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ABSTRACT 

Graph ic  R e p r e s e n t a t i o n  of  Niche Width and i t s  A p p l i c a t i o n  t o  F a l t  
Marsh L i t t o r a l  F o r a m i n i f e r a  

Wi l l i am A. Mul le r  

Advisor :  P r o f e s s o r  John J. Lee 

A method f o r  r e p r e s e n t i n g  t h e  H u t c h i n s o n i a n  n i c h e  g r a p h i c a l l y  
h a s  been des igned  and t e s t e d .  The method p r o v i d e s  a  means f o r  compar- 
i n g  t h e  n i c h e  w i d t h  of  3  s p e c i e s  o f  f o r a m i n i f e r a :  Al logromia  l a t i c o l l a r i s ,  
R o s a l i n a  l e e i  and S p i r o l o c u l i n a  h y a l i n a .  A n i c h e , p o l y g o n  i s  c o n s t r u c t e d  
f o r  each s p e c i e s  us<-ng 6  f a c t o r s ;  t e m p e r a t u r e ,  s a l i n i t y ,  pH, f e e d i n g ,  
i n t e r s p e c i f i c  c o m p e t i t i o n ,  and i n t r a s p e c i f i c  c o m p e t i t i o n .  The n i c h e  
i s  e s t i m a t e d  by measur ing  and comparing t h e  a r e a s  of  t h e  po lygons .  The 
method shou ld  have a  more g e n e r a l  a p p l i c a t i o n  t h a n  p r e v i o u s  s i n g l e  
p a r a m e t e r  n i c h e  d e t e r m i n a t i o n s .  The t h r e e  s p e c i e s  r e p r o d u c e  w i t h i n  
t h e  f o l l o w i n g  r a n g e s :  t e m p e r a t u r e  (10-33 C), s a l i n i t y  16-46 7Ao), and 
pH (5-10) .  B i o t i c  p a r a m e t e r s  were  more d i f f i c u l t  t o  e v a l u a t e .  An 
e q u a t i o n ,  based on c o m p e t i t i v e  f e e d i n g  exper iments ,  was deve loped  t o  
r e d u c e  d a t a  t o  a  s i n g l e  c o e f f i c i e n t  (< 1 ) .  S p i r o l o c u l i n a  h y a l i n a  d i d  
n o t  compete w i t h  o t h e r  s p e c i e s  f o r  food and t h e  i n t e r s p e c i f i c  compet i -  

, . t i o n  was 0.25 compared t o  0.69 f o r  A l l o g r o m e  l a t i c o l l a r i s  and' 0.74 
I f o r  R o s a l i n a  l e . e i .  I n t r a s p e c i f i c  c o m p e t i t i o n  a p p e a r s  t o  be  a n  i m p o r t -  

a n t  f a c t o r  l i m i t i n g  t h e  e x p l o i t a t i o n  o f  a v a i l a b l e  community s p a c e  by 
A. l a t i c o l l a r i s .  Crowding seems t o  have l i t t l e  e f f e c t  on t h e  o t h e r  2 - 
s p e c i e s .  The f e e d i n g  o f  f o r a m i n i f e r a  i s  a f f e c t e d  by t h e  q u a l i t y  and 
q u a n t i t y  o f  food o rgan i sms .  The f e e d i n g  r a t e  o f  t h e  s p e c i e s  e s t e d  
i n c r e a s e s  a s  more food i s  made a v a i l a b l e  w i t h i n  a  r ange  o f  10'-106 
c e l l s  f e d .  - F.  h y a l i n a  i s  a  b a c t e r i a l  f e e d e r .  E x p e r i m e n t a l  d a t a  and 
g r a p h i c  a n a l y s i s  s u g g e s t s  t h a t  t h e  n i c h e s  o f  each e x p e r i m e n t a l  o r g a n -  
i s m  i s  d i f f e r e n t .  A. l a t i c o l l a r i s  F s  a  r a r e  s p e c i e s  which may become 
l o c a l l y  abundant  when dominant s p e c i e s  a r e  m i s s i n g .  5 h y a l i n a  i s  
a l s o  a  r a r e  s p e c i e s  which c a n  btoom i n  remote  p l a c e s  ( i . e . ,  u n d e r  
a l g a l  m a t s )  where t h e  d e n s i t y  o f  b a c t e r i a  i s  h igh ,  w a t e r  c u r r e n t s  and 
wave a c t i o n  a r e  n e g l i g i b l e ,  and o t h e r  s p e c i e s  a r e  n o t  compet ing.  g. 
l e e i  i s  a  s t a b l e ,  c o n s p i c u o u s  s p e c i e s  whose moderate  numbers a r e  - 
r e l a t i v e l y  u n a f f e c t e d  by p h y s i c a l  s t r e s s  and c o m p e t i t i o n .  A t e s t  
polygon o f  Ammonia b e c c a r i i ,  a  c o s m o p o l i t a n  g e n e r a l i s t ,  was con- 
s t r u c t e d  u s i n g  Bradshaw's (1957) d a t a  and l a b o r a t o r y  o b s e r v a t i o n s .  
The s p e c i e s  had t h e  l a r g e s t  polygon and t h e  r e s u l t  i l l u s t r a t e s  t h e  
u t i l i t y  o f  t h e  method f o r  n i c h e  compar ison.  
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INTRODUCTION 

The m u l t i d i m e n s i o n a l  n i c h e  c o n c e p t  fo rmula ted  by Hutch inson  

(1958) i s  c o n s i d e r e d  by many ( L e v i ~ s ,  1962, 1963, 1968; MacArthur, 

1958; MacArthur and Pianlca, 1966; Maguire, 1967; McNaughton and Wolf, 

1970; Schoener,  1965) t o  b e  a  s i g n i f i c a n t  advance i n  c o n c e p t u a l i z a -  

t i o n  of  a  c e n t r a l  e c o l o g i c a l  theme b e c a u s e  i t  t h e o r e t i c a l l y  l e n d s  

i t s e l f  t o  p r e c i s e  a n a l y s i s .  D i v e r s e  d a t a  c a n  p o t e n t i a l l y  be  educed 

t o  g e o m e t r i c  i n t e r p r e t a t i o n .  S i n c e , t h e  c o n c e p t  was advanced,  e c o l o -  

g i s t s  have a t t e m p t e d  t o  d e v e l o p  t h e  methods t o  measure  n i c h e s  based 

upon t h e  t h e o r y  (Maguire, 1967; McNaughton and Wolf, 1970; P r e s t o n ,  

1962; Whi t t ake r ,  1960).  Many s t u d i e s  have c o n t r i b u t e d  t o  t h e  d e v e l o p -  

ment and i n t e r p r e t a t i o n  o f  t h e  m u l t i d i m e n s i o n a l  n i c h e  h y p o t h e s i s .  

