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ABSTRACT: Effects of various treatments on prey capture, prey ingestion and ingestion time of 
individual Artemia salina nauplii by the sea anemone Aiptasia pallida Verrill were studied in the 
laboratory. Exposure to crude Artemia homogenate, 5 × 10-4M reduced glutathione or 5 x 10-4M 
proline significantly decreased the number of Artemia that were captured and ingested but had n o  

significant effect on the ingestion time of individual Artemia. Multiple captures increased the total 
ingestion time but decreased ingestion time per prey item. Results suggest that, under these 
conditions, the prey capture phase of zooplankton feeding was somewhat distinct from the ingestion 
phase since chemical stimuli that significantly reduced prey capture had no significant effect on 
ingestion time. 

INTRODUCTION 

Zooplankton feeding by cnidar ians  represents  a major  in teract ion of the organism 
with the envi ronment .  For example,  the impor tance  of zooplankton feed ing  in de termin-  
ing popula t ion  size and  ind iv idua l  growth has b e e n  repea tedly  demons t ra ted  in  Hydra 
(Lenhoff & Loomis, 19571 Muscatine,  1961; Slobodkin,  1964; Muscat ine  & Lenhoff, 19651 
Clayton, 1984), s iphonophores  (Purcell, 1981a, 1982), and  anthozoans  (Muscatine, 1961; 
Minasian,  1976, 1979, 1982; Sebens,  1980, 1981; Clayton & Lasker, 1985). 

Given  the s ignif icance of zooplankton feeding for cn idar ian  growth and  survival,  
much work has focused on the feeding process itself. The "feeding reflex" or "feeding 
response" refers to those behaviours  that occur be t w e e n  prey capture and inges t ion  
(Loomis, 1955; Lenhoff, 1961a) and  has been  thoroughly examined  in m a n y  species. For 
example,  factors that ini t ia te  the feeding response have b e e n  de te rmined  for Hydra 
(Loomis, 1955; Lenhoff, 1961a, b; Mariscal, 1971), hydroids (Lenhoff & Schneiderman,  
1959; Fulton, 1963; Pardy & Lenhoff, 1968), s iphonophores  (Lenhoff & Schneiderman,  
19591 Mackie & Boag, 1963), corals (Mariscal & Lenhoff, 1968; Lehman & Porter, 1973) 
and sea anemones  (Lindstedt et al., 19681 Lindstedt, 1971; Reimer, 1971a, b, 19731 and  
many others). Many  env i ronmenta l  parameters  can affect the feeding response (Lenhoff, 
1961a, b, 1965) but  it is unce r t a in  whether  nematocyst  discharge and  zooplankton  
feeding can be controlled, in  any  manner ,  by the ind iv idua l  (Picken & Skaer, 1966; 
Mariscal, 1974). 

Host control of nematocyst  discharge and  zooplankton feeding  have been  s tudied by 
examin ing  individuals  fol lowing the cessat ion of prey ingest ion.  For example,  discharge 
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of s tenote le  nematocys ts ,  wh ich  are  used  for p rey  capture ,  dec reases  in Hydra when 
there  is food in the gas t rovascu la r  cavi ty  (Burnett et al., 1960; Hand,  1961). Fe e d ing  also 
inh ib i t s  s u b s e q u e n t  nematocys t  ac t iv i ty  by sea  a n e m o n e s  (Sandberg  et al., 1971; Maris-  
cal, 1973). In addi t ion ,  fed Hydra exhib i t  a r ise in the  chemica l  th reshold  necessary  to 
in i t ia te  f eed ing  (Koizumi & Maeda ,  1981). It has b e e n  s u g g e s t e d  that  fed hydra  may  
modify  nematocys t  ac t ion after s t imula t ion  of s tretch receptors  in the  gas t rovascular  
cavi ty  (Burnett  et al., 1960), fo l lowing sensa t ion  of p rey  factors in the gas t rovascular  
cavi ty  (Smith et al., 1974), or from the accumula t i on  of so lub le  factors in the env i ronment  
(Ruch & Cook,  1984). 

