- 
Adapted A lgal Strains

D e v e lo p m e n t  a t  48 h of a t  le a s t  75 % of th e  fe r t i l iz ed  
e g g  s u s p e n s io n  to n o rm a l  v e l ig e r  la r v a e  w a s  u s e d  as 
c r i te r io n  of a h e a l th y  p o p u la t io n  r e q u i r e d  for c o n d u c t ­
in g  e x p e r im e n t s .  A v e ra g e  s ize  of v e l ig e r s  a t  48 h w as
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Fig. 16. P haeodactylum  tricor­
nu tum . Growth during  e x tended  
exposure  to cad m iu m  by periodic  
subcu ltu re  in m ed ium  con ta in ­
ing a d d ed  C d C l2 (5.0 mg% 
C d C l2 =  30.7 ppm  Cd; 10 mg% 
C d C l2 =  61.3 p pm  Cd; 20 mg% 
C d C l2 =  123 pp m  Cd). Arrows: 
subcu ltu res  at which  cells g ro w ­
ing in one concentra t ion  of the 
metal were  con tinued  in this 
m ed ium  and also transferred  into 
an  addit ional  h ig h er  or lower con­

centrat ion  of C d C l2

79 pm. O n  th e  5 th  d a y  of th e  e x p e r im e n t ,  u n f e d  la r v a e  
a v e r a g e d  80.6 |im¡ la rv a e  no t  fed  b u t  t r e a t e d  w ith  
86 gg  I-1 (ppb) c o p p e r  ion  in  s o lu t io n  w e r e  85.6 gm; 
a n d  l a r v a e  no t  fed  b u t  t r e a te d  w i th  27 gm  H  c a d m iu m  
io n  in  so lu t io n ,  84.8 gm. In  con tra s t ,  l a r v a e  fed  d a i ly  
w i th  l iv in g  Iso ch ry s is  g a lb a n a  c u l t u r e d  in  A SP2 
m e d i u m  w e r e  120.9 gm  in  size. T h e  a v e r a g e  s izes  of 
l a r v a e  fed  I. g a lb a n a  p lu s  c o p p e r  in  so lu t ion ,  a n d  
l a r v a e  fed  I. g a lb a n a  p lu s  c a d m i u m  in  s o lu t io n  w e re  
128.7 gm  a n d  128.8 gm, r e s p e c t iv e ly .  L a rv a e  fed  I. g a l­
ba n a  a d a p t e d  to 2.5 m g %  C d C l 2 (15.3 p p m  Cd) 
a t t a in e d  128.9 gm. H o w e v e r ,  a lg a e  a d a p te d  to  10 m g %  
C u C l 2 (47.3 p p m  Cu), e x e r t e d  a n  in h ib i to ry  e ffec t  u p o n  
la rv a l  su rv iv a l  a n d  g ro w th .  A fte r  5 d of f e e d in g ,  th e s e

la rv a e  a v e r a g e d  on ly  89.2 gm. L arva l g ro w th  a f te r  2, 5, 
a n d  8 d of f e e d in g  is g iv e n  in  T a b le  4.

All u n fe d  la r v a e  s h o w e d  h ig h  m or ta l i ty  on D ay s  2 
a n d  5; u n fe d  la rv ae  t r e a te d  w ith  m e ta ls  in  so lu t ion  
e x h ib i te d  on ly  s l ig h t ly  h ig h e r  m o r ta l i t ie s .  M or ta l i ty  of 
la rv a e  fed  l iv in g  Iso ch rys is  g a lb a n a  p lu s  m e ta ls  in 
so lu t io n  w a s  no t  a p p re c i a b ly  h ig h e r  t h a n  th a t  of la rv ae  
fed  l iv ing  I. g a lb a n a  a lo ne .  F e e d in g  of la rv a e  w ith  
c o p p e r - a d a p te d  I. g a lb a n a  s t ra in s  r e s u l te d  in  t h e  h i g h ­
est  m orta l i ty .  M o r ta l i ty  of la rv ae  in  s a m p le s  t a k e n  on 
th e  2nd, 5th, a n d  8th day s  of f e e d in g  is l i s ted  in 
T a b le  4.

