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ABSTRACT: The effect was studied of the red  tide dinoflagellate Alexandrium tamarense (= Gonyaulax 
excavata, G. tamarensis) on the behaviour and growth of the tintinnid ciliate Favella ehrenbergii. Six 
clones of A. tamarense w ith different levels of PSP toxin content w ere used. A. tamarense produces 
substances lethal to F. ehrenbergii. The algae are ingested by the ciliate, w hich is only affected by 
exudates in the medium. The exudate acts on the cell m em brane and induces ciliary reversals resulting 
in continuous backw ards swimming. After some time, ciliates swell and subsequently  lyse. The exudate 
is very labile and the toxic effect of filtrates disappears w ithin a few hours. In batch cultures of 
A. tamarense, the toxicity of the m edium  depends on the growth phase. The h ighest level of toxicity is 
found in the period following exponential growth; this suggests that cells especially exudate toxins 
when growth becomes limited. Indirect evidence suggests that the toxic effect on ciliates is caused by 
PSP toxins. The growth response of F. ehrenbergii on A, tamarense is clone-specific. The ciliate will 
grow w hen fed low concentrations of the Wh 7 clone of A. tamarense at generation times of 26 to 32 h. 
Similar rate constants are obtained w ith similar concentrations (in terms of volumes) of the non-toxic 
dinoflagellate Heterocapsa triquetra. Favella ehrenbergii will not grow w hen fed  the Ply 173a clone of 
A. tamarense a t any concentration.

IN TRO DU CTIO N

A  n u m b e r  of m a r in e  d in o f la g e lla te s  a re  k n o w n  to 
p ro d u c e  n o n -p ro te in  toxins, T h e se  c a n  a c t d irec tly  to 
c a u se  f ish  k ills o r a c c u m u la te  in  s u s p e n s io n - fe e d in g  
a n im a ls  (zo o p lan k to n , b iva lves), c a u s in g  illn e ss  or 
d e a th  to  co n su m ers  (fish, b ird s , m an ). T h e  tox ins, 
w h ic h  a re  e ith e r  w a te r-so lu b le  o r lip id -so lu b le , c a n  b e  
n e u ro to x ic , h em o ly tic , o r h a v e  g a s tro in te s tin a l ac tiv ity  
(S te id in g e r  & B ad en  1984). It is u n c le a r  w h y  d in o f la g e l­
la te s  p ro d u c e  th e s e  s u b s ta n c e s  a lth o u g h  su g g e s tio n s  
h a v e  b e e n  p len tifu l: tox ins of A le x a n d r iu m  ta m a re n se  
(L ebour) B a lech  h a v e  b e e n  r e la te d  to  n u c le ic  a c id  
m e ta b o lism  (M ickelson  & Y en tsch  1979) a n d  su g g e s te d  
to  b e  im p o r ta n t c o m p o u n d s  in v o lv e d  in  th e  s tru c tu re  
a n d  fu n c tio n  of th e  a lg a l g e n o m e  (A n d e rso n  & C h e n g  
1988). S te id in g e r  & B ad en  (1984) sp e c u la te d  th a t  since  
to x in s  m o d u la te  th e  flow  of io n s  a c ro s s  m e m b ra n e s  
th e y  m ig h t p la y  a  sim ila r p h y s io lo g ic a l ro le  in  th e  
o v e ra ll w e ll-b e in g  of th e  o rg a n ism  itself.

M o st to x in -p ro d u c in g  d in o f la g e lla te s  a re  c a p a b le  of 
fo rm in g  m o n o sp ec ific  b loom s (red  tid e s) su g g e s tin g  a
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m e c h a n ism  th a t  in h ib its  z o o p la n k to n  g raz in g . R ecen t 
la b o ra to ry  e x p e r im e n ts  on  c o p e p o d s  (H u n tley  e t al. 1983, 
1986) d e m o n s tra te d  s ig n if ic a n tly  r e d u c e d  g ra z in g  ra te s  
o n  d if fe re n t sp e c ie s  of d in o f la g e lla te s  (A lex a n d r iu m  
ta m a ren se , G o n y a u la x  g r in d ley i, P tych o d iscu s  b rev is  
a n d  S crippsie lla  trocho idea). E v id e n c e  su g g e s tin g  th a t 
th e  re d u c e d  g ra z in g  r a te s  a re  ch em ica lly  m e d ia te d  w as 
p ro v id e d  b y  Ives (1985). H e  in v e s tig a te d  th e  g ra z in g  
re s p o n se  of 2 sp e c ie s  of c o p e p o d s  to  c lo n es  of A. 
ta m a ren se  w ith  d if fe re n t ce ll to x in  co n ten ts . T h e se  ex ­
p e r im e n ts  su g g e s te d  a  d e c re a s e  in  in g e s tio n  ra te s  w ith  
in c re a s in g  ce ll to x in  c o n te n t. D ire c t o b se rv a tio n s  on  th e  
c o p e p o d  C ala n u s p a c if ic u s  (H u n tle y  e t  al. 1986, S y k es & 
H u n tle y  1987) sh o w  th a t  G. g r in d le y i  ce lls  c a u se  re v e rse  
p e ris ta ls is  a n d  re g u rg ita tio n  a n d  th a t  P. b re v is  ce lls  c au se  
e le v a te d  h e a r t  ra te  a n d  lo ss of m o to r con tro l.

F ie ld  s tu d ie s  (N e e d ie r  1949, P ra k a s h  1963, W hite  
1979, W atras  e t al. 1985) sh o w  th a t  tin tin n id s  b e lo n g in g  
to  th e  g e n u s  F avella  o fte n  a re  fo u n d  a t h ig h  c o n c e n ­
tra tio n s  d u rin g  b loom s of A le x a n d r iu m  ta m a ren se  an d  
so a r e  b e liev ed , in  p a r t ,  to  r e g u la te  su ch  b loom s. 
L ab o ra to ry  e x p e rim e n ts  (S to eck e r e t  al. 1981) sh o w e d
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th a t  F avella  e h re n b e rg ii  is a b le  to  g ro w  on  
A . ta m a ren se . H o w ev er, th e  po ss ib ility  th a t  g ra z in g  b y  
tin tin n id s  is a ffec ted  b y  tox ins p ro d u c e d  b y  d in o f la g e l­
la te s  h a s  n o t b e e n  in v e s tig a te d . In  th is  s tu d y , th e  
b e h a v io u r  a n d  g ro w th  re sp o n se  of F. e h re n b e rg ii w h e n  
in tro d u c e d  to  d if fe re n t c lones of th e  A . ta m a re n se  co m ­
p le x  a re  in v e s tig a te d .

A t p re s e n t  th e  g e n e ric  as w e ll a s  th e  sp ec ific  n a m e s  
of th is  co m p lex  a re  b e in g  d isp u te d  (T aylor 1984, B a lech  
1985, B a lech  & T a n g e n  1985, T ay lo r 1985, M o e s tru p  & 
H a n s e n  1988). T h e  c lones Ply 173a a n d  LF 1 to 4 all 
p o sse ss  a  p o re  in  th e  first a p ica l p la te  (1 '). T h e  n a m e  
A le x a n d r iu m  ta m a ren se  is u se d  for th e s e  c lo n es , fo l­
lo w in g  th e  n o m e n c la tu re  su g g e s te d  b y  M o e s tru p  & 
H a n s e n  (1988). T h e  c lo n e  W h 7 lack s  th is p o re  a n d  A. 
fu n d y e n s e  is su g g e s te d  by  B alech  (1985) for th is  form . 
A s th e  ta x o n o m ic  s ta tu s  of th is form  is still u n c e r ta in , 
A. ta m a re n se  is a lso  u se d  for th is c lone.