S tud ies  of those  factors contro l l ing  zoop lank ton  feed ing  have  not  cons ide red  effects 
on a centra l  f eed ing  pa ramete r ,  the n u m b e r  of p rey  ac tua l ly  inges ted .  Clearly,  this 
aspec t  of f eed ing  is impor tan t  s ince it r ep resen t s  the cu lmina t ion  of the feed ing  process 
and  is f u n d a m e n t a l  for i nd iv idua l  g rowth  and  survival .  In addi t ion ,  there  is ev idence  that 
p r ey  d iges t ion  can a l ter  subsequen t  zoop lank ton  feed ing  (Burnett et al., 1960; Hand,  
1961; Smith  et al., 1974; Lasker  et al., 1982). In this s tudy I e x a m i n e d  the effects of 
var ious  t r ea tments  on p rey  capture ,  p rey  inges t ion  and inges t ion  t ime by  the sea  
a n e m o n e  Aiptasia pallida. Results sugges t  that, unde r  these  condit ions,  zooplankton  
cap ture  and  inges t ion  can be  mod i f i ed  by the ind iv idua l  whi le  inges t ion  t ime remains  
una l t e red .  

MATERIALS AND METHODS 

S p e c i m e n  m a i n t e n a n c e  

Aiptasia patlida used  in al l  expe r imen t s  were  der ived ,  by  p e d a l  lacerat ion,  from a 
s ing le  i nd iv idua l  in i t ia l ly  ob t a ined  from Caro l ina  Biological  Supp ly  Company.  All  
i nd iv idua l s  were  symbio t ic  and  con ta ined  zooxanthe l lae .  A n e m o n e s  were  ma in t a ined  in 
ar t i f ic ia l  sea  wa te r  (Dayno Sea  Salts) at 23 __ 1 °C on a LD 14 : 10 pho tope r iod  at a l ight  
in tens i ty  of 65 ~E - m -~ • sec  -1. Ind iv idua l s  used  in a l l  expe r imen t s  were  s tarved for two 
days  and  were  t a k e n  from cul tures  fed to rep le t ion  twice  pe r  w e e k  (Monday and 
Thursday)  wi th  f reshly ha tched  (24-48 h) Artemia salina naupl i i .  

F e e d i n g  e x p e r i m e n t s  

Ind iv idua l  a n e m o n e s  were  p l a c e d  in s epa ra t e  p las t ic  cups  wi th  40 ml sea  wate r  and 
a l l owed  to a t tach  and  e x p a n d  (45-75 min). Fifty ex tens ive ly  w a s h e d  Artemia salina 
naupl i i  were  then  p r e s e n t e d  s ing ly  us ing  a Pas teur  p ipet te .  Each naup l ius  was 
r e p e a t e d l y  r e l e a s e d  near  the  t en tac les  unt i l  the naup l ius  swam into a ten tac le  (Ruch & 
Cook, 1984). Impac t  of the  naup l iu s  wi th  a t en tac le  is t e r m e d  p rey  in te rcep t ion  (Lasker et 
al., 1982). Fo l lowing  in te rcep t ion  a naup l iu s  was  e i ther :  (1) cap tu red  and inges ted;  (2) 
cap tu red  but  not  i nges t ed  or; (3) not captured .  Inges t ion  t ime of naup l i i  in the first 
ca tegory  was  a rb i t ra r i ly  de f ined  as the t ime e l a p s e d  from first contact  wi th  a tentacle  to 
c losure  of the  mouth  after  inges t ion .  The  second  ca tegory  inc ludes  naup l i i  that  were 
k i l l ed  and  e i ther  r e m a i n e d  on the t en tac les  or were  subsequen t ly  r e l ea sed  from the 
tentac les .  Naup l i i  in the  th i rd  ca t egory  had  to swim no rma l ly  for at leas t  thir ty sec after 
in te rcep t ion  to be  cons ide red  not captured .  
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Effects  of c r u d e  Artemia h o m o g e n a t e ,  5 × 10~4M r e d u c e d  g l u t a t h i o n e  (GSH) a n d  

5 x 1 0 ~ M  p r o l i n e  on  z o o p l a n k t o n  f e e d i n g  w e r e  a l so  e x a m i n e d .  3 ml  of w e t p a c k e d  

ANemia (S lobodk in ,  1964) w e r e  h o m o g e n i z e d  w i t h  a g l a s s  t i s s u e  g r i n d e r ,  f i l t e r e d  