L a rv ae  w e re  o b se rv e d  u n d e r  th e  f lu o re sc e n c e  m ic ro ­
scop e  to a s c e r ta in  th a t  cells  from th e  v a r iou s  Iso ch rysis

T ab le  4. Crassostrea virginica. Growth a n d  m orta lity  of larvae  in 8 feeding regimes. Food organism: Isochrysis ga lbana

Feed in g  reg im e
2

Size of larvae (gm) 
Day fed 

5 " 8

Percent  of larvae dead  
Day fed 

2 5 8

Unfed larvae 85.9 80.4 ±  0.39 6.8 26.7
Unfed larvae  ^  Cu (86 gg I-1) 82.8 86.0 ±  0.47 ■ 11.7 48.1
Unfed larvae  + Cd (27 gg I- ’) 84.1 84.8 ±  0.48 19.5 35.2
Larvae fed I. g a lb a n a ' ' ' 100.0 120.5 ±  0.84 160.0 2.6 8.0 14.4
Larvae fed I. ga lbana  + C u ++ (86 gg I-1) 100.0 128.7 ±  0.78 148.5 2.5 8.6 10.9
Larvae fed I. ga lbana  + C d ^ + (27 gg I-1) 98.9 128.8 ±  0.65 150.0 3.4 8.4 9.8
Larvae fed I. ga lbana  a d a p te d  to 10 mg%  C u C l2 83.1 89.0 ±  0.60 104.5 36.2 44.4 61.3
Larvae fed I. ga lbana  a d ap ted  to 2.5 m g%  C d C l2 88.1 128.9 ±  0.76 153.0 18.7 25.7 30.6

' S am p les  not m ea su re d  or counted ;  all larvae dead  
' ' Probable  error ca lcu la ted  for Day 5 

‘ ' ' N u m b e r  of cells fed =  16.5 x  IO3 cells m l -1 of larval culture  (contain ing 20 larvae m l -1 )
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g a lb a n a  s t ra in s  w e re  in d e e d  b e in g  in g e s te d .  A u to ­
f lu o re sc e n c e  of a lg a e  w i th in  fed la rv a e  re v e a l e d  tha t  
th e  la rv ae  w e re  in g e s t i n g  a n d  lys ing  I. g a lb a n a  cells, 
in c lu d in g  th ose  a d a p te d  to c o p p e r  a n d  c a d m iu m  
(Fig. 17). P a r t ic u la te  a n d  p a r t ia l ly  ly sed  I. g a lb a n a  
w e re  o b se rv e d  in  all f e e d in g  reg im es .

DISCUSSION

M in e ra l  e le m e n ts ,  b o th  m a jo r  a n d  trace , a re  e s s e n ­
tial n u tr ie n t s  for m ic ro -a lg a e  (O 'Kelley , 1974) but, in 
e x cess iv e  c o n c e n t ra t io n  or th e  w ro n g  sp é c ia t io n ,  can  
b e c o m e  toxic (A llen  et al., 1980). C o p p e r  toxicity  for 
m ic ro -a lg a e  h a s  b e e n  k n o w n  s ince  e a r ly  in  th e  c en tu ry  
w h e n  c o p p e r  s u lp h a te  w a s  u s e d  to co n tro l  n u is a n c e  
g ro w th s  of a lg a e  in  e u t r o p h ic  la k e s  (M oor a n d  Keller-  
m an ,  1904). Later, o x id e s  of m e ta ls  w e re  in c o rp o ra te d  
in to  b o a t  a n d  g e a r  p a in t s  to d is c o u ra g e  a t t a c h m e n t  of 
a lg a e  a n d  o th e r  p l a n k to n ic  forms (Orton, 1929-30). 
R ecen tly ,  a t t e n t io n  is b e in g  p a id  to th e  ro le  of m e ta ls  as 
in h ib i to rs  of p r im a ry  p ro d u c t iv i ty  in  a q u a t i c  e n v i r o n ­
m en ts ,  b o th  f r e sh w a te r  (S t e e m a n n - N ie l s e n  a n d  W ium - 
A n d e rse n ,  1969, 1970; W hit ton ,  1970) a n d  m a r in e  
(Davies ,  1978; T h o m a s  e t  al., 1980).