Though t h e  t h e o r y  i t s e l f  i s  s imply  s t a t e d ,  i t s  a p p l i c a t i o n  t o  r e a l  

s i t u a t i o n s  p r e s e n t s  a  f o r m i d a b l e  c h a l l e n g e .  Pe rhaps  t h e  g r e a t e s t  

impediment t o  p r a c t i c a l  a p p l i c a t i o n  i s  a n  i n a b i l i t y  t o  measure,  

weigh, and r e d u c e  n i c h e  d imens ions  t o  p r e c i s e  a n a l y t i c a l  s t a t e m e n t s .  

To G r i n n e l l  (1917) t h e  n i c h e  was a  s p a t i a l  concep t ,  b u t  

' d i s t r i b u t i o n  i s  m e r e l y  t h e  end r e s u l t  o f  t h e  i n t e r a c t i o n  o f  many 

f a c t t o r s .  E l t o n  (1927) developed t h e  i d e a  of  t h e  t r o p h i c  n i c h e  

which cou ld  b e  i d e n t i f i e d  by s t u d y i n g  f e e d i n g  h a b i t s  and t h e  r e s u l t -  

a n t  f l o w  o f  energy.  Al though f e e d i n g  p a t t e r n s  a r e  an i m p o r t a n t  

n i c h e  v e c t o r ,  t h e  concep t  i s  u n i d i m e n s i o n a l  and n e g a t e s  t h e  impor t -  

ance  of  p h y s i c a l  and o t h e r  b i o t i c  f a c t o r s .  F o r  Gause (1934) t h e  

e x c l u s i o n  o f  s p e c i e s  A by s p e c i e s  B, i n  mixed c u l t u r e ,  was a  c l e a r  

i n d i c a t i o n  t h a t  t h e  n i c h e  o f  s p e c i e s  B was wider  t h a n  s p e c i e s  A, b u t  

he  was u n a b l e  t o  q u a n t i f y  t h i s  d e c i s i o n .  Pa rk  (1962) modeled compet i -  

t i o n  among p o p u l a t i o n s  of T r i b o l i u m  s p p . b e e t l e s  under  c o n t r o l l e d  

l a b o r a t o r y  c o n d i t i o n s  and d i s c u s s e d  t h e  p o t e n t i a l  o f  m a t h e m a t i c a l  

t h e o r y  t o  measure  e c o l o g i c a l  phenomena. Maguire (1967) i n  h i s  

a n a l y s i s  o f  C a i r n s '  (1964, 1965) f i e l d  d a t a ,  developed a  u s e f u l  

method, t h e  v e r s a t i l i t y  index ,  f o r  c o n s i d e r i n g  t h e  t o l e r a n c e s  o f  

p r o t o z o a  t o  l e v e l s  o f  17  chemica l  and 2  p h y s i c a l  f a c t o r s  (pheno l -  

p h t h a l e i n  a l k a l i n i t y ,  m e t h y l  o r a n g e  a l k a l i n i t y ,  CI', C02, 02,  Fe, 
ff i-l- -I- + - - 

t o t a l  h a r d n e s s ,  Ca , Mg , hW4 - N, Nop+ - N, NO - N, pH,  PO^-, - 3 - 
Si02,  SO4 , t e m p e r a t u r e ,  t u r b . i d i t y ,  and b i o l o g i c a l  oxygen demand). 



His method did not consider trophic dynamics, competition, or other 

biotic factors. Frank (1952) studied interspecific and intra- 

specific competition as a measure of the "niche width" of several 

species of Daphnia, an'd VanValen (1965) suggested that certain key 

morphological characters are indices of "niche width" in birds. All 

of these studies were limited because they considered only one or a 

few key factors, but they do demonstrate how complex and abstract 

niche theory has become. 

In spite of considerable evidence that the Gaussian view is 

an oversimplification (Hairston et al., 1960; Hutchinson, 1957, 

1959; MacArthur, 1958; Park, 1962) it underlies current ecological 

theory. Recently proposed methods for determining niche width have 

considered only data on species dominance and relative abundance 

(McNaughton and Wolf, 1970; Whittaker, 1960). The McNaughton and 

Wolf equation is descriptive of community structure but does not re- 

veal much about the complex interactions that might have been import 

ant factors in the development of the experimental community. 

The formula calculates W, the niche width of a species, P equals the 

position of the community in the environmental ordering; Y is the 
P 

importance of the species in that community, and Y is the total im- 

portance of the species for all of its occurrences. 

Thus, the fundamental problem remains unsolved. A method 

is needed which can quantify niche width is such a way that many of 

the previously proposed niche parameters are included. At the same 

time, the method should be consistent with the multidimensional 

niche concept. The Hutchinsonian description seems to offer the 

most comprehensive, albeit abstract, definition of niche. It is 

the sum total of an organism's abiotic and biotic requirements which 

can be viewed as a flexible multidimensional hypervolume. Each 

group of organisms seems to present different problems in this 

respect. There is, because of these difficulties, a feeling that 



3 .  

t h e  H u t c h i n s o n i a n  concep t  c a n  o n l y  b e  approached i n  a  q u a l i t a t i v e  

way. 