MATERIALS A N D  M ETHODS

Iso la tio n  and culture of d in o fla g e lla tes . T h e  s tu d y  is 
b a s e d  on  6 c lo n e s  of A le x a n d r iu m  ta m a ren se  a n d  o n e  
c lo n e  of th e  n o n -to x ic  d in o f la g e lla te  H ete ro c a p sa  tri­
q u e tra . F o u r of th e  A. ta m a ren se  c lones (LF 1 to  4) w e re  
is o la te d  from  a su rface  w a te r  sam p le  from  th e  L im fjord, 
D e n m a rk , in  M ay  1987. T h e  o th e r  2 o r ig in a te  from  
P ly m o u th , UK (Ply 173a) a n d  th e  B ay of F u n d y , C a n a d a  
(W h 7), re sp e c tiv e ly . H. triquetra  w as  is o la te d  from  th e  
0 re s u n d ,  D e n m a rk . C ell s izes  a n d  v o lu m es  d u rin g  
e x p o n e n tia l  g ro w th  a re  sh o w n  in  T ab le  1. A lg a e  w e re  
g ro w n  as n o n -a x e n ic  b a tc h  cu ltu re s  in  c o n s ta n t lig h t

Table 1. Size and volume of studied dinoflagellate clones

Species/clone Size" (pm) Volume13 (pm3)

Alexandrium  tamarense
Ply 173a 29 12 800
Wh 7 32 17 200
LF 1 30 14 100
LF 2 28 11 500
LF 3 28 11 500
LF 4 33 18 800

Heterocapsa triquetra
H et L:27 D:17 2 050

a M ean of 30 cells
b Volume of A. tamarense was calculated as a sphere; that 

of H. triquetra as 2 cones

(a b o u t 3000 lu x  of cool f lu o re sc e n t ligh t) a t 18 ±  1 C. 
C e lls  w e re  c o u n te d  u s in g  a 1 m l S e d g e w ic k -R a fte r  
c h a m b e r. E a c h  c o u n t w a s  b a s e d  on a t  le a s t  400  cells

(SD =  5 °o). A ll  c lo n es  w e re  c u ltu re d  in  B m ed iu m . T he 
m e d iu m  w a s  b a s e d  on  30 % s e a w a te r  a n d  m ad e  up  
from  th e  fo llo w in g  so lu tions:
S o lu tio n  1: N a 2EDTA , 45 g; N a N 0 3, 100 g; H 3B 0 3, 
33.6 g ; N a H 2P 0 4, 20 g ; M n C l2 ■ 4 H 20 ,  0.36 g ; F eC l3 
• 6H 20 ,  1.3 g  ; d e m in e ra liz e d  H 20  to  1000 m l.
S o lu tio n  2: Z nC l2, 2.1 g ; C o C l2 ■ 6 H 20 ,  2.0 g ;
(N H 4)6M o70 2 4  • 4H 20 ,  0 .9  g ; C u S 0 4 • 5H 20 ,  2.0 g ; 
d e m in e ra l iz e d  H 20  to  1000 m l; d ro p s  of 0.1 N H C 1 u n til 
c le a r  so lu tio n .
V itam in  s to c k  so lu tion: T h iam in  200 m g ; B iotin  1 m g; 
C y a n o c o b a la m in  1 m g; d e m in e ra liz e d  H 20  to  1000 ml.

T h e  3 so lu tio n s  w e re  a u to c la v e d  se p a ra te ly , A  stock  
so lu tion  of 1000  m l S o lu tio n  1 a n d  1 m l S o lu tion  2 w as 
m ad e . A liq u o ts  of 1 m.l of th is  s to ck  so lu tio n  a n d  1 m l of 
th e  v itam in  s to c k  so lu tion  w e re  a d d e d  to  1 1 seaw ater.

Iso la tion  a n d  cu lture o f F avella  e h r e n b e r g ii.  T h ese  
w e re  is o la te d  from  a su rfa c e  w a te r  sa m p le  from  Á rhus 
B ay, D e n m a rk , in  Ju ly  1987. T h e  c ilia te s  w e re  in itially  
g ro w n  in  a N u n c lo n  m u ltid ish  w ith  2 m l of H etero capsa  
tr iquetra  s u s p e n s io n  a t a  c o n c e n tra tio n  of IO3 to IO4 
cells m l- 1 . S u b s e q u e n t ly  th e y  w e re  tra n s fe r re d  to p e tr i 
d ish e s  c o n ta in in g  ca  40 m l B m e d iu m . H. triquetra  (IO4 
cells) w e re  re g u la r ly  a d d e d  to  th e s e  d ish e s . F. eh ren ­
berg ii w a s  s u b c u l tu re d  w eek ly .

E xp erim en ta l proced u res. In  o rd e r  to  e x a m in e  sw im ­
m in g  p a t te rn s  of F avella  eh ren b erg ii, ce lls  w e re  p lace d  
in  a  S e d g e w ic k -R a fte r  cell a n d  re c o rd e d  w ith  a v ideo 
re c o rd e r  (S o n y  v id eo  c a m e ra  D X C  101 P  a n d  P anason ic  
re c o rd e r  A G -6200) fitted  to  a  d is sec tio n  m icroscope. 
R eco rd in g s  w e r e  a n a ly z e d  b y  p lo ttin g  th e  position  of 
in d iv id u a l c ilia te s , fram e  b y  fram e, o n  a  p las tic  film 
co v erin g  th e  m o n ito r sc reen . S w im m in g  b e h a v io u r  of 
c ilia te s  a d d e d  to a  su sp e n s io n  of H ete ro ca p sa  triquetra  
(4000 cells m l-1 ) or A le x a n d r iu m  ta m a re n se  (clone 
W h  7, 3000 ce lls  m l-1 ) w e re  s tu d ie d .

A ll o th e r  e x p e r im e n ts  w e re  c a rr ie d  o u t in  N unclon  
m u ltid ish e s  a t  18 ±  1 JC  u n d e r  c o n s ta n t l ig h t (3000 lux) 
u n le s s  o th e rw ise  s ta te d . In e x p e r im e n ts  on  ciliate 
b e h a v io u r , s u b s a m p le s  of th e  d in o f la g e lla te s  (W h 7 and  
Ply 173a) w e re  ta k e n  a t sp ec ified  s ta g e s  of th e  b a tch  
cu ltu res . O n e  m l of su sp e n s io n  w as  p ip e t te d  in to  4 
re p lic a te  c h a m b e rs . U sing  a m ic ro p ip e tte , 12 or 13 
c ilia tes  w e re  a d d e d  to  e a c h  c h a m b e r  a n d  th e  e x p e ri­
m e n t w a s  r u n  for 120 m in  in  th e  ligh t. T h e  b eh a v io u r  of 
in d iv id u a l c ilia te s  a t tim e  1 to  15, 20, 30, 40, 60 an d  
120 m in  w a s  o b se rv e d  a t  a  m a g n if ic a tio n  of 12 x .