In th e  p r e s e n t  study , e x te n s iv e  g ro w th  in h ib i t io n  of 
M o n o c h ry s is  lu th e r i  a n d  Iso ch rys is  g a lb a n a  b e c a m e  
e v id e n t  in  47.3 p p m  C u  in  th e  e n r i c h e d  n a tu r a l  s e a w a ­
te r  m e d iu m ,  b u t  in h ib i t io n  o c c u r r e d  at m o re  th a n  tw ice  
th is  c o n ce n t ra t io n ,  118 p p m  Cu, in  the  ar t if ic ia l  s e a w a ­
te r  m e d iu m .  D u n a lie lla  eu ch lo ra  a n d  P h a e o d a c ty lu m  
tr ico rn u tu m  s h o w e d  s im i la r  re s p o n se s  (ab o u t  8 0 %  of 
contro l g row th)  at 47.3 p p m  C u  in  n a tu r a l  s e a w a te r  
m e d iu m .  In the  A SP2 m e d iu m ,  h o w ever ,  D. eu ch lo ra  
w a s  re s is ta n t  to 118 p p m  Cu; w h e re a s ,  g ro w th  of th e  
d ia to m  w as  d im in i s h e d  a t  th is  co n cen t ra t io n .  T h is  d if ­
fe r e n c e  in  r e s p o n se  of th e  la t te r  2 sp e c ie s  in th e  c h e ­
la te d  m e d iu m  s u g g e s ts  th a t  P. tr ico rn u tu m  h a s  a far 
m o re  sen s i t iv e  m e ta l  u p t a k e  m e c h a n i s m  th a n  d o es  th e  
f lag e l la te .  D av ies  (1976) d e m o n s t r a t e d  th a t  th e  m e m ­
b r a n e  of D. ter tio lec ta  w a s  m a r k e d ly  less  p e r m e a b le  to 
m e rc u ry  th an  th a t  of I. g a lb a n a .  T h e  la t te r  took  up  
a lm o s t  4 t im es  th e  m e ta l  ac ross  a u n i t  a r e a  of su r face  in 
th e  p e r io d  of th e  e x p e r im e n t  th a n  did  D. tertio lec ta . 
T h e  r e m a rk a b le  re s i s t a n c e  of D. eu ch lo ra  to c o p p e r  
s u g g e s t s  th a t  a s im i la r  d i f fe re n ce  in the  ra te  of c o p p e r  
u p t a k e  ex is ts  as th a t  d e s c r ib e d  for m e rc u ry  by  D avies .

C a d m iu m  a p p e a r e d  to b e  a  m ore  p o te n t  in h ib i to r  of 
a lg a l  g ro w th  th a n  cop p e r .  In b o th  m e d ia  lo w e r  c o n ­
c e n tr a t io n s  of c a d m iu m  in h ib i t e d  g ro w th  of th e  m ost 
se n s i t iv e  spec ies ,  M o n o c h ry s is  lu th e r i  a n d  Iso ch rys is  
ga lb a n a , th a n  w a s  th e  c a se  w i th  cop per .  C a d m i u m  w a s  
a lso  a m o re  e f fec tive  in h ib i to r  th a n  c o p p e r  of 
P h a e o d a c ty lu m  tr ico rn u tu m  a n d  D u n a lie lla  eu ch lo ra  
in  b o th  m e d ia .  H o w ev e r ,  it m a y  b e  n o te w o r th y  that ,  in

Fig. 17 Crassostrea virginica. S t ra ig h t-h in g e-s tag e  larva fed 
Isochrysis galbana, a d a p te d  to 10 mg%  C u C l2 (47.3 pp m  Cu) 
for 8 d, show ing  ep if luo rescence  of w hole  and  partia l ly  lysed 
a lga l  cells in the gut.  Sam p le  tak en  1 h after feeding. Scale 

line: 100 pm

b o th  m e d ia ,  c a d m i u m  in h ib i t e d  g ro w th  of D. eu ch lo ra  
m o re  t h a n  P. tr ico rn u tu m ,  w h ic h  is a r e v e r s e  of th e  
sp e c ie s  re s p o n se  to cop p e r .