Many o f  t h e  o b s e r v a t i o n a l  and e x p e r i m e n t a l  d i f f i c u l t i e s  a r e  

s i m p l i f i e d  when one  works w i t h  mic roorgan i sms  (Gause, 1934) and i t  

seemed a n  o p p o r t u n e  t i m e  t o  make a  more p r e c i s e  a t t e m p t  a t  a p p l y i n g  

t h e  t h e o r y .  F o r a m i n i f e r a  were chosen  f o r  a  l a b o r a t o r y  i n v e s t i g a t i o n  

o f  n i c h e  t h e o r y  b e c a u s e  t h e y  a r e  e a s i l y  c u l t u r e d  i n  t h e  l a b o r a t o r y  

and t h e  g r o s s  p h y s i c a l  a s p e c t s  o f  t h e i r  h a b i t a t s  a r e  s o  w e l l  known 

(Ph leger ,  1960; P h l e g e r  and Bradshaw, 1968) t h a t  a s semblages  o f  

f o r a m i n i f e r a  a r e  used by oceanographers  and p a l e o e c o l o g i s t s  a s  i n d i c a -  

t o r  o rgan i sms  i n  b i o g e o g r a p h i c  s t u d i e s  (~36, 1968; Jones ,  1966; L ipps ,  

1967;  L o e b l i c h  and Tappan, 1957; Myers, 1944; S t e h l i ,  1965) .  Al though 

much i s  known abou t  t h e i r  d i s t r i b u t i o n  p a t t e r n s  and phylogeny,  l i t t l e  

i s  known abou t  t h e  b i o l o g y  of  any s p e c i e s  o f  f o r a m i n i f e r a  and even l e s s  

abou t  r h e i r  n i c h e s  - t h i s ,  i n  s p i t e  o f  t h e  f a c t  t h a t  some h a b i t a t s  

such a s  marshes  and s h a l l o w  l a g o o n s  may a n n u a l l y  s u p p o r t  t h e  growth 

o f  100 o r  more d i f f e r e n t  s p e c i e s  o f  f o r a m i n i f e r a .  

Most l a b o r a t o r y  s t u d i e s  o f  f o r a m i n i f e r a  have focused  on 
I 

d e s c r i p t i o n s  o f  p h y s i c a l  t o l e r a n c e s ,  n u t r i t i o n ,  and l i f e  c y c l e s  o f  

l i t k o r a l  b e n t h i c  forms.  Of t h e s e ,  4 p h y s i c a l  p a r a m e t e r s  o f  foram- 

i n i f e r a  have been  c o n s i d e r e d  i m p o r t a n t :  t e m p e r a t u r e ,  s a l i n i t y ,  pli, 

and oxygen (Arnold, 1954, 1964, 1966;  Bradshaw, 1955, 1961, 1968;  

Lee e t  a l . ,  1961, 1963; M u l l e r  and Lee, 1969; Myers, 1937, 1943).  

Of t h o s e  f o r a m i n i f e r a  which have been c u l t u r e d  i n  t h e  l a b o r a t o r y  

most  grow b e s t  a t  20-25 C (Arnold, 1954; Bradshaw, 1955; ~ d y n ,  1936; 

Lee e t  a l . ,  1963) ,  which approx imates  t h e  t e m p e r a t u r e  r a n g e  a t  which 

t h e s e  forms were c o l l e c t e d ,  One s p e c i e s ,  Al logromia  s p  (NF) r e p r o -  

duced b e s t  a t  s l i g h t l y  h i g h e r  t e m p e r a t u r e s  (25-35 C;  Lee and P i e r c e ,  

1963) .  S i n c e  many of  t h e s e  o rgan i sms  a r e  t i d e  p o o l  i n h a b i t a n t s  o r  

c a n  be exposed t o  t h e  f u l l  e f f e c t s  o f  h e a t  and d e s i c c a t i o n  a t  ebb 

t i d e ,  Bradshaw (1961) t e s t e d  t h e  upper  l e t h a l  l i m i t s  of  t h o s e  o rgan-  

i sms he  had i n  c u l t u r e .  It ranged from 38 C f o r  Bol i -v ina  vaughn i  

t o  46 C f o r  Ammonia b e c c a r i i .  

F o r a m i n i f e r a  s u r v i v e  a wide r a n g e  o f  s a l i n i t i e s ,  b u t  good 

growth o c c u r s  between 20-35 %, . ~ r ~ d s h a w  (1961) found t h a t  
. . 

Ammonia b e c c a r i i  c u l t u r e s  were most  s u c c e s s f u l  when i n c u b a t e d  a t  
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34 %, . Lee and P i e r c e  (1.963) r e p o r t e d  t h a t  when o t h e r  f a c t o r s  were  

n o t  l i m i t i n g ,  Al logromia  l a t i c o l l a r i s  and Al logromia  s p  (NF) r e p r o -  

duced a t  s a l i n i t i e s  a s  low a s  5  % and a s  h i g h  a s  55 %,, a l thoug l l  

t h e  g e n e r a t i o n  t i m e  was long 'er  a t  b o r d e r i n g  l e v e l s .  Murray (1963) 

found t h a t  Elphidium c r i s p u m  d i d  b e s t  a t  s l i g h t l y  h i g h e r  s a l i n i t i e s ,  

w i t h  an  optimum o f  30-35 %,. M u l l e r  and Lee (1969) r e p o r t e d  t h a t  

most o f  t h e  s p e c i e s  o f  l i t t o r a l  f o r a m i n i f e r a  t h e y  t e s t e d  grew w e l l  

between 20-40 %,. Q u i n q u e l o c u l i n a  l a t a  r eproduced  o p t i m a l l y  a t  

s a l i n i t i e s  between 35-55 %, w h i l e  Trochammina i n f l a t a  ( F r e u d e n t h a l  

e t  a l . ,  1963) r eproduced  f a s t e s t  a t  55 %,. T l l e y i n t e r p r e t e d  t h e  d i s -  -- 
c r e p a n c y  between f i e l d  o b s e r v a t i o n s  and l a b o r a t o r y  d a t a  a s  a n  a d a p t a -  

t i o n  f o r  r e p r o d u c t i o n  a t  ebb t i d e .  