(0.45 [~m), a n d  the  f i l t ra te  u s e d  as  c h e m i c a l  s t imu lus ,  G S H  a n d  p r o l i n e  w e r e  s e l e c t e d  as  

c h e m i c a l  s t i m u l a n t s  s i n c e  t h e y  a re  k n o w n  to e l ic i t  t h e  f e e d i n g  r e s p o n s e  in  a v a r i e t y  of 

c n i d a r i a n s  (c.f. Loomis ,  1955; Ful ton ,  1963; Lenhof f ,  1961a, b; L i n d s t e d t ,  1971; L e h m a n  & 

Porter ,  1973). F o l l o w i n g  a 15 ra in  e x p o s u r e  to Artemia h o m o g e n a t e ,  5 x 10 -4 M G S H  or 

5 × 10 -4 M p r o l i n e  f e e d i n g  e x p e r i m e n t s  w e r e  c o n d u c t e d  as  d e s c r i b e d  p r e v i o u s l y .  

T h e  r e l a t i o n s h i p  b e t w e e n  n u m b e r  of p r e y  c a p t u r e d  a n d  to ta l  i n g e s t i o n  t i m e  for all  

p r e y  i t e m s  w a s  e x a m i n e d  by  p r e s e n t i n g  2 - 8  Artemia n e a r  t h e  t e n t a c l e s  of an  i n d i v i d u a l  

a n e m o n e  a n d  d e t e r m i n i n g  t h e  n u m b e r  c a p t u r e d  a n d  to ta l  i n g e s t i o n  t i m e  for all  Artemia. 
T h e  n u m b e r  of n a u p l i i  p r e s e n t  in  a m u l t i p l e  c a p t u r e  w a s  d e f i n e d  as  t h e  tota l  n u m b e r  

c a p t u r e d  by  an  a n e m o n e  w i t h i n  5 s e c o n d s  of t h e  first  p r e y  c a p t u r e .  

RESULTS A N D  D I S C U S S I O N  

N u m b e r  of p r e y  i n g e s t e d  by  i n d i v i d u a l  Aiptasia pallida (Table  1) w a s  s i g n i f i c a n t l y  

less  for a n e m o n e s  e x p o s e d  to e i t h e r  c r u d e  Artemia h o m o g e n a t e  (t s = 12.06; df = 8; p 

0.001), 5 x 10 - 4 M  G S H  (ts = 12.59; df = 8; p < 0.001) or 5 × 10 - 4 M p r o l i n e  (t s = 

13.39; df = 8; p < 0.001). H o w e v e r ,  i n g e s t i o n  t i m e  (Table  2) for t h o s e  Artemia c o n s u m e d  

Table 1. Effects of various treatments on the fate of the first 50 intercepted Artemia salina nauplii  by 
Aiptasia pallida (X ± s.d.). In all cases n = 5 anemones.  Percent change column lists the percent  
difference of each treatment compared to the control for the number  of nauplii  captured and 

ingested 

Treatment No. captured No. only No. not % p 
and ingested captured captured change 

Control 49.80 +_ 0,45 0.20 __+ 0.45 0.00 + 0,00 - - 

Crude 25.06 -4-_ 4,44 4.40 +_ 2,07 20.54 +_ 5.18 -49 .68  <0,001 
homogenate  

5 × 10-4M 
23.19 + 4.81 4,90 _+ 2.42 21.91 _+ 5.63 -53 .43  <0.001 

GSH 

5 x 1 0 ~ M  21.40 + 4.72 5.60 + 3,21 23.00 ± 4.47 -57 .03  <0.001 
proline 

Table 2. Effects of various treatments on ingestion time (in sec) of Artemia salina nauplii  by Aiptasia 
pallida (X ± s. d,), In all cases n = 5 anemones.  Percent change column lists the percent  difference 

of each treatment  compared to the control 

Treatment Ingestion time % change p 

Control 22.39 _ 1.47 - - 
Crude homogenate 21.98 ± 2.25 - 1,83 > 0.50 
5 x 10 -4 M GSH 23.86 _+ 3.21 ÷ 6.57 > 0.05 
5 x I0 -4 M proline 24,04 ± 3.82 + 7.37 > 0.05 
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by anemones  was not s ignif icant ly  affected by exposure to Artemia homogenate  (ts = 
0.34; df = 8; p > 0.50), 5 x 10-4M GSH (t s = 1.91; df = 8; p > 0.05) or 5 x 10-4M 
prol ine  (t s = 2.04; df = 8; p > 0.05). There was a s ignif icant  positive correlation be tween  
the n u m b e r  of prey captured and  total inges t ion  t ime for anemones  with mult iple 
Artemia captures (Fig. 1; r = 0.92; p > 0.001). 