S ig n i f ic a n t  g ro w th  in h ib i t io n  o c c u r r e d  in  lo w e r  c o n ­
c e n t r a t io n s  of c o p p e r  a n d  c a d m i u m  in th e  e n r i c h e d  
n a tu r a l  s e a w a te r  t h a n  in th e  a r t if ic ia l  s e a w a te r  
m e d iu m .  T h e  e n r i c h e d  n a tu r a l  s e a w a te r  m e d i u m  (E) 
c o n ta in s  N a F e  S e q u e s t r e n e ,  a n  i ro n -sp e c i f ic  che la to r ,  
a n d  th e  buffer,  t r i s ( h y d ro x y m e th y l ) a m in o m e th a n e ,  
w h ic h  h a s  som e  c o m p le x in g  p ro p e r t ie s .  O n  th e  o th e r  
h a n d ,  th e  a r t if ic ia l  s e a w a te r  m e d i u m  A S P 2 c o n ta in s  the  
s a m e  c o n c e n t ra t io n  of the  b u ffe r  and ,  in  a d d i t io n ,  the  
s t ro n g  ca t io n ic  ch e la to r ,  d i s o d iu m  e th y l e n e d ia m in e -  
te t r a c e t ic  ac id .  T h e  re s u l t s  p r e s e n t e d  h e re  co n f i rm  e a r ­
l ie r  s tu d ie s  s h o w in g  th a t  c h e la t io n  c a n  r e d u c e  the  
tox ic i ty  of c o p p e r  to p h y to p la n k te r s  (E rickson  et a l ,  
1970; S t e e m a n n - N ie l s e n  a n d  W iu m -A n d e r s e n ,  1970) 
a n d  th a t  toxic ity  is r e l a te d  o n ly  to th e  c o n c e n t r a t i o n  of 
free  c u p r ic  io n  (S u n d a  a n d  G u i l la rd ,  1976; A n d e rs o n  
a n d  M ore l ,  1978).

D if fe re n c es  in  sp e c ie s  se n s i t iv i ty  to m e ta ls ,  su ch  as 
th o se  o b s e r v e d  w i th  c o p p e r  a n d  c a d m iu m ,  w e re  not 
r e p e a t e d  in  e x p e r i m e n t s  on  to l e r a n c e  to z inc. In th e  
a r t if ic ia l  s e a w a te r  m e d i u m  w ith  33.6 p p m  Zn, g ro w th  
of a ll  s p e c ie s  r a n g e d  from  50.9 % to 64.7 % of controls .  
In th e  n a tu r a l  s e a w a te r  m e d iu m ,  in h ib i t io n  in
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48.0 p p m  Zn a lso  r e m a in e d  w i th in  a s im i la r  r a n g e  
(25.7 % —38.4 %) for all  sp e c ie s .  T h e  w o rk  of D av ies  
(1973) su p p o r ts  th e  h y p o th e s is  th a t  Zn u p ta k e  in 
P h a e o d a c ty lu m  tr ic o rn u tu m  is p a ss iv e .  H is  e x p e r i ­
m e n t s  sh o w e d  th a t  g ro w in g  c u l tu re s  r e a c h e d  a m a x ­
im u m  of in t r a c e l lu la r  z inc  in  12 -14  h a f te r  th e  m e ta l  
w a s  in t ro d u c e d  a n d  th e n  d e c r e a s e d  s te ad ily ,  a l th o u g h  
z in c  w a s  stil l a v a i l a b le  for a d d i t io n a l  u p ta k e .  If su ch  a 
p h e n o m e n o n  ex is ts  in  o th e r  p h y to p l a n k to n  as  w ell,  a 
l im i te d  c a p a c i ty  to b u i ld  u p  i n t r a c e l lu l a r  c o n c e n t r a ­
t ion s  of z inc  co u ld  e x p la in  th e  re la t iv e ly  lo w  tox ic ity  of 
th is  m e ta l  a n d  th e  s im i la r i ty  of th e  g ro w th  re s p o n s e  in 
d i f f e re n t  spec ies .