Al though many f o r a m i n i f e r a  a r e  lcnown t o  l i v e  i n  t h e  s e d i m e n t s  

(Bol~tovosky,  1964; Brooks, 1967; Matera  and Lee, 1972) v e r y  l i t t l e  i s  

known abou t  e i t h e r  pH o r  r e d o x  t o l e r a n c e s .  Lee and P i e r c e  (1963)  

found t h a t  Al logromia  s p  (NF) grew v e r y  w e l l  o v e r  a  wide r a n g e  o f  pH 

(6.0-9.0) ; Allogromia  l a t i c o l l a r i s  d i d  a s  w e l l  ( P i e r c e ,  1965) .  

Bradshaw (1968) and McEnery and Lee (1970) showed t h a t  c a l c a r e o u s  

forms cou ld  s u r v i v e  and r e c o v e r  from e x p o s u r e  t o  a c i d i c  c o n d i t i o n s  

f o r  s h o r t  p e r i o d s  o f  t ime.  

The i n f l u e n c e  o f  food,  i n t e r s p e c i f i c  c o m p e t i t i o n ,  and i n t r a -  

s p e c i f i c  c o m p e t i t i o n  seem t o  b e  t h e  most  i m p o r t a n t  b i o t i c  p a r a m e t e r s  

a l t h o u g h  l i t t l e  i s  known abou t  them. I n  a s s o c i a t i o n  w i t h  s t u d i e s  on 

c u l t u r e ,  t h e  i m p o r t a n c e  o f  p r o p e r  food s o u r c e s  h a s  been f r e q u e n t l y  

d e s c r i b e d .  E a r l y  s t u d i e s  were  l a r g e l y  q u a l i t a t i v e  (Arnold, 1954; 

Jepps ,  1942; Lee e t  a l . ,  1961, 1963; ~ d y n ,  1936; Myers, 1936) .  

Bradshaw (1955, 1961) was t h e  f i r s t  t o  s t u d y  f o r a m i n i f e r a n  n u t r i t i o n  

f rom a  q u a n t i t a t i v e  p o i n t  o f  view. He found t h a t  l a r g e r  popu la t i .ons  

o f  Ro ta1 ie l l . a  h e t e r o c a r y o t i c a  were  produced when t w i c e  t h e  amount o f  

food was fed ,  and t h a t  t h e  r e p r o d u c t i v e  r a t e  o f  Ammonia b e c c a r i i  

i n c r e a s e d  w i t h  i n c r e a s e d  d e n s i t y  o f  food o rgan i sms .  T r a c e r  f e e d i n g  

t e c h n i q u e s  were a s i g n i f i c a n t  advance i n  t h e  u n d e r s t a n d i n g  of  

forarnin$eran n u t r i t i o n ,  and i n  making s t u d i e s  of  i n t e r s p e c i f i c  and 

i n t r a s p e c i f i c  c o m p e t i t i o n  f o r  food f e a s i b l e .  More than  50 a x e n i c  

s p e c i e s  o f  a l g a e ,  y e a s t s ,  and b a c t e r i a  were t e s t e d  by Lee e t  a l .  (1966) 

a s  p o t e n t i a l  food f o r  f o r a m i n i f e r a .  Only a  few o f  t h e s e ,  m o s t l y  d i a -  

toms, c h l o r o p h y t e s ,  and a  few s p e c i e s  o f  b a c t e r i a ,  were a c t u a l l y  e a t e n  



by the foraminifera. Most of the yeasts, cyanophytes, dinoflagellates, 

chrysophytes, and bacteria were not eaten. Three additional factors 

were found to affect feeding: the age of the culture of the food 

organisms, the age or position of the foraminifera in its life cycle, 

and the concentration of food cells. The lower threshold for feeding 
3 

was found to be - 1 x 10 cells/experimental tube and feeding rate 

was approximately directly proportional to concentration within a 
6 

range of 1 x lo3 - 1 x 10 organismsltube. Lee et al., (1966) showed 

that interspecific competition for food could be studied by this 

technique but restricted their studies to 2 demonstration experiments 

between Allogromia laticollaris and Allogromia sp (NF). Some qualita- 

tive interspecific competition experiments between Rosalina leei and 

Allogromia laticollaris have been reported (Muller and Lee, 1969). 

Although A. laticollaris reproduces quickly in laboratory culture, it 
1 does not replace g. leei when the two are grown together. The 

presence of R. leei causes a premature drop in the A. laticollaris 
~ 

population and the normal growth of R. leei continues. 

The foraminifera, A. &icol.laris, R. leei, and 3. hyalina, 
in the present study were chosen from many cultures established in 

continuously reproducing laboratory cultures (Muller and Lee, 1969), 

because at the outset they seemed to have very different niches, The 

gross ecology of the 3 species is understood (Lee et al., 1969 b, 

Muller and Lee, 1969). In a study of the standing crop of a Long 

Island salt marsh, Lee -- et al., (1969 b) showed that All.ogromia 

laticollaa was not abundant. Further, they demonstrated that the 

frequency of A. laticollaris increased sharply during the second 

year of the study apparently due to a change in the physical environ- 

ment resulting from the onset of a drought. They concluded that A. 
laticollaris was a rare safety valve species. The frequency of &. 
leei did not change during the course of the investigation. The - 
moderate frequencies observed for this species suggested that g. leei 
is a conspicuous species. 3. hyalina is a bloom organism that has 
been found in dense clusters under algal mats (Lee et a1.i 1969 b). 

Its small size apparently limits its occurrence to protec-ed places. 

- 
I 

Muller and Lee (1969) showed that S: hyalina is basicallyi a bacterial 
I feeder and cultures of this species were sustained solelylon bacteria. 
I 

I 
I 
I 
! 



6. . 

MATERIALS AND METHODS 

The e x p e r i m e n t a l  o rgan i sms  were  i s o l a t e d  from f i e l d  c o l l e c t i o n s  

t a k e n  a t  Towd P o i n t , , N o r t h  Sea Harbor i n  Southampton, Long I s l a n d ,  and 

c u l t u r e d  f o l l o w i n g  p r o c e d u r e s  p r e v i o u s l y  d e s c r i b e d  (Lee et &., 1961, 

1963, 1970; M u l l e r  and Lee, 1969).  . . 