Zooplankton  feeding by cnidar ians  can be divided into a series of discrete actions 

(Forest, 1962; Lenhoff, 1974; Lasker et al., 1982). The first step is the impact, or 
interception,  of a prey i tem with a tentacle.  Fol lowing interception,  the prey i tem may, or 
may not, be captured as a result  of nematocyst  discharge. Failure to capture prey may 
due to nematocys t  inac t iva t ion  or previous nematocyst  deplet ion.  In these experiments,  a 
15 min  t rea tment  with crude Artemia homogenate ,  5 × 10 -4 M GSH or 5 × 10 -4 M 
prol ine decreased prey capture and  inges t ion  by 49.68, 59.46 and  57.03 % respectively 
(Table 1). Decreased zooplankton  feeding may have been  due to the presence of fewer 
funct ional  nematocysts  in treated anemones  since Artemia homogenate  is known to 
elicit apprec iable  nematocyst  discharge (Pantin, 1942; Burnett  et al., 1963; Ruch & Cook, 
1984). Reduction in  n u m b e r  of prey captured and inges ted  following exposure to 
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Fig. 1. Total ingestion time (Y) as a function of the number of prey captured (X) 

Artemia homogena te  suggests that zooplankton  feeding is, in some manner ,  de termined 
by the chemical  s t imula t ion  of in tercepted  prey. However,  chemical  s t imulat ion alone 
did not totally ext inguish  zooplankton  feeding (Table 1), ind ica t ing  that feeding is not 
only control led by chemical  s t imula t ion  (Lasker et al., 1982). 

Al though chemical  s t imulat ion reduced zooplankton capture and ingest ion (Table 
1), it had no effect on the inges t ion  t ime of Artemia (Table 2). This suggests that the prey 
inges t ion  phase of zooplankton  feeding  is distinct from the prey capture phase (Lenhoff, 
1974; Lasker et al., 1982) since one (zooplankton capture) was reduced by chemical 
s t imula t ion  whi le  the other ( ingest ion time) was not. Lindstedt (1971) has shown a 
s imilar  response in Anthopleura elegantissima, where  tentacle  b e n d i n g  toward the 
mouth  and  prey inges t ion  fol lowing contact with the mouth are controlled by different 
chemical  activators. 
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Examina t ion  of those factors which  in i t ia te  the specif ic  phases  of zoop lank ton  
feeding  may  p l ay  a role in u n d e r s t a n d i n g  the m e c h a n i s m s  which  control  zoop lank ton  
feeding.  For example ,  p rey  inges t ion  is c lear ly  r e l a t ed  to p rey  cap ture  (Lasker et~al., 
1982; Clayton,  1984). However ,  if the inges t ion  phase  and  cap ture  phase  are  ac t iva t ed  by  
different  factors then  zoop lank ton  feed ing  may  be  cont ro l led  p r imar i ly  by  p rey  cap ture  
since the number  of p rey  cap tu red  can be  r e d u c e d  by  chemica l  t r ea tments  s imi lar  to 
those that  occur dur ing  zoop lank ton  f eed ing  (Lasker  et al., 1982; Ruch & Cook, 1984; 
Table  1) wi thout  a l te r ing  the t ime r equ i r ed  for inges t ion  (Table 2). 