T h e  t r a n s fe r  of m e ta ls  from  th e  a q u a t i c  e n v i r o n m e n t  
to p h y to p la n k to n  m u s t  t a k e  p la c e  by e i t h e r  or b o th  of 2 
m e c h a n i s m s :  (1) p e n e t r a t i o n  of ion s  th r o u g h  ce ll  m e m ­
b r a n e  b a r r ie r s  by  a n  a c t iv e  or p a s s iv e  d if fu s ion  p r o ­
cess ; (2) a d so rp t io n  o n  th e  ce ll  su rface .  A n e g a t iv e ly  
c h a r g e d  su r face  o n  3 sp e c i e s  of e s tu a r in e  m ic ro -a lg a e  
h a s  b e e n  d e m o n s t r a t e d  e x p e r i m e n t a l l y  (M yers  et al.,
1975). T h e s e  n e g a t iv e ly  c h a r g e d  a d h e s iv e  sites, n o r ­
m a l ly  c o u p le d  to s e a w a te r  ca tions ,  m a y  b e c o m e  d i s ­
p l a c e d  by  h ig h  c o n c e n t ra t io n s  of ca t io n ic  p o l lu ta n t s .  In 
s u c h  a n  ev en t ,  th e  re la t iv e ly  l a r g e  su r face  a r e a  of 
m ic ro -a lg a e  a v a i l a b l e  for so rp tion ,  to g e t h e r  w ith  the  
h ig h  ce ll  c o n c e n t ra t io n s  u s e d  in  l a b o ra to ry  cu l tu re  
e x p e r i m e n t s  or to b e  fo u n d  in n a tu r a l  b loo m s, p re s e n ts  
a m p l e  o p p o r tu n i ty  for th e  t r a n s fe r  of h ig h  c o n c e n t r a ­
t io ns  of m e ta l l ic  ion s  to th e  g ra z in g  sp e c ie s  of the  nex t  
t r o p h ic  level.

A l th o u g h  s tu d ie s  on  a d a p ta t io n  of a l g a e  to h e a v y  
m e ta ls  in lab o ra to ry  or n a tu r a l  e n v i r o n m e n t s  a re  
sca rce ,  th e r e  is e v id e n c e  th a t  su ch  a d a p ta t io n  ex is ts  in 
th e  n a tu r a l  e n v i r o n m e n t .  P o p u la t io n s  of th e  b ro w n  
a lg a  E c to ca rp u s  s i l ic u lo s u s  i so la ted  from th e  h u l ls  of 
f r e ig h t  l ine rs  c o a te d  w i th  a c o p p e r - b a s e d  a n t i - fo u l in g  
p a in t  w e re  re p o r te d  m o re  re s i s t a n t  to d is so lv e d  c o p p e r  
t h a n  p o p u la t io n s  of th is  a lg a  i s o la te d  from  a n  open ,  
u n c o n ta m in a t e d  ro cky  sh o re  (Russell a n d  Morris , 
1970). A c o p p e r - to l e r a n t  p o p u la t io n  of E. s i lic u lo su s  
w a s  sh o w n  by H a ii  (1980) to b e  c o - to le r a n t  to cob a lt  
a n d  z inc  in la b o ra to ry  c u l tu re .

S to c k n e r  a n d  A n t ia  (1976) c r i t ic ized  m u c h  of th e  
l i t e r a tu re  on p h y to p l a n k to n  p o l lu t io n  s t re ss  a n d  b io a s ­
say  p r o c e d u r e s  for ig n o r in g  th e  p o ss ib i l i ty  of b io lo g ica l  
a d a p ta t io n  in th e s e  s tu d ie s .  B io assay  s tu d ie s  th a t  m e a ­
su re  p o p u la t io n  g ro w th  a f te r  e x p o s u re  of a lg a e  to th e  
p o l lu ta n t  for a few  d a y s  or in h ib i t io n  of p h o to s y n th e s i s  
a f te r  a b r ie f  e x p o s u r e  to th e  p o l lu ta n t  a re  n o t  suffic ient.  
A c c o rd in g  to S to c k n e r  a n d  A n t ia  '. . . it is on ly  th e  lon g  
te r m  re s p o n s e  th a t  is e x p e c t e d  to b e  e c o lo g ic a l ly  
re a l i s t ic  for a p p l i c a t i o n  to e n v i r o n m e n ta l  p ro te c t io n  
a g a in s t  p o l lu t io n  a n d  e u t r o p h ic a t io n . '  In a d d i t io n ,  they  
say  th a t  r a th e r  t h a n  c o n c e rn  o v e r  th e  m e c h a n is t ic  
n a tu r e  of th is  a d a p ta t io n ,  i .e .  is it a c q u i r e d  v ia  m u t a ­