In  e x p e r im e n ts  o n  th e  re s p o n se  to d in o flag e lla te  
ex u d a te s , a lg a l  su sp e n s io n s  w e re  c e n tr ifu g e d  a n d  1 m l 
of th e  s u p e rn a ta n t  w as  p ip e t te d  in to  2 re p lic a te  ch am ­
b e rs . A g a in , 12 o r 13 c ilia tes  w e re  a d d e d  w ith  a  m i­
c ro p ip e tte . T h e  w h o le  p ro c e d u re  to o k  ex ac tly  3 m in 
w h e re a f te r  c ilia te  b e h a v io u r  w a s  o b se rv e d  as 
d e sc r ib e d  a b o v e . In o rd e r  to te s t  th e  lab ility  of 
ex u d a te s , th e  s u p e rn a ta n t w a s  a g e d  for 15 o r 30 min.
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T h e  te rm  CBS 50 is d e fin e d  a s  th e  C o n c e n tra tio n  of 
ce lls  re q u ire d  to  in d u c e  50 % B ack w ard s  S w im m in g  of 
th e  te s te d  c ilia te s  w ith in  10 m in . To te s t w h e th e r  th e  
tox ic  e ffec t of d in o f la g e lla te s  o n  th e  c ilia te s  w a s  c a u se d  
by  PSP  tox ins, th e  re la tio n sh ip  b e tw e e n  th e  to x in  co n ­
te n t  of th e  d in o f la g e lla te s  a n d  CBS 50 w a s  s tu d ie d .

F o r th e  6 c lones of A le x a n d r iu m  ta m a re n se  c h o sen , 
th e  ra n g e  in  to x in  c o n te n t w as  from  u n d e te c ta b le  to 
27 .5  p g  ce ll-1  (as e s tim a te d  from  m o u se  b io a ssay s) . To 
c o m p a re  th e  ab ility  of cells in  e x p o n e n tia l a n d  s ta tio n ­
a ry  p h a s e  to  in d u c e  b a c k w a rd s  sw im m in g  of c ilia tes , 
a lg a l c u ltu re s  w e re  in o c u la te d  a n d  th e  c u ltu re  te s te d  
for its  ab ility  to in d u c e  b a c k w a rd s  sw im m in g  u n ti l  th e  
c e ll c o n c e n tra tio n  h a d  re a c h e d  th e  CBS 50 v a lu e , T h e  
c u ltu re  w a s  th e n  a llo w ed  to g ro w  in to  th e  s ta tio n a ry  
p h a s e , a t w h ic h  tim e  d ilu tio n s of th e  c u ltu re  w e re  m a d e  
u n ti l  th e  ce ll c o n c e n tra tio n  h a d  re a c h e d  th e  C BS 50 
leve l.

P a rtic le  u p ta k e  b y  c ilia tes  w a s  m e a s u re d  s im u lta n e ­
o u sly  w ith  th e  b e h a v io u r  e x p e rim e n ts . T w o m l of a lg a l 
su s p e n s io n  w a s  p ip e t te d  in to  4 re p lic a te  c h a m b e rs , a n d  
20 to  25 c ilia te s  w e re  a d d e d  to  e a c h  c h a m b e r . T h e y  
w e re  a llo w e d  to  g ra z e  for 2, 4, 6, 8, 10, 15, 20, 30, 40, 60 
a n d  120 m in  a n d  th e n  fix ed  b y  a d d in g  50 ¡xi 30  °o 
fo rm a ld e h y d e . P a rtic le s  in s id e  food  v a c u o le s , w h ic h  
c o u ld  c le a rly  b e  id e n tif ie d  as A le x a n d r iu m ,  w e re  th e n  
c o u n te d  u n d e r  th e  m icroscope .

E x p e rim e n ts  w e re  c o n d u c te d  to  d e te rm in e  th e  
g ro w th  of F avella  e h re n b e rg ii  on  a lg a l c o n c e n tra tio n s  
w ith in  th e  r a n g e  of 250 to  5000 cells m l- 1 . C lo n es  Ply 
173a a n d  W h  7 w e re  u sed ; a m o n g  th e  s tu d ie d  c lo n es  
th e y  re p re s e n t th e  le a s t a n d  th e  m o s t tox ic  ones, 
re sp e c tiv e ly . B oth  w e re  in o c u la te d  a n d  a llo w e d  to  g ro w  
to  3000 ce lls  m l-1 a n d  w e re  th e n  m a in ta in e d  a t th is  
le v e l b y  d a ily  d ilu tion . To a tta in  e x p e r im e n ta l c o n c e n ­
tra tio n s  of from  250 to 3000 cells m l- 1 , th e  c u ltu re  w as  
d ilu te d  w ith  fre sh  B m ed iu m . A  su b c u ltu re  of th e  Ply 
173a c lo n e  w as  a llo w ed  to  g ro w  to  5000 ce lls  m l-1 a n d  
m a in ta in e d  a t th is  leve l. G ro w th  e x p e r im e n ts  w e re  a lso  
c o n d u c te d  w ith  H ete ro ca p sa  tr ique tra  (c o n c e n tra tio n  
ra n g e : 500 to  10 000 cells m l-1 ) fo r c o m p a riso n  w ith  a 
n o n -to x ic  form . E ach  g ro w th  e x p e r im e n t w a s  in itia te d  
w ith  o n e  F. e h re n b e rg ii  cell. F o r e a c h  a lg a l c o n c e n ­
tra tio n , 24 re p lic a te s  w e re  m ad e . E v e ry  d a y  th e  c ilia te s  
w e re  tr a n s fe r re d  to a  fre sh  a lg a l su s p e n s io n  a n d  
c o u n te d . T h e  e x p e rim e n ts  w e re  ru n  in  th e  d a rk  as w ell 
a s  in  th e  ligh t.

T oxin  ex traction . S im u ltan eo u s ly  w ith  a ll th e  e x p e r i­
m e n ts  d e sc r ib e d  a b o v e  a t  le a s t IO6 a lg a e  cells w e re  se t 
a s id e  fo r m e a s u re m e n ts  of to x in  c o n te n t. T h e  a lg a e  
su s p e n s io n  w a s  g e n tly  c e n tr ifu g e d  a n d  th e  s u p e rn a ta n t  
d e c a n te d . T o x in s w e re  e x tra c te d  b y  a d d in g  15 m l 0.1 N  
HC1 to  th e  p e lle t. T h e  tu b e  c o n ta in in g  a lg a e  a n d  a c id  
w a s  p la c e d  in  b o ilin g  w a te r  for 8 m in  (in a n  au to c lav e ). 
T h e  sa m p le  w a s  co o led  on ic e  a n d  su b s e q u e n tly  fil-
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te r e d  th ro u g h  a 1 pm  filte r , T h e  f iltra te  w as  a d ju s te d  to 
p H  3 to  3.5 w ith  d ro p s  of 5 N  a n d  1 N  HC1. T oxin  
c o n te n t w a s  d e te r m in e d  b y  in jec tio n  (i.p.) of 1 m l in  
m ice, u s in g  th e  s t a n d a r d  m o u se  b io m a ssa y  (H orw itz 
1984). C e ll to x in  c o n te n t  is e x p re s s e d  in  u n its  of sax ito - 
x in  e q u iv a le n ts  b e c a u s e  th e  m o u se  b io a s sa y  w a s  s ta n d ­
a rd iz e d  w ith  p u re  sax ito x in . T o x ic itie s  of th e  in d iv id u a l 
c lo n es  a re  sh o w n  in  T a b le  2,

Table 2. Toxin con ten t of Alexandrium  clones

Clone M ouse bioassay3 
(pg cell-1)

HPLCb 
(pg cell-1)