Prey capture  pa r t i a l ly  de t e rmines  the  n u m b e r  of p rey  i nges t ed  (Lasker et al., 1982; 
Clayton,  1984). In Hydra viridis the number-, of p rey  i n g e s t e d  increases  as the n u m b e r  
cap tured  increases  whi le  the l eng th  of the f eed ing  response  is una l t e r ed  (Lasker  et al., 
1982). Thus more p rey  are i nges t ed  dur ing  the same t ime pe r iod  of the  f eed ing  response  
by  an increase  in inges t ion  rate  and  a dec rease  in the inges t ion  t ime for each  p rey  i tem 
(Lasker et al., 1982). In these  exper iments ,  inges t ion  t ime was  pos i t ive ly  cor re la ted  wi th  
the number  of p rey  in a mul t ip le  cap ture  (Fig. 1). However ,  the total  inges t ion  t ime for 
mul t ip le  captures  could  not be used  to p red ic t  the  inges t ion  t ime for a s ingle  capture .  For 
example ,  the m e a n  inges t ion  t ime for a s ingle  cap ture  was  22.39 sec (Table 2), wh ich  is 
cons iderab ly  longer  than  the ca l cu la t ed  inges t ion  t ime for a s ingle  cap ture  of 12.36 sec 
us ing the l inear  regress ion  equa t ion  of Y = 9.32 X + 3.04 (Y = inges t ion  t ime; X = 
number  captured;  from Fig. 1). However ,  m e a n  inges t ion  t ime for a s ingle  cap ture  is very  
s imilar  to the ca lcu la t ed  inges t ion  t ime for two prey  i tems (21.68 sec), sugges t i ng  that  
one or two Artemia requi re  app rox ima te ly  the  same amoun t  of t ime for ingest ion.  In 
contrast, the ca lcu la ted  inges t ion  t ime for six p rey  i tems (from Fig. 1) is 58.96 sec, which  
is m a r k e d l y  less than  the sum of the  inges t ion  t imes  for six s epa ra t e  p rey  i tems 
(6 x 22.39 sec = 134.34 sec). Thus the  inges t ion  phase ,  which  was  unaf fec ted  by  
chemical  s t imula t ion  (Table 1), was  mod i f i ed  by  mul t ip le  captures .  Dur ing  a f eed ing  
bout, when  mul t ip le  captures  occur, the  inges t ion  rate  (i.e. n u m b e r  of p rey  inges ted / sec )  
apparen t ly  increases  (c.f. Lasker  et al., 1982), s ince the inges t ion  t ime for more  than  two 
p rey  would  be  less than  the sum of the  i nd iv idua l  inges t ion  t imes  for that  many  sepa ra t e  
p rey  i tems. 

This character is t ic  of zoop lank ton  feed ing  could  pe rmi t  ben th ic  cn ida r i ans  to inges t  
more prey,  in a set t ime interval ,  when  p rey  cap ture  is high.  Prey cap ture  w o u l d  be  
expec ted  to be  greates t  dur ing  per iods  of h igh  p rey  dens i ty  s ince the n u m b e r  of p rey  
inges t ed  is d i rec t ly  re la ted  to p rey  dens i ty  (Lasker, 1976; Purcell ,  1981b, 1982; Clay ton  & 
Lasker,  1982; Bai ley  & Batty, 1983). Dense  concent ra t ions  of mar ine  zoop lank ton  
rout inely  occur  nea r  the substra te  (Emery, 1968; A l l d r e d g e  & King, 1977), which  ra ises  
the poss ib i l i ty  that  inc reased  inges t ion  rate dur ing  per iods  of h igh  p rey  cap ture  may  
enhance  f eed ing  capab i l i t y  (i.e. number  of p rey  inges ted)  w h e n  p rey  are  p resen t  in l a rge  
numbers .  

Zooplankton  f eed ing  may  be v i e w e d  as the in teg ra t ion  of severa l  d is t inct  behaviors ,  
some of which  may  be  affected by  the f eed ing  process  itself. In these  exper iments ,  
various t rea tments  affected the n u m b e r  of zoop lank ton  cap tu red  (Table 1) but  not 
inges t ion  t ime (Table 2), sugges t ing  that  the cap ture  phase  of zoop lank ton  feed ing  is 
dist inct  from the inges t ion  phase  of the f eed ing  process.  Inges t ion  t ime was  pos i t ive ly  
corre la ted  with the number  of p rey  cap tu red  and  i n g e s t e d  (Fig. 1) but  ca lcula t ions  
indica te  that  mul t ip le  cap tures  resu l ted  in a dec rease  in the  inges t ion  t ime for each  p rey  
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i t em.  T h u s  i n g e s t i o n  t i m e  w a s  u n a f f e c t e d  b y  t r e a t m e n t s  tha t  r e d u c e d  z o o p l a n k t o n  

c a p t u r e  b u t  w a s  m o d i f i e d  by  t h e  i n d i v i d u a l  in  r e s p o n s e  to m u l t i p l e  cap tu re s .  On ly  

f u r t h e r  s t u d i e s  o f  t he  va r i ous  p h a s e s  of z o o p l a n k t o n  f e e d i n g ,  a n d  the i r  r e l a t i o n s h i p  to 

e a c h  o the r ,  wi l l  y i e l d  a t h o r o u g h  u n d e r s t a n d i n g  of t h e  c o n t r o l l i n g  m e c h a n i s m s  of 

z o o p l a n k t o n  f e e d i n g .  
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