t ions  or p h y s io log ica l ly?  it w o u ld  be  m o re  im p o r ­
ta n t  to k n o w  w h e th e r  su ch  a d a p ta t io n  m a y  im p a i r  the  
food v a lu e  of p h y to p la n k to n  to th e  n ex t  t ro p h ic  lev e l  in 
th e  a q u a t i c  food w e b . '  T he  p re s e n t  re p o r t  sup p o r ts  
th e s e  s t a te m e n ts  of S to c k n e r  a n d  A ntia .

All sp ec ie s  g a v e  e v id e n c e  of som e  c a p ac i ty  for a d a p ­
ta t io n  to m e ta l  c o n c e n t ra t io n s  th a t  w e re  in h ib i to ry  
u p o n  in i t ia l  e x p o su re .  T h e re  w e re  3 cu l tu re  p ro c e d u re s  
th a t  in d u c e d  th is  a d a p ta t io n :  (1) p ro lo n g e d  s u b c u l tu re  
in  a c o n s ta n t  s u b le th a l  m e ta l  c o n c e n t ra t io n ,  (2) s u b c u l ­
tu re  of v ia b le  ce lls  from a p o p u la t io n  d im in i s h e d  by  a 
h ig h  m e ta l  c o n c e n t ra t io n  into a s l ig h t ly  less  toxic  c o n ­
ce n tra t io n ,  a n d  (3) s u b c u l tu re  of v ia b le  ce lls  to a 
s l ig h t ly  in c r e a s e d  c o n cen t ra t io n .  E ach  oí th e s e  p ro c e ­
d u re s  or th e i r  c o m b in a t io n s  g a v e  e v id e n c e  of the  
p o te n t ia l  for a d a p ta t io n  to m e ta ls  in the  te s ted  a lg ae .  
A l th o u g h  w ith  so m e  c u l tu re s  no c o n s i s te n t  in c re a se  in 
p o p u la t io n  d en s i ty  w a s  o b se rv e d  w ith  th e  a b o v e  p ro c e ­
d u re s ,  a  lo n g - te rm  to le ra n c e  o r  a t e m p o ra ry  in c r e a s e  in 
p o p u la t io n s  ra th e r  th a n  d e c l in in g  g ro w th  w i th  t im e  
w a s  d e m o n s t ra te d ,  c o n s t i tu t in g  a ty p e  of ad a p ta t io n .

T o le ra n c e  to h ig h  m e ta l  c o n c e n t ra t io n s  cou ld  be  
m e d i a t e d  by  d e v e lo p in g  m e ta b o l ic  p a th w a y s  as a l t e r ­
n a t iv e s  to th ose  u t i l iz in g  e n z y m e s  s e n s i t iv e  to m e ta l l ic  
p o is o n in g  or by  re d u c in g  cell p e rm e a b i l i ty .  A n  a l t e r ­
n a t iv e  a d a p ta t io n  m e c h a n i s m  m a y  b e  a s t im u la t io n  of 
th e  p ro d u c t io n  of e x t r a c e l lu la r  m e ta b o l i te s  th a t  c a n  act 
as che la to rs ,  th e r e b y  re d u c in g  th e  e ffec tive  m e ta l  ion 
co n c e n t ra t io n .  Su ch  e x t r a c e l lu la r  m e ta b o l i te s  w ith  
c h e la t in g  p o te n t ia l  c an  b e  r e l e a s e d  in to  th e  m e d iu m , 
r e t a in e d  in t ra c e l lu la r ly  on n o n -m e ta b o l ic  b in d i n g  s i tes  
or r e m a in  a t t a c h e d  to th e  cell w a ll  (J ack so n  a n d  M o r ­
g an ,  1978; H a rd s te d t -R o m é o  a n d  G n ass ia -B are l l i ,
1980).