Ply 173a U ndetectable (<0.6) 0.12
Wh 7 12.8-27.5 11.4
LF 1 10.6-16.2 -

LF 2 8.3-15.0 14.1
LF 3 4.1- 6.5 -

LF 4 1.1- 1.3 -

a Range (Ply 173a and W h 7, n  =  6; LF 1-4, n =  3)
b For conversion of HPLC data see  Boyer et al. (1986), n =  1

T h e  tox ic ity  (T ab le  2) a n d  to x in  com p o sitio n  (Fig. 1) 
of 3 c lo n es  w e re  d e te rm in e d  b y  H PLC . A t le a s t IO6 cells 
w e re  h a rv e s te d  from  la te  e x p o n e n tia l p h a s e  c u ltu re s  
a n d  c o n c e n tra te d  b y  c e n tr ifu g a tio n . T h e  tox in s w e re  
e x tra c te d  by  a d d in g  2 m l 0.05 N  a c e tic  a c id  to  th e  p e lle t 
fo llo w ed  by  d is ru p tio n  of ce lls  b y  so n ica tio n  fo r 5 m in  
in  an  ic e  b a th . T h e  to x in s  w e re  s e p a ra te d  o n  a p o ly s ty ­
re n e  d iv in y lb e n z e n e  r e s in  co lu m n  in  th e  re v e r se  m ode, 
u s in g  h e x a n e  a n d  h e p ta n e  as io n -p a ir  re a g e n ts . T h e  
to x in s  w e re  d e te c te d  b y  f lu o re sc e n c e  a f te r  p o s tc o lu m n  
o x id a tio n  w ith  a lk a lin e  p e r io d a te . F or a m o re  d e ta ile d  
d e sc r ip tio n  of th e  m e th o d  se e  B oyer e t al. (1986).

RESULTS 

B eh av iou r o f Favella  in  con tact w ith  A lexandrium

T h e  n o rm a l m o d e  of m o tility  in  F avella  e h re n b e rg ii  is 
sw im m in g  in  a  fo rw a rd , sm o o th , h e lic a l p a th  in te r ­
ru p te d  by  c ilia ry  re v e r s a ls  (tum b les) d u rin g  w h ic h  th e  
ce ll fo r a sh o r t p e r io d  of tim e  sw im s b a c k w a rd s  to 
c o n tin u e  in  a n e w  d ire c tio n  (Fig. 2A).

W h en  a d d e d  to  3000  cells m l-1  of th e  h ig h ly  toxic 
W h  7 c lo n e  A le x a n d r iu m  ta m a re n se  (la te  e x p o n e n tia l 
p h a s e  cu ltu res) c ilia te s  b e g in  to  tu m b le  m o re  f r e ­
q u e n tly  a n d  p e r io d s  of b a c k w a rd s  sw im m in g  a re  p ro ­
lo n g e d . A fte r lo n g e r  e x p o su re  (3 to  10 m in) th e  c ilia tes  
a re  u n a b le  to  sw im  fo rw a rd  a t  all. O ften  th e y  sw im  in  
an  ir re g u la r  a n d  je rk y  m a n n e r  (Fig. 2B). T h e  sw im ­
m in g  v e lo c ity  of th e  c ilia te s  g ra d u a lly  d e c re a s e s  and , 
s u b s e q u e n tly , a  n u m b e r  of c ilia te s  c a n  b e  fo u n d
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Fig. 1. Toxin composition of Alexandrium tamarense isolates. (A) Structures and abbreviations for saxitoxin (STX) and 11 other 
PSP toxins. GTX: gonyautoxins; B, C: carbamyl-N-sulfo compounds. (B) Toxin composition m easured by HPLC (as % total toxin,

n = 1) for 3 isolates during late exponential grow th phase

im m o b ile  a n d  sw o llen  on th e  b o tto m ; th e  c ilia  still 
b e a t  a l th o u g h  in  a n  u n c o o rd in a te d  m a n n e r . A fte r 
so m e  h o u rs  th e s e  c ilia te s  lyse. Figs. 3 a n d  4 d is t in g u ­
ish  b e tw e e n  3 ty p e s  of b eh a v io u r : n o rm a l sw im m in g , 
b a c k w a rd s  sw im m in g  a n d  im m obility . A t a c o n c e n ­
tra tio n  of 500 cells m l-1  of th e  W h 7 c lo n e  a ll th e  
te s te d  c ilia te s  sw im  norm ally .

T h e  le s s  to x ic  c lo n e  (Ply 173a) d o es  n o t in d u c e  b a c k ­
w a rd s  sw im m in g  a t c o n c e n tra tio n s  of 500 o r 3000 cells 
m l-1 . A  c o n c e n tra tio n  of 5000 cells m l- 1 , h o w e v e r , d o es  
in d u c e  b a c k w a rd s  sw im m in g  a lth o u g h  th e  e ffe c t is no t 
a s  s tro n g  a s  w ith  th e  W h  7 c lo n e  u s in g  3000  ce lls  m l- 1 .

Filtrate exp erim en ts

T h e se  e x p e r im e n ts  w e re  c a rr ie d  o u t to  re v e a l if th e  
m e d iu m  in  w h ic h  A le x a n d r iu m  ta m a re n se  h a s  g row n 
h a s  a n y  e ffe c t on  cilia tes. R esu lts  fo r la te  ex p o n en tia l 
cu ltu re s  a re  sh o w n  in  Figs. 3B a n d  4B, respec tive ly . 
W ith  re s p e c t to  c lone  W h  7, th e  b e h a v io u ra l re sp o n se  of 
th e  c ilia te s  to  th e  m e d iu m  (d e riv ed  from  a  3000 cells 
m l-1 su sp e n s io n )  is n e a rly  id e n tic a l to  th e  o n e  in  w h ich  
th e  d in o f la g e lla te s  a re  p re se n t. T h e  o n ly  d iffe ren ce  is a 
so m e w h a t d e la y e d  re sp o n se  a n d  th a t , e v e n  a f te r  2 h  of 
e x p o su re , so m e  c ilia tes  a re  still sw im m in g  b ack w ard s .
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a n d  th e  CBS 50 is p r e s e n te d  in  Fig. 6. E v e n  th o u g h  th e  
to x in  c o n te n t of th e  c e lls  d e c re a s e s  a f te r  th e  c u ltu re  has 
re a c h e d  th e  s ta tio n a ry  p h a se , th e  tox ic  e ffec t of th e  
m e d iu m  in c re a se s . T h is  in d ic a te s  th a t  th e  tox in s are 
e x u d a te d  to  th e  m e d iu m  a t a h ig h e r  ra te  d u rin g  th is 
p h a se .

T h e  re su lts  of p a r t ic le  u p ta k e  e x p e r im e n ts  a re  p r e ­
s e n te d  in  Fig. 7. In a l l  e x p e rim e n ts  A . ta m a re n se  w as 
in g e s te d  by  F avella  eh ren b erg ii. W h e n  b a c k w a rd s  
sw im m in g  is in d u c e d  n o  p a rtic le  u p ta k e  ta k e s  p la c e  (as 
fo u n d  w ith  Ply 173a: 5000 ce lls  m l-1 ). W h e n  F. e h r e n ­
b erg ii is a d d e d  to  a  su s p e n s io n  of 500 cells m l-1 of 
A. ta m a ren se  (Ply 173a, W h  7), th e  p a rtic le  u p ta k e  
(m ean  n u m b e r  of c e lls  c o u n te d  in  food  vacuo les) 
in c re a se s  w ith  tim e , g iv in g  a  h y p e rb o lic  re la tio n . T he 
p a rtic le  u p ta k e  ra te  c a n  b e  e s t im a te d  from  a lin ea r 
re la tio n  b e tw e e n  u p ta k e  a n d  tim e  from  th e  s ta r t  of th e  
e x p e r im e n t (0 to  10 m in). T h is  sh o w s a h ig h e r  u p ta k e  
ra te  b y  F. e h re n b e r g ii  of th e  Ply 173a c lo n e  th a n  of th e  
W h 7 c lone, (3 a n d  1.5 p a rtic le s  h - 1 , re sp ec tiv e ly ).