F o r a m i n i f e r a  were s e p a r a t e d  f rom t h e  d e t r i t u s  and sed iment  

by s p r e a d i n g  t h e  c r u d e  m i x t u r e  i n  Pyrex b a k i n g  d i s h e s  (34 x  23 x  5  cm), 

w i t h  2-5 cm o f  s e a  w a t e r  o v e r l a y .  A f t e r  24 h o u r s  t h e  f o r a m i n i f e r a  

m i g r a t e d  3  cm t o  t h e  sed iment  s u r f a c e .  The organisms were h a r v e s t e d  

by means o f  P a s t e u r  p i p e t t e s .  A p p r o p r i a t e  s p e c i e s  were p icked  and 

washed - 25  t i m e s  w i t h  s t e r i l e  s e a  w a t e r  and t h e n  i n o c u l a t e d  i n t o  

s t e r i l e  media w i t h  v a r i o u s  m i x t u r e s  of  food o rgan i sms  f rom a v a i l a b l e  

l a b o r a t o r y  s t o c k s ,  S u c c e s s f u l  a g n o t o b i o t i c  c u l t u r e s  were  used  t o  

deve lop  c l o n e  g n o t o b i o t i c  c u l t u r e s .  

Stoclc c u l t u r e s  o f  t h e  3  s p e c i e s  o f  f o r a m i n i f e r a  used i n  t h i s  

s t u d y  were grown i n  e r d s c h r e i b e r  medium ( ~ d y n ,  1936) .  Al logromia  

l a t i c o l l a r i s  and R o s a l i n g  l e e i  have been i n  c l o n e  c u l t u r e  f o r  abou t  

1 0  y e a r s  i n  l i q u i d  e r d s c h r e i b e r  (- 26 %c). I n  t h e  A. l a t i c o l l a r i s  

a g n o t o b i o t i c  c u l t u r e s  Phaeodacty- t r i c o r n u t u m  (39) and Amphora s p  

( 5 )  a r e  t h e  o n l y  a l g a e .  X. l e e i  a r e  grown w i t h  Nannoch lo r i s  s p  (41) 

and Amphora s p  ( 5 ) .  Clone c u l t u r e s  o f  2. h y a l i n a  were e s t a b l i s h e d  6  

y e a r s  ago. S t o c k s  o f  2. h y a l i n a  a r e  grown on e r d s c h r e i b e r  a g a r  w i t h  

a n  o v e r l a y  of  5  m l  M i l l i p o r e  (HA 0.45 pM) f i l t e r e d  s e a  w a t e r  (- 26 %J. 

Amphora s p  (5) and C y l i n d r o t h e c a  f u s i f o r m i s  (Bl-27)  were t h e  o n l y  

a l g a e  i n  t h e  c u l t u r e s .  No a t t e m p t  was made t o  l i m i t  b a c t e r i a l  

s t o c k s  i n  t h e s e  s t o c k  c u l t u r e s .  

A l g a l  s p e c i e s  used  i n  t h i s  s t u d y  were i s o l a t e d  from t h e  same 

environment  by D r .  John J. Lee.  Crude c o l l e c t i o n s  were s t r e a k e d  o n t o  

a  v a r i e t y  o f  a r t i f i c i a l  media b e i n g  deve loped  i n  o u r  l a b o r a t o r y  (US 

AEC P r o g r e s s  Repor t  NYO 3995-20).  I n  2  t o  3  weeks c o l o n i e s  o f  a l g a e  

were v i s i b l e  and were  e x c i s e d  from t h e  a g a r  w i t h  a  nichrome w i r e  

n e e d l e  and i n o c u l a t e d  i n t o  s t e r i l e  media.  S t o c k s  o f  1 0  s lpecies  o f  
I 

a l g a e  were grown a x e n i c a l l y  a t  25 C on an a r t i f i c i a l  s e a  w a t e r  medium 

( S )  (Lee et &. , 1970) .  i 
B a c t e r i a  were i s o l a t e d  from f i e l d  samples  which & r e  c o l l e c t e d  

by means o f  s t e r i l e  f o r c e p s  (Lee e t  a l . ,  1970) .  The samdles  
I 



were c h i l l e d  t o  p r e v e n t  decay  and d e t e r i o r a t i o n .  ~ l i ~ u o t k  o f  t h e  

sample  were t h e n  s t r e a k e d  o n t o  t h e  d i f f e r e n t i a l  media.  The 1 0  s t r a i n s  

of  b a c t e r i a  s e l e c t e d  f o r  t h e  p r e s e n t  s t u d y  were chosen  b e c a u s e  t h e y  

a r e  taxonomical1y.representative of  t h e  b a c t e r i a  from t h e  Southampton 

s a l t  marsh and b e c a u s e  t h e y  were found by a  f e l l o w  g r a d u a t e  s t u d e n t  

(Miss E i l e e n  Kennedy) t o  b e  among t h e  most  dominant forms d u r i n g  t h e  

I c o u r s e  o f  t h e  growing s e a s o n  (US AEC Progress  Repor t  hVO 3995-20).  

B a c t e r i a  were grown a x e n i c a l l y  on an e n r i c h e d  a r t i f i c i a l  s e a  w a t e r  

medium (YEP-1; 1% a c i d i c a s e  and 1% y e a s t  e x t r a c t ) .  

Algae  and b a c t e r i a ,  i n  a p p r o p r i a t e  p h y s i o l o g i c a l  s t u d i e s ,  

were enumerated by measur ing  o p t i c a l  d e n s i t y  w i t h  a  G i l f o r d  mic ro -  

sample s p e c t r o p h o t o m e t e r  (Model 300 N ) .  A nomograph f o r  e a c h  s p e c i e s  

o f  a l g a e  was c o n s t r u c t e d  by  p l o t t i n g  o p t i c a l  d e n s i t y  a g a i n s t  d i r e c t  

c e l l  c o u n t s .  The a l g a e  were coun ted  by means o f  a n  A.O. b r i g h t l i n e  

hemocytometer.  A s i m i l a r  r e l a t i o n s h i p  was o b t a i n e d  f o r  t h e  b a c r e r i a  

u s i n g  v i a b l e  c e l l  c o u n t s .  