T h e  g e n e ra l  b in d in g  c a p ac i ty  of c o m p o u n d s ,  such  as 
p ro te in ,  p ro v id e s  a m e th o d  for th e  s to ra g e  of m eta ls .  
S p ec if ic  s to ra g e  p ro te in s  of th e  m e ta l lo th io n e n  typ e  
h a v e  b e e n  d is c o v e re d  in  se v e ra l  m a r in e  g roups ,  a n d  
th e i r  sy n th e s is  can  b e  in d u c e d  in th e  f ie ld  a n d  l a b o r a ­
tory  (Bryan, 1979). W h e re a s  th e  ab i l i ty  of p h y to p la n k -  
te rs  to a d a p t  to m e ta l  p o l lu ta n t s  is of su rv iv a l  va lue , 
th is  a c c u m u la t i o n  of m e ta ls  as s to rag e  p ro d u c ts  p o s s e s ­
ses  a d ir ec t  th r e a t  to th e  g ra z in g  p o p u la t io n .  R om eri l 
(1971) c o n s id e re d  3 p oss ib le  m e th o d s  for a cc u m u la t io n  
of m e ta ls  by  m a r in e  a n im a ls :  (1) a d so rp t io n  of ions at 
m e m b r a n e / w a t e r  in te rfaces ;  (2) ab so rp t io n  by ac tive  
a n d /o r  p a s s iv e  d if fus ion  of m e ta l  ions from se a w a te r  
acro ss  s e m i - p e r m e a b l e  m e m b r a n e s  in to  cell or bod y  
flu ids;  (3) in g e s t io n  of ions w i th  food, in c o m b in a t io n  
w i th  p a r t ic u la te  m a t te r  or m u cus ,  a n d  ab so rp t io n  
th r o u g h  th e  g u t  w all .  R om eri l c o n c lu d e d  th a t  a c c u m u ­
la t io n  by  th e  las t of th e s e  p ro c e s se s  w o u ld  b e  sm all ,  bu t  
a n  o p p o s i te  co n c lu s io n  w as  r e a c h e d  by  P e n tr e a th  
(1973) from a s tu d y  c o n d u c te d  on  th e  a d u l t  b iv a lv e  
M y tilu s  ed u lis .  M e ta l  a c c u m u la t io n  by w a y  of food w a s
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also  s h o w n  to b e  im p o r ta n t  in m a r in e  g a s t ro p o d s  
(Young, 1977; K lum pp , 1980) a n d  th e  fish P le u ro n e c te s  
p la te ssa  an d  R aja c lava ta  (P en trea th ,  1977). Thus, 
th e re  is som e  e v id e n c e  th a t  p la n k to n ic  a lg ae ,  th e  m a in  
p r im a ry  p ro d u c e r s  in  the  m a r in e  e n v iro n m e n t ,  could  
be  a m a jo r  en try  p o in t  of h e a v y  m e ta l  ions into th e  
m a r in e  food w eb .  T h is  h y p o th e s is  is a lso  su p p o r te d  by 
the  d a ta  of th e  p r e s e n t  s tudy