Fig. 2. Favella ehrenbergii. Paths plotted from video record­
ings of swimming individuals. Time interval betw een dots: 
80 ms. (A) Paths characteristic of norm al swimming cells. (B) 
Paths characteristic of backwards-swimm ing cells induced by 
a suspension of Alexandrium  tamarense (Wh 7, 3000 cells 
ml-1). (-0 Periods (up to 1 s) w here cells are immobile. Dots 

corresponding to these periods are  omitted

T h e  re s p o n se  of c ilia tes  to th e  m e d iu m  (b a se d  on a 
5000 cells m l-1 su sp en sio n ) in  w h ic h  P ly  173a h a s  b e e n  
g ro w n  is m u c h  w e a k e r  th a n  w h e n  ce lls  a re  p re se n t. 
F u rth e rm o re , ce lls  th a t sw im  b a c k w a rd s  a f te r  1 h  e x p o ­
su re  to  th e  a lg a e  m e d iu m  e v e n tu a lly  re c o v e r  (a f te r 2 h). 
T h is in d ic a te s  th a t  th e  e x u d a te  is la b ile . T o  s tu d y  th is, 
a g e d  e x u d a te s  w e re  te s te d . R esu lts  a re  sh o w n  in  
F ig . 3 B to  D a n d  4 B to D.

In  W h 7 m e d iu m , th e  tim e  re q u ire d  to  in d u c e  b a c k ­
w a rd s  sw im m in g  in c re a se s  w ith  th e  a g e  of th e  m e d iu m  
a n d  th e  n u m b e r  of c ilia tes sw im m in g  b a c k w a rd s  or 
b e c o m in g  im m o b iliz ed  d e c re a se s . A fte r a b o u t 4 to  8 h 
(n o t sh o w n  in  Fig. 3) th e  c ilia tes  th a t  p re v io u s ly  sw am  
b a c k w a rd s  re c o v e r  to d isp lay  a  n o rm a l sw im m in g  p a t ­
te rn . In  th e  e x p e r im e n t w ith  Ply 173a m e d iu m , th e  
n u m b e r  of c ilia te s  sw im m in g  b a c k w a rd s  a lso  g ra d u a lly  
d e c re a s e s  w ith  a g e  of th e  m e d iu m . A fte r 30 m in  th e  
to x ic  e ffec t of Ply 173a m e d iu m  d is a p p e a rs .

T h e  g ro w th  cu rv es  of th e  d if fe re n t c lo n es  of A le x a n ­
d r iu m  a re  sh o w n  in  Fig. 5. T h e  d o u b lin g  tim e  in  th e  log 
p h a s e  ra n g e s  from  1.0 to 2.7 d, A rro w s in d ic a te  a t w h a t 
c o n c e n tra tio n  th e  CBS 50 v a lu e s  is  re a c h e d . In  all 
c a se s , th e  c u ltu re  h a s  p a s s e d  e x p o n e n tia l  g ro w th  p h a se  
b e fo re  th e  CBS 50 v a lu e  is re a c h e d . T h e  re la tio n sh ip  
b e tw e e n  th e  tox in  c o n te n ts  m e a s u re d  b y  th e  b io a s sa y

G row th  exp er im en ts

R esu lts  of th e s e  e x p e r im e n ts  a re  p re s e n te d  in  Fig. 8. 
F avella  e h re n b e rg ii  is a b le  to  g ro w  w h e n  fe d  th e  W h 7 
c lo n e  of A le x a n d r iu m  ta m a ren se  a t  c o n cen tra tio n s  
b e tw e e n  250 a n d  5 0 0  cells m l-1 a t d o u b lin g  tim es 
w ith in  th e  r a n g e  26 to  32 h. T h is  c o rre sp o n d s  to  g row th  
ra te s  o b ta in e d  w ith  s im ila r c o n c e n tra tio n s  (in te rm s of 
vo lum e) of th e  n o n -to x ic  d in o f la g e lla te  H etero ca p sa  
tr iquetra  (not sh o w n ). H o w ev e r, a t c o n cen tra tio n s  
e x c e e d in g  1500 ce lls  m l-1 of W H  7, c ilia te s  d ie  a t  le a s t 
a s  q u ick ly  as th e y  w o u ld  w h e n  s ta rv e d . A t a c o n c e n ­
tra tio n  of 1000 cells m l-1 , th e  c ilia te s  g ro w  d u r in g  th e  
first 2 d, b u t th e n  d ie  off a t a  slow  ra te . F. e h re n b e r g ii  is 
n o t a b le  to  g ro w  w h e n  fe d  th e  P ly  173a c lo n e  of 
A. ta m a ren se  a t  a n y  c o n c e n tra tio n  a n d  su rv iv a l 
d e c re a s e s  as th e  d in o f la g e lla te  c o n c e n tra tio n  
in c rea se s . N e v e r th e le ss , c ilia te s  do  n o t sh o w  a lte re d  
sw im m in g  (ex cep t a t  5000 ce lls  m l- 1 ), a lth o u g h  th ey  
ev e n tu a lly  d ie , p o ss ib ly  from  s ta rv a tio n .

D ISC U SSIO N  

P h y sio lo g ica l b a sis  of tox ic ity

A le x a n d r iu m  ta m a ren se  p ro d u c e s  s u b s ta n c e s  w h ich  
a re  le th a l to th e  m a r in e  c ilia te  F avella  e h re n b e rg ii  
w h e n  re le a s e d  to  th e  m ed iu m . T h e  e x u d a te  ac ts  on  th e  
ce ll m e m b ra n e  of th e  c ilia te  to in d u c e  c o n tin u o u s  c ili­
a ry  rev e rsa l. A fte r so m e  tim e , th e  c ilia te  sw ells  a n d  
su b s e q u e n tly  ly ses. T h a t A. ta m a re n se  e x u d a te s  s u b ­
s ta n c e s  w h ic h  a ffec t a n im a l ce lls  h a s  b e e n  sh o w n  by
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Fig. 3. Favella ehrenbergii. Effect on motility following exposure to Alexandrium tamarense, clone Wh 7. (A) 3000 cells ml 1. (B to 
D) Filtrate from 3000 cells ml-1: (B) not aged before addition of ciliates; (C) aged 15 min; (D) aged 30 min

O g a ta  & K o d am a  (1986). T h e y  fo u n d  th a t  th e  c u ltu re  
m e d iu m  in d u c e s  lysis of e ry th ro cy tes , a n d  h is to lo g ica l 
o b se rv a tio n s  of e x p o se d  fish  (ra in b o w  trou t) sh o w  sw o l­
le n  e p ith e lia l  ce lls  th a t  a re  ex fo lia ted  from  th e  p illa r  
cells.