A l l  e x p e r i m e n t s  were  conduc ted  i n  e i t h e r  p l a s t i c  F a l c o n  
2  

f l a s k s  (250 cm ) o r  i n  Pyrex screw-capped t e s t  ' t u b e s  (20 & 125 cm). 

Ten m l  o f  media w e r e a d d e d  t o  t e s t  t u b e  s t u d i e s  and 50 m 1 , w e r e  u s e d  

f o r  f l a s k  c u l t u r e s .  A l l  e x p e r i m e n t s  were  g n o t o b i o t i c  and- were  i n c u -  

b a t e d  under  c o n t r o l l e d  c o n d i t i o n s  o f  t e m p e r a t u r e  and l i g h t  i n  ~ h e r e r  

env i ronmenta l  chambers (model CEL 4-4) .  C u l t u r e s  and e x p e r i m e n t s  
2  

were  grown i n  f u l l  l i g h t  (200 p ~ / c m  ) a t  25 C. L i g h t  was measured 
I 

I w i t h  a n  ISCO s p e c t r o r a d i o m e t e r  (model SR). When pH and s a l i n i t y  I 

were  n o t  v a r i a b l e s ,  t h e  media were  a d j u s t e d  t o  pH 8 . 0  a t  a  s a l i n i t y  

o f  26 g o .  These v a r i a b l e s  were  used  a s  c o n t r o l s  when e a c h  o f  t h e s e  

f a c t o r s  was a n  independen t  v a r i a b l e .  

The t e m p e r a t u r e  t o l e r a n c e  s t u d i e s  were  conduc ted  i n  S h e r e r  

e n v i r o n m e n t a l  chambers a t  5 C i n t e r v a l s  r a n g i n g  from 5  C t o  4 0  C. 

One d e g r e e  i n t e r v a l s  were t e s t e d  a t  t h e  u p p e r  and lower  l i m i t s  o f  

t h e  range.  

I n  s a l i n i t y  exper iments ,  t h e  medium was s l o w l y  e v a p o r a t e d  t o  
I 

8 0  %, t o  p r e v e n t  t h e  f o r m a t i o n  o f  p r e c i p i t a t e s .  The s a l i n " t y  o f  t h e  P 
e v a p o r a t e d  media  was measured by  t i t r a t i o n  w i t h  AgNO 

h i g h  p r e c i s i o n  method o f  S t r i c k l a n d  and P a r s o n s  (1968).  s he media  

I 



8. . 

was t h e n  d i l u t e d  t o  lower  s a l i n i t i e s  by add ing  d i s t i l l e d  y a t e r .  

Reproduc t ive  r a t e s  o f  t h e  o rgan i sms  were s t u d i e d  i n  media w i t h  a  

r a n g e  of  s a l i n i t y  from 5-80 %,. 
The pH t o l e r a n c e s  o f  e x p e r i m e n t a l  o rgan i sms  were  a l s o  s t u d i e d  

a t  0.5 i n t e r v a l s  from pH 2-10.5, 

The r a t e  o f  oxygen consumption by t h e  f o r a m i n i f e r a  was 

measured w i t h  a  G i l s o n  d i f f e r e n t i a ?  r e s p i r o m e t e r  (Gi l son ,  1963) .  

I n  a n o t h e r  exper iment  t h e  s u r v i v a l  o f  t h e  f o r a m i n i f e r a  i n  a n  oxygen 

f r e e  a tmosphere  was s t u d i e d  i n  a  Forma (model 3159) a n a e r o b i c  chamber. 

The chamber was c o n t i n u o u s l y  f l u s h e d  w i t h  n i t r o g e n  g a s  d u r i n g  t h e  
7 

s t u d i e s .  Heavy i n o c u l a t i o n s  o f  food  o rgan i sms  (- 1 x  1 0  c e l l s )  were  

s u p p l i e d  i n  t h e  absence  o f  l i g h t .  

The t o l e r a n c e s  o f  e x p e r i m e n t a l  o rgan i sms  t o  o r g a n i c  s t r e s s  was 

de te rmined  by add ing  y e a s t  e x t r a c t  o r  pep tone  i n  c o n c e n t r a t i o n s  t h a t  
- 6  -4 , 

ranged from 1 x  1 0  - 5  x  10  6. 

A s  a  c o n t r o l  f o r  a b i o t i c  growth exper iments ,  t h e  growth r e -  

s p o n s e s  o f  t h e  a p p r o p r i a t e  a l g a e  and b a c t e r i a  u n d e r  v a r i o u s  c o n d i t i o n s  

o f  t e m p e r a t u r e ,  s a l i n i t y ,  pH, and o r g a n i c  s t r e s s  were a l s o  i n v e s t i -  
i 

g a t e d .  

The c a r r y i n g  c a p a c i t y  o f  e a c h  s p e c i e s  of  f o r a m i n i f e r a  u n d e r  

s t a n d a r d  c u l t u r e  c o n d i t i o n s  was measured i n  100 r e p l i c a t e  t u b e s  o f  

each s p e c i e s .  They were coun ted  weekly.  The a v e r a g e  number o f  

i n d i v i d u a l s l t u b e  a t  maximum d e n s i t y  was t h e  c a r r y i n g  c a p a c i t y .  The 

c a r r y i n g  c a p a c i t y  i n  f l a s k  c u l t u r e s  was d e t e r m i n e d  u s i n g  t h e  same 

p r o c e d u r e s .  