O y s te r  la rv a e  fed cu l tu re s  of Iso ch rysis  g a lb a n a  
a d a p t e d  to 10 m g %  C u C l2 (47.3 p p m  Cu) r e s p o n d e d  
w ith  a d e c re a s e d  g ro w th  rate ,  as w e ll  as a h ig h  m o r ta l ­
ity. F e e d in g  la rv a e  w i th  c o p p e r  in so lu t io n  a n d  a lg a e  
c u l tu re d  in th e  a b s e n c e  of e x c ess  m e ta l  r e s u l te d  in 
g ro w th  th a t  w as  s im i la r  to th a t  of th e  con tro ls  a n d  a 
m o r ta l i ty  th a t  w a s  w ell  w i th in  the  n o rm a l  e x p e c te d  
m o r ta l i ty  ran ge .  L a rvae  th a t  w e re  fed I. g a lb a n a  
a d a p t e d  to 2.5 m g %  C d C l2 (15.3 p p m  Cd) or c a d m iu m  
in  so lu t io n  w ith  n o rm a l  I. g a lb a n a  w e re  less  a ffec ted  
th a n  w ith  co pp er .  P e rh a p s  v a r ia t io n  in  r e s p o n se  to th e  
2 m e ta ls  c a n  b e  a t t r ib u te d  to th e  fact th a t  th e  a lg a e  h a d  
b e e n  a d a p te d  to a lo w er  c o n c e n t ra t io n  of c a d m iu m  
th a n  of cop per ,  th u s  in t ro d u c in g  d if fe ren t  a m o u n ts  of 
th e  m e ta ls  to the  la rvae .  A l th o u g h  g ro w th  of la rv ae  w as  
s l ig h t ly  a f fe c ted  by  c a d m iu m  in so lu t ion  a n d  by c a d ­
m i u m - a d a p te d  a lg a l  food, th e  m o r ta l i ty  of la rv ae  fed 
c a d m i u m - a d a p te d  a lg a e  w as  a b o u t  tw ice  th a t  of la rv ae  
fed I. g a lb a n a  no t e x p o s e d  to h ig h  leve ls  of m eta ls .  
T h is  o b s e rv a t io n  im p l ie s  th a t  la rv a l  p o p u la t io n s  are  
no t u n ifo rm  in g ra z in g  capac i ty ;  in d iv id u a l s  th a t  
g ra z e d  ve ry  ac t iv e ly  h a d  th e  o p p o r tu n i ty  to a c c u m u la te  
h ig h e r  c o n c e n t ra t io n s  of m e ta ls  th a n  no rm a l  g razers .  
V a r ia t io n  a m o n g  la rv a e  in  g r a z in g  ab i l i ty  has  o f ten  
b e e n  o b se rv e d  in oys te r  r e a r in g  e x p e r im e n t s  (L anders  
a n d  U keles ,  u n pu b l . ) .

O u r  e x p e r im e n t s  c lea r ly  d e m o n s t r a t e  h o w  p o l lu ta n ts  
c a n  affect o rg a n i s m s  at h ig h e r  t ro p h ic  lev e ls  by  b io ac -  
c u m u la t io n  from p r im a ry  p ro d u ce rs ,  w h i le  toxic c o n ­
c e n tr a t io n s  c a u se  m or ta l i ty  of g razers ,  a c c u m u la t io n  of 
su b le th a l  c o n c e n t ra t io n s  ca n  b e  p a s s e d  on  a n d  c o n c e n ­
t r a te d  in  sp e c ie s  stil l h ig h e r  u p  in  the  tro p h ic  p y ram id .

T h e  g re a t  d isp a r i ty  of p h y to p la n k to n  re s p o n se  to 
m e ta ls  in la b o ra to ry  e x p e r im e n t s  s u g g e s ts  th a t  in t ro ­
d u c tio n  of m e ta l  c o n ta m in a n t s  in to  a n a tu r a l  a s s e m b ­
lag e  of e s tu a r in e  m ic ro -a lg a e  c a n  shift  th e  sp ec ie s  
co m po s it io n  of th e  a s s e m b la g e .  In fact, it h as  b e e n  
s h o w n  th a t  in t ro d u c t io n  of c o p p e r  to an  e x p e r im e n ta l  
eco sy s te m  w ith  a n a tu r a l  m ix e d  co m p o s it io n  of p h y to ­
p la n k to n  le d  to th e  b loo m  of o n e  c o p p e r - re s i s ta n t  
d ia to m  sp ec ies ,  A m p h ip ro ra  p a lu d o sa  (S an d ers  et al.,
1981).

B ioassay  s tu d ie s  m u s t  be  e v a lu a te d  in re la t io n sh ip  to 
a p a r t ic u la r  e co sy s te m  b e fo re  e x t r a p o la t in g  lab o ra to ry  
s tu d ie s  on a c u te  tox ic ity  le v e ls  to f ie ld  cond it ions .  To 
e s ta b l i sh  w a te r - q u a l i ty  s ta n d a rd s ,  th e  p o te n t ia l  for 
co m p le x in g  of m e ta l l ic  ions sh o u ld  b e  d e te rm in e d ,  as

w e l l  as th e  po ss ib i l i ty  of a l t e r in g  sp e c ie s  com p o s it io n  
a n d  its im m e d i a te  a n d  c h ro n ic  im p a c t  on th e  food w eb .
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