A ll to x in s  k n o w n  to  b e  p ro d u c e d  b y  A le x a n d r iu m  
sp p . a re  w a te r-so lu b le  a n d  co llec tive ly  k n o w n  as PSP 
tox in s. A t le a s t 12 c lose ly  r e la te d  c o m p o u n d s  ex is t of 
w h ic h  sax ito x in  w a s  th e  first to  b e  p u rif ie d  a n d  c h a ra c ­
te r iz e d  (S te id in g e r  & B ad en  1984). E a rly  e x p e r im e n ts  
u s in g  fro g  n e rv e  sh o w ed  th a t  sax ito x in  b lo ck s  ac tio n  
p o te n tia ls  w ith o u t d e p o la r iz a tio n  (Kao & N ish iy am a  
1965). V o lta g e  c lam p  s tu d ie s  (H ille 1968, N a ra h a sh i 
1975) r e v e a le d  th a t  sax itox in  se lec tiv e ly  in h ib its  th e  
in w a rd  so d iu m  flux. T h e  b io e le c tr ic  co n tro l of lo co m o ­
tio n  in  c ilia te s  w a s  s tu d ie d  b y  E c k e rt & N a ito h  (1972), 
p r im a rily  on  th e  f re sh w a te r  c ilia te  P a ra m ec iu m  
ca u d a tu m . T h e y  sh o w ed  th a t  c ilia ry  re v e r sa l (b a c k ­
w a rd s  sw im m ing ) is d u e  to in flu x  of C a 2+. T h e  p re s e n t 
o b se rv a tio n s  su g g e s t th a t  th e  A . ta m a ren se  tox in s  le a d  
to  a n  in c r e a s e d  in flu x  of C a 2+ o r r e p e a te d  d e p o la r iz a ­
tio n s  of th e  c ilia te  ce ll m e m b ra n e . T h is  is h o w e v e r n o t 
e a s ily  re c o n c ile d  w ith  th e  p re v io u s  o b se rv a tio n s  on 
fro g  n e rv e s .

S e v e ra l w o rk e rs  (P rak ash  1967, W h ite  & M a ra n d a  
1978, B oyer e t  al. 1986) h a v e  fo u n d  for d iffe ren t A le x ­
a n d riu m  c lo n e s  th a t  th e  to x in  c o n te n t of th e  cells 
d e c re a s e s  ra p id ly  as th e  c u ltu re  le a v e s  th e  lo g  p h ase  to 
re a c h  a  c o n s ta n t le v e l d u rin g  th e  s ta tio n a ry  p h a se  of 
c u ltu re  g ro w th , P ra k a sh  (1967) sh o w e d  th a t  PSP toxins 
c o u ld  n o t b e  d e te c te d  in  th e  m e d iu m  u n til a f te r  th e  en d  
of th e  e x p o n e n tia l g ro w th  p h a s e  b u t s tre s s e d  th a t it 
c a n n o t b e  e x c lu d e d  th a t  th e  to x in s  a re , to  so m e d eg ree , 
e x c re te d  by  c e lls  d u rin g  th e  e x p o n e n tia l  g ro w th  p h ase  
b e c a u se  of th e  sen s itiv ity  lim it of th e  b io a s sa y  (0.2 |ig). 
L ack in g  a  re lia b le  m e th o d  fo r th e  e s tim a tio n  of tox in  
c o n te n t of se a w a te r , th e  re la tio n sh ip  b e tw e e n  tox in  
c o n te n t p e r  c e ll a n d  th e  CBS 50 is u s e d  h e re  as a n  
in d ic a to r  of th e  p o ss ib le  re la tio n sh ip  of a lte re d  ciliate 
sw im m in g  p a t te rn  a n d  th e  p re s e n c e  of PSP  toxins.

T h e  tox ic ity  lev e l of th e  m e d iu m  d e p e n d s  on  th e  
g ro w th  p h a se  of A le x a n d r iu m  tam a ren se . T h e  h ig h es t 
lev e ls  of tox ic ity  a re  o b ta in e d  in  s ta tio n a ry  p h ase  
c u ltu re s . T h is  a p p lie s  to  all s tu d ie d  c lo n es  (Fig. 6). For 
th e  L im fjord  c lones, th e re  is  a p o sitiv e  co rre la tio n  
b e tw e e n  th e  CBS 50 leve l a n d  th e  P S P -tox in  co n ten t 
w h e n  th e  cu ltu re s  a re  in  s ta tio n a ry  p h a se , H ow ever, 
d a ta  for th e  W h  7 c lo n e  do  n o t fit in to  th is  p a tte rn . T his
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Fig. 4. Favella ehrenbergii. Effect on motility following exposure to Alexandrium tamarense, clone Ply 173a. (A) 5000 cells ml-1. (B 
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Fig. 5. Alexandrium  tamarense. Growth of individual clones in batch cultures. Arrows indicate at w hat concentration the CBS 50
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c lo n e  c o n ta in s  3 tim es  m o re  to x in  th a n  th e  LF 2 b u t 
y ie ld s  a  h ig h e r  CBS 50 le v e l (a lo w e r to x ic  effect). It is 
p o s s ib le  th a t  th e  W h 7 c lo n e  re le a s e s  to x in s  a t a  lo w er 
r a te  th a n  th e  L im fjord  c lo n es  a s  a lm o s t no  d iffe ren ce  
ex its  in  H PL C  sp e c tra  b e tw e e n  th e  2 c lones (Fig. 1).

T h e  re la tio n sh ip  b e tw e e n  th e  CBS 50 a n d  PSP  tox in  
c o n te n t is n o t so  c le a r  c u t fo r c u ltu re s  th a t  h a v e  ju s t 
p a s s e d  th e  e x p o n e n tia l g ro w th  p h a se . T h is  is p ro b a b ly  
d u e  to  s ig n ific a n t c h a n g e s  in  e x u d a tio n  ra te  ta k in g  
p la c e  d u rin g  th is  re la tiv e ly  sh o r t a n d  ill-d e fin e d  p h a se .
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cells ml-1; ( a )  5000 cells ml-1. (A) Clone Wh 7. (B) Clone 173a

M o st e v id e n c e  su p p o r ts  th e  h y p o th e s is  th a t  th e  tox ic  
e ffec ts  o b se rv e d  on c ilia te s  e x p o se d  to  A le x a n d r iu m  
ta m a re n se  a re  c a u se d  b y  PSP tox ins: th e  s u b s ta n c e s  
a re  w a te r-so lu b le , v e ry  la b ile  in  c u ltu re  m e d ia  (pH  8)

a n d  a re  l ib e ra te d  a s  th e  c u ltu re  le a v e s  th e  ex p o n en tia l 
g ro w th  p h a s e . F u rth e rm o re , th e r e  is fa irly  g o o d  c o rre ­
la tio n  b e tw e e n  CBS 50 a n d  ce ll to x in  c o n te n t d u rin g  
s ta tio n a ry  g ro w th  p h a se .