R a d i o a c t i v e  t r a c e r s  were  used  i n  q u a l i t a t i v e  and q u a n t i t a t i v e  

f e e d i n g  s t u d i e s  (Lee e t  a l . ,  1966) .  F o r a m i n i f e r a  f o r  t h e s e  s t u d i e s  

were washed 1 0  t i m e s  w i t h  s t e r i l e  media and any food a d h e r i n g  t o  t h e  

s u r f a c e  o f  t h e  a n i m a l s  was removed w i t h  g l a s s  n e e d l e s .  Care was 

t a k e n  t o  s e l e c t  o rgan i sms  o f  a p p r o x i m a t e l y  t h e  same s i z e  f o r  e a c h  

exper iment .  Except  when p o p u l a t i o n  s i z e  was a  v a r i a b l e  i n  t r a c e r  

f e e d i n g  s t u d i e s ,  t h e  f o l l o w i n g  t e s t  p o p u l a t i o n s  were  u s e d :  10  A l l o -  

g romia .  20 R o s a l i n a ,  and 50 S p i r o l o c u l i n ~ .  P r e v i o u s  studij-es (Lee 

e t  a l . ,  1966; M u l l e r  and Lee, 1969)  d e m o n s t r a t e d  t h a t  thejse were  t h e  -- 
mi.ni.mum i n o c u l a  f o r  s t a t i s t i c a l l y  m e a n i n g f u l  d a t a .  ~ x ~ e r j i m e n t s  w.ere 

I 
r e p l i c a t e d  i n  q u a d r u p l i c a t e  o r  s e x t u p l i c a t e .  



9. . 

Potential foods were inoculated into appropriate media with 

3 2 ~  (0.5-1 p~i/ml) as a label, and incubated in strong light for 24 

hours. As in previous experiments (Lee et al., 1966) the level of 

radionuclide was adjusted to -- 0.1-1 count/min/cell, Labeled food 

ce1l.s were harvested by centrifugation and washed 5 times in sterile 

unlabled sea water. The population density of each food species was 

determined by counting an aliquot with a hemocytometer. The appropriate 

number of food cells was inoculated into the cultures of foraminifera 

and incubated for 24 hours. The foraminifera were harvested by 

gentle agitation wi'th a vortex mixer, allowing the amimals to settle, 

and removing the supernatant fluid. Autoclaved dead organisms were 

used as controls. The process was repeated 5 times. The foraminifera 

were placed in scintillation vials with a minimum amount of water 

carry over, dried, and 15 ml of scintillation fluid added per vial. 

Radioactivity was measured by means of a Beckman liquid scintillation 

counter. 

The rate of feeding of the foraminifera on representative 

algae was measured for each species when grown alone and when several 

species were competing for the same food (s). The existence of 

threshold and saturation levels of food organisms was investigated 

using the same tracer techniques with a range of 10-lo8 cells fed. 

The biomass of the algae eaten was determined by measuring 
i the volumes of 100 individual . logarithmically growing algae cells. 

Log phase' cells were chosen for measurement since they were used in 

the tracer feeding studies. Previous studies (Lee et al., 1966) 

had shown that fewer stationary phase cells are eaten by foraminifera 

than cells in any other phase. 

Six variables were used in mathematical considerations: 

temperature; salinity; pH; intraspecific competition; feeding levels; 

and interspecific competition. In the analysis, they were plotted 

as intersecting vectors. Two values for each factor were plotted - 
I 

the maximum and the minimnum. 

The construction of the symbolic environment nic 'e circle 5 
was not done according to any formal mathematical proceddre. In one 

method, the variables were weighted according to certain /logical , 

premises. Zoogeographical studies (BP;  1967; Berger and 'Soutar, 1967; I 
I 
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Cifellio 1962;'Donk and Math-ieu, 1969; Lidz, 1966; ~atoba,, 1970; 

~urra~,' 1967; Vilks, 1969) suggest that temperature, salinity, and 

pH are the Icey factors affecting the distribution of foraminifera in 

all marine provinces. For these classical reasons the physical 

factors were given a proportionately greater area of the available 

environmental circle. Arbitrarily, a system was formulated in which 

the intersection of the parameter lines would be eccentric to the 

center of the environmental circle. 

Because of its classical importance to foraminifera, the 

temperature vector (DZ) was drawn as a diameter of the circle. 

Next the line QR, representing the intraspecific competition, was 

drawn perpendicular to line D Z  such that it intersected the circle 

at 2 points (Q, R) which are one radius (= PZ) from point Z. All 

other vectors were drawn to intersect at the same locus ( 0 ) .  The 

vectors representing pII, salinity, feeding rate, and the interspecific 

competition coefficient were constructed such that they each carved 

out equal arcs (DT, TI\I) on the circumference of the niche width 

circle and are equal to one-half the line DO (Fig. 1.). 

In a second approach bias toward physical factors was avoided 

by plotting the tolerances as diameters. In this way each parameter 

consists of an equal available area space. 

It was difficult to reduce interspecific competition for 

food to a single vector £'orm. The analysis required it, however, 

if the approach to niche width was to be consistent. That is, if 

each of the major factors was to receive the same relative import- 

ance. The following equation was developed to evaluate this parameter. 

(22~~) + (x F ~ )  
I.S.C. = 

Equation (I): The expression of the interspecific competition 

coefficient , 

I.S.C. - the interspecific competition coefficfient 

F1 
= feeding rate in competition with anotler species 

F2 
I 

= feeding rate in competition with a se ond species f 
F = feeding rate when the species grows without 
a 

competition I 
i 



Foods which were found to be ingested in the greatest amounts 

were used, including representative bacteria, chlorophytes, and 

diatoms. Thus the total value for single species feeding represents 

the sum of the individual feeding rates on each potential food. For 

example, the total rate of feeding of R. leei is: 
s 

F = 1962 + 339 + 1007 + 517 + 320 -f 300 + 275 + 375 + 
a 

90 = 6085 food cells/foraminifera/day 

Table 8 summarizes the calculations for each species. 