It is in te re s t in g  th a t  a l th o u g h  A le x a n d r iu m  ta m a ­
re n se  is in g e s te d  b y  F avella  e h re n b e r g ii  w h e n  p re ­
s e n te d  to  th e  c ilia te  in  lo w  co n c e n tra tio n s , th is  d oes n o t 
in d u c e  c ilia ry  re v e rsa l. F rom  s tu d ie s  on  n e rv e  m em ­
b ra n e s  it  is k n o w n  th a t  sax ito x in s on ly  a c t on  th e  
o u ts id e  of th e  a x o n s  (H ille 1975). T h is  m a y  a lso  a p p ly  to 
p ro to zo a . A n o th e r  e x p la n a tio n  fo r th is  o b se rv a tio n  
c o u ld  b e  th a t  th e  to x in s  a re  d e g ra d e d  b y  hyd ro ly tic  
en zy m e s  in  fo o d  v acu o le s . F inally , it  is p o ss ib le  th a t a 
h ig h  ra te  of p ro d u c tio n  a n d  e x u d a tio n  of th e  toxins 
u n d e r  c e r ta in  g ro w th  co n d itio n s  m a y  le a d  to  co n c e n ­
tra tio n s  in  th e  w a te r  w h ic h  e x c e e d  o r a re  co m p a rab le  to 
th e  in tra c e l lu la r  c o n cen tra tio n .

P a rtic le  u p ta k e  e x p e r im e n ts  re v e a le d  th a t  F avella  
e h re n b e rg ii  in g e s ts  ce lls  of th e  Ply 173a c lo n e  a t a 
h ig h e r  ra te  th a n  cells of th e  W h 7 c lone. S tu d ies  by  
S p ittle r (1973) a n d  H e in b o k e l (1978) sh o w  th a t  tin tin - 
n id s  on ly  in g e s t  p a r t ic le s  w ith  a  d ia m e te r  of less  th a n  
50 % of th e  o ra l  lo rica  d ia m e te r . T h e  m e a n  d ia m e te r  of 
cells of th e  P ly  173a a n d  W h 7 c lones , m e a s u re d  d u rin g  
e x p o n e n tia l g ro w th  p h a se , is 29 a n d  32 pm , re s p e c ­
tively . A s th e  o ra l lo r ic a  d ia m e te r  of F. eh ren b erg ii is 
a b o u t 60 pm, a  la rg e r  p ro p o r tio n  of th e  Ply 173a p o p u ­
la tio n  is s u b je c t  to g raz in g . It s e e m s  lik e ly  th a t  th is  can  
e x p la in  th e  d if fe re n c e  in  p a r tic le  u p ta k e  ra te .

Effect on grow th

F avella  e h re n b e r g ii  is  a b le  to g ro w  w h e n  fed  th e  
W h 7 c lone  o f A le x a n d r iu m  ta m a re n se  a t  lo w  co n c e n ­
tra tio n s  (250 to  500 ce lls  m l-1) (Fig. 8). A t h ig h e r  con ­
c e n tra tio n s  th e  c ilia te s  a re  a f fe c te d  b y  e x u d a te s  as 
d e sc r ib e d  ab o v e . G ro w th  ra te s  of th e  c ilia te  w h e n  fed  
W h  7 c lo n e  (d o u b lin g  tim es  26 to 32  h) w e re  sim ilar to 
th o se  o b ta in e d  w ith  s im ila r c o n c e n tra tio n s  (in te rm s of 
vo lu m e) of th e  n o n -to x ic  H ete ro ca p sa  tr iquetra . This 
su g g e s ts  th a t  th e  W h  7 c lone  is a n  a p p ro p ia te  food 
so u rce  for th e  c ilia te . H o w e v e r F. e h re n b e rg ii  is no t 
a b le  to g ro w  w h e n  fe d  th e  le s s  tox ic  P ly  173a a t any  
c o n c e n tra tio n  (Fig. 8), a lth o u g h  th is  a lg a e  is in g e s te d  
b y  th e  c ilia te . In th e  p re s e n c e  of lo w  c o n cen tra tio n s  of 
th e  P ly  173 a, th e  c ilia te s  sh o w  no  ab n o rm a l 
b e h a v io u ra l re s p o n se , b u t th e  su rv iv a l of th e  cilia tes 
d e c re a s e s  w ith  in c re a s in g  a lg a l co n c e n tra tio n , w h ich  
m ay  su g g e s t a  toxic effect. A t v e ry  h ig h  c o n cen tra tio n s  
of P ly  173a (>  5000 cells m l-1), th e  c ilia te s  sh o w  ciliary  
re v e rsa l. F o r b o th  th e  W h 7 a n d  th e  P ly  173a clones 
th e re  w e re  o n ly  s lig h t d if fe re n c e s  in  g ro w th /su rv iv a l 
re s p o n se  a c c o rd in g  to  w h e th e r  th e y  w e re  k e p t  in  th e  
lig h t o r in  th e  d a rk . T h e  d if fe re n c e s  w h ic h  w ere
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o b se rv e d  co u ld  b e  e x p la in e d  b y  th e  fac t th a t  a lg a e  k e p t 
in  lig h t in c re a se  in  n u m b ers  w h ile  th e  o n e s  k e p t  in  d a rk  
do not.

E co log ica l s ign ifican ce

F ie ld  s tu d ie s  (N eed ie r 1949, P ra k a sh  1963, W hite  
1979) s u g g e s t th a t  th e  c ilia te  F avella  e h re n b e r g ii  can  
b e  a n  im p o rta n t g ra z e r  on  p o p u la tio n s  of A le x a n d r iu m  
ta m a ren se . S tu d ie s  on  m e ta z o a n  z o o p la n k to n  sh o w  
th a t  a  n u m b e r  of d iffe ren t g ro u p s  (co p ep o d s , c lad o - 
c e ra n s , b a rn a c le  nau p lii, p o ly c h a e te  la rv a e  a n d  
p te ro p o d s)  do  g ra z e  on  A. ta m a ren se  (W hite  1977, 
1979, 1981, T u rn e r  & A n d e rso n  1983). H o w e v e r s tu d ie s  
of th e  im p o rta n c e  of z o o p la n k to n  g ra z in g  on  th e  
d e v e lo p m e n t a n d  p e rs is te n c e  of A . ta m a re n se  b loom s 
a re  scarce .

T u rn e r  & A n d e rso n  (1983) s tu d ie d  th e  in g e s tio n  ra te s  
of th e  c o p e p o d  A cartia  h u d so n ica  a n d  la rv a e  of th e  
p o ly c h a e te  P olydora  sp . w h e n  fed  n a tu ra l p a rtic le  
a s s e m b la g e s  sp ik e d  w ith  la b o ra to ry  c u ltu re s  of C 14 
la b e l le d  A le x a n d r iu m  tam arense . T h e  filtra tio n  ra te s  
o b ta in e d  w e re  u se d  to  e s tim a te  th e  im p a c t of g ra z in g  
d u r in g  a n  A. ta m a ren se  b loom  (<  160 cells m l -1). T h e  
m ax im u m  g ra z in g  loss d u e  to  A. h u d so n ic a  w a s  e s t i­
m a te d  to  b e  1 % d-1 of th e  A. ta m a ren se  p o p u la tio n . 
B o th  th e  size  a n d  th e  filtra tio n  ra te  of th e  c o p e p o d  
p o p u la tio n  w e re  too low  to  h a v e  a s ig n if ic a n t im p ac t. 
T h is  w as  n o t th e  case  for th e  p o ly c h a e te  la rv a e . D u rin g  
th e  ea rly  s ta g e  of th e  a lg a e  b loom , th e  e s t im a te d  g ra z ­
in g  loss w a s  3 to 16 % d -1. A t th e  p e a k  of th e  
A . ta m a re n se  b loom  (160 cells m l-1) th e  p o p u la tio n  of 
P olydora  sp . w e re  suffic ien tly  d e n se  (855 I-1) to  r e p r e ­
s e n t a  p o te n t ia l g raz in g  loss e x c e e d in g  100 % of th e  
A. ta m a re n se  d -1 .

S tu d ie s  b y  W atras  e t  al. (1985) sh o w  th a t, in  a d d itio n  
to  th e  P olydora  sp ., th e  c ilia te  F avella  e h re n b e r g ii  c a n  
b e  a n  im p o rta n t g ra z e r  on  A. ta m a re n se  p o p u la tio n s . 
D u rin g  th e  s ta r t  of a b loom  of A. tam a ren se , th e  g ra z in g  
lo ss d u e  to  F. e h re n b e rg ii  w as  low  (1 %  d -1). A t th e  
p e a k  c o n c e n tra tio n  of A. ta m a ren se  (120 ce lls  m l-1), th e  
e s t im a te d  loss d u e  to  g ra z in g  b y  F. e h re n b e r g ii  w as  
25 % d -1, c le a rly  e x c e e d e d  th e  e s tim a te d  g ro w th  ra te  of 
A . ta m a re n se  (0.15 d-1).

C a rre to  e t  al. (1986) s tu d ie d  a  d e n se  b lo o m  (>  IO3 
ce lls  m l-1) of A le x a n d r iu m  ta m a re n se  (G o n ya u la x  
exca va ta )  in  th e  A rg e n tin e  Sea. T h e  a b u n d a n c e  of 
m a c ro z o o p la n k to n  in  th e  p a tc h  w a s  low ; 147 a n d  93 
in d . m -3 in  th e  core a n d  a lo n g  th e  p e r ip h e ry  of th e  
p a tc h , re sp e c tiv e ly . H o w ev er, th e  p h a g o tro p h ic  d in o ­
f la g e lla te  P o lyk r iko s  sc h w a r tz ii o c c u rre d  in  la rg e  n u m ­
b e rs  a n d  m icro scop ic  e x a m in a tio n  re v e a le d  th a t  it  m ay  
c o n s titu te  a n  ac tiv e  p re d a to r  of A. ta m a ren se . T h e  
h ig h e s t  p re d a t io n  w as  o b se rv e d  a lo n g  th e  p e r ip h e ry  of

th e  p a tc h  w h e re  b o th  sp e c ie s  re a c h e d  id e n tic a l co n ­
ce n tra tio n s  w h ile  th e  g ra z in g  p re s s u re  in  th e  core  of th e  
p a tc h  w a s  lo w  (p re d a to r : p re y  co n c e n tra tio n s , 1 :400).

L ab o ra to ry  e x p e r im e n ts  sh o w  th a t  co p ep o d s  re sp o n d  
d iffe ren tly  to  th e  p re s e n c e  of A le x a n d r iu m  tam arense  
th a n  do c il ia te s . Ives (1985) fo u n d  th a t, a lth o u g h  th e  
d in o f la g e lla te s  a re  in g e s te d  b y  co p ep o d s , th e  in g es tio n  
ra te  d e c re a s e s  as th e  to x in  c o n te n t of th e  d in o flag e lla te  
in c rea se s . A d d itio n a l s tu d ie s  sh o w e d  th a t  th e  copepods 
in itia lly  in g e s t  h ig h ly  tox ic  ce lls  b u t su b s e q u e n tly  su f­
fe r from  in c a p a c ita t io n  (Ives 1987).

T h e  c o n c lu s io n  to b e  d ra w n  from  th e s e  fie ld  an d  
la b o ra to ry  e x p e r im e n ts  is th a t  w h e n  A le x a n d r iu m  
ta m a ren se  o c c u rs  in  low  c o n c e n tra tio n s  in  n a tu re  (e.g. 
a t th e  b e g in n in g  of a  b loom ), g ra z in g  b y  zo o p lan k to n  
c a n  b e  of s ig n if ic a n c e  in  co n tro llin g  th e  b loom  if th e  
c o n c e n tra tio n  of p re d a to rs  is su ffic ien tly  h igh , A t 
h ig h e r  a lg a e  c o n c e n tra tio n s  (IO3 to  IO4 cells m l-1), a 
b loom  c a n n o t b e  su b je c t to  a n y  s u b s ta n tia l zo o p lan k to n  
g raz in g . T h e  p re s e n t  re su lts  c le a rly  sh o w  th is in  th e  
ca se  of c ilia te s . T h e  c o n c e n tra tio n  lim it for g raz in g  
d e p e n d s  on  th e  ce ll to x in  c o n te n t a n d  th e  physio log ica l 
s ta te  of th e  d in o f la g e lla te s . T h is  in h ib itio n  of z o o p la n k ­
ton  g raz in g , in  p a rt, e x p la in s  w h y  su c h  b loom s can  
d e v e lo p  a n d  p e rs is t  for m o n th s  a s  o b se rv e d  by  M orten - 
sen  (1985), C a rre to  (1986) a n d  T h e rr ia u lt e t  al. (1985).

A lth o u g h  A le x a n d r iu m  ta m a re n se  is p ro b ab ly  th e  
m ost s tu d ie d  to x in -p ro d u c in g  d in o f la g e lla te , it is c e r­
ta in ly  n o t th e  o n ly  one. T ay lo r (1985) lis te d  a to ta l of 34 
sp e c ie s  b e lo n g in g  to 14 g e n e ra  as to x in  p ro d u cers . 
A m o n g  th e  p la n k to n ic  form s, th e  ab ility  to  p ro d u ce  
m o n o sp ec ific  b loom s in  e s tu a r in e  o r n e ritic  en v iro n ­
m en ts  is c h a ra c te r is tic  (see re fe re n c e s  in  S te id in g e r 
1983, S te id in g e r  & B a d e n  1984 a n d  T ay lo r 1985).

F rom  te r re s t ia l  eco sy s tem s , it is w e ll k n o w n  th a t 
p la n ts  h a v e  e v o lv e d  se c o n d a ry  m e ta b o li te s  w h ich  d is­
co u ra g e  h e rb iv o re s ; th e  p ro d u c tio n  of tox in s b y  a lg ae  
m ay  b e  a  p a ra l le l  in  a q u a tic  e co sy s tem s . It is, how ever, 
a  p rio ri d ifficu lt to  u n d e rs ta n d  h o w  th is  ty p e  of p red a to r 
d e fe n s e  c o u ld  evo lve  in  a p la n k to n ic  sp ec ie s . This is 
b e c a u se  th e  e x c re tio n  of a  to x in  b y  o n e  ce ll w o u ld  no t 
in c re a se  th e  in d iv id u a l 's  f itn e ss  b u t  r a th e r  d ec re a se  th e  
le v e l of p re d a t io n  on  co m p e tin g , n o n -to x ic  cells as w ell. 
If, h o w ev e r, i t  is a s su m e d  th a t  e a c h  b lo o m  consists  of a  
c lone  of cells o r ig in a tin g  from  o n e  in d iv id u a l th ro u g h  
a se x u a l fiss ions a n d  c a n  th u s  b e  c o n s id e re d  a  m ulticel- 
lu la r  in d iv id u a l, th e  ex c re tio n  of tox in s w ill in c re a se  th e  
in c lu s iv e  f itn e ss  of th e  fo u n d e r  cell. It w o u ld  b e  w o rth ­
w h ile  in v e s tig a tin g  w h e th e r  th is h o ld s  tru e : th a t 
b loom s of to x in -p ro d u c in g  a lg a e  co n sis t of in d iv id u a l 
c lo n es  of ce lls.
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