In multivariate analysis the area under the curves were 

calculated using the least squares method of fitting a second de, ~ r e e  

polynomial to the observed values and integrating the resulting equa- . 
tion between the limits of the observations. Analysis and calculations 

were performed with the help of an IBM 360150. The reproductive capac- 

ity (R ) is defined mathematically. 
n 

Equation 11: The expression of the reproductive capacity 

R = Reproductive capcity of a species with respect to the 
n 

physical variable x with a second physical variable, y ,  
kept fixed at the value y . .-- n 

L = The lower limit for x 

U = The upper limit for x 

fn(x) = The generation time with respect to the physical 
variable x with a second physical variable, y, kept 
fixed at the value y . 

n 



RESULTS 

A b i o t i c  P a r a m e t e r s  

Temperature  

@ A l l  3  s p e c i e s  o f  f o r a m i n i f e r a  r e p r o d u c e  i n  t h e  l a b o r a t o r y  

between 10-33 C (Tab le  1). Of t h e  s p e c i e s  t e s t e d ,  A. l a t i c o l l a r i s  

had t h e  s h o r t e s t  g e n e r a t i o n  t ime  (- 8  d a y s )  (Fig .  2 ) .  The minimum 

g e n e r a t i o n  t ime  extended o v e r  a  r a t h e r  b road  r a n g e  o f  t e m p e r a t u r e  

(18-29 C); a lmos t  t o  t h e  upper  and lower  l i m i t s  o f  r e p r o d u c t i o n ,  

10-32 C. Temperature  s t r o n g l y  i n f l u e n c e s  t h e  r e p r o d u c t i o n  o f  2. 
M i - ;  g e n e r a t i o n  t ime  g r a d u a l l y  d e c r e a s e d  from 60 d a y s  a t  18 C t o  

a  minimum o f  14  d a y s  a t  29-30 C, which was c l o s e  t o  t h e  u p p e r  the 'nna l  

l i m i t  f o r  t h e  s p e c i e s  (F ig .  2 ) .  Temperature  was l e s s  i m p o r t a n t  a s  a  

f a c t o r  a f f e c t i n g  t h e  r e p r o d u c t i o n  o f  g. l e e i .  A t  t h e i r  lower  and 

u p p e r  t h e r m a l  l i m i t s  (14 and 32 C), g e n e r a t i o n  t i m e  was l o n g e s t  (- 65 

d a y s ) ;  a t  25 C t h e  g e n e r a t i o n  t i m e  was s h o r t e s t  (- 48 days) (F ig .  2 ) .  

A l g a l  and b a c t e r i a l  growth was l e s s  a f f e c t e d  o v e r  t h e  same tempera-  

t u r e  r a n g e  (Tab le  2 ) .  The growth o f  p o p u l a t i o n s  o f  4 s p e c i e s  

[Phaeodact  ylum t r i c o r n u t u m  (39),  Amph61:a s p  ( 5 ) ,  Nannoch lo r i s  s p  

(41) and Amphora s p  (RF-8)]  g r a d u a l l y  i n c r e a s e d  t o  a  maximum a t  30 C. 

F i v e  s p e c i e s  [Chlamydomonas s u b e h r e n b e r g i i  (93) ,  Chlorococcum s p  (38),  

N i t z s c h i a  a p i c u l a t a  (Pb-13), C y l i n d r o t h e c a  f u s i f o r m i s  (BL-27), and 

N i t z s c h i a  rhombica (PE-6)]  had opt ima n e a r  20 C, and t h e  r e p r o d u c t i o n  

o f  1 s p e c i e s  [ N i t z s c h i a  rhombica (Pb-6) ]  was u n a f f e c t e d  by t e m p e r a t u r e  

th roughout  t h e  t e s t  r a n g e  (10-30 C). Most b a c t e r i a  (A5-703, D5-702, 

C1-704) a l s o  grew w e l l  w i t h i n  t h e  t e m p e r a t u r e  r a n g e  t e s t e d  (5-35 C). 

Three  s t r a i n s  (A5-6, A5-7,and D2-7 had a  more r e s t r i c t e d  growth 

range  w i t h  opt ima between 20-25 C;  1 (Al-711) had a n  optimum a t  30 C 

and 2  o t h e r s  (A3-111, D2-703) a t  35 C. 

S a l i n i t y  

S a l i n i t y  does  n o t  r e s t r i c t  t h e  repro .duc t ion  of any o f  t h e  

s p e c i e s  t e s t e d ;  a l l  3  s p e c i e s  o f  f o r a m i n i f e r a  r eproduce  w e l l  i n  t h e  

l a b o r a t o r y  between 16-46 (Tab le  1; F i g .  3 ) .  A t  t h e  s t a \ I d a r d  t e s t  

t e m p e r a t u r e  (25 C) t h e  g e n e r a t i o n  t ime  o f  A. l a t i c o l l a r  i s1  d e c r e a s e d  
i 



from 25 days  a t  20 %, (Lower l i m i t )  t o  8  days  - a t  30 x,. )The minimum 

g e n e r a t i o n  t ime  (- days)  extended o v e r  a  wide range  (30-40 g o ) .  The 

upper  l i m i t  o f  s a l i n i t y  f o r  r e p r o d u c t i o n  i n  t h i s  s p e c i e s  was 45 ga. 
The s h o r t e s t  g e n e r a t i o n  t ime o f  2. h y a l i n a  occured  w i t h i n  a n  even 

b r o a d e r  range  (20-40 %,), b u t  o u t s i d e  t h e s e  l i m i t s  i t  i n c r e a s e d  s p  

s h a r p l y  t h a t  no r e p r o d u c t i o n  was observed  a t  s a l i n i t i e s  above 44 %o 

o r  below 17 X o .  The r e p r o d u c t i v e  r a n g e  o f  g. l e e i  i s  v e r y  s i m i l a r  

t o  t h e  o t h e r  s p e c i e s  t e s t e d  (18-47 %J; t h e  minimum g e n e r a t i o n  t ime  

was r e s t r i c t e d  t o  30 %,. B a c t e r i a l  growth was l e s s  a f f e c t e d  o v e r  

t h e  same s a l i n i t y  r a n g e  b u t  a l g a l  growth was more r e s t r i c t e d  (Table  3 ) .  

Four  s p e c i e s  [Amphora s p  (W-8) ,  C y l i n d r o t h c c a  f t l s i f o r m i s  (BL-27), 

N i t z s c h i a  rhombica (Pb-6) and N i t z s c h i a  a p i c u l a t a  (Pb-131 grew w e l l  

o n l y  between 30-40 %, and had optima of  30 %, . The growth o f  s i x  

s p e c i e s  [Nannoch lor i s  s p  (41), N i t z s c h i a  a c i c u l a r i s  (8 ) ,  Chlorococcu~n 

s p  (38),  Chlamydornonas s u b e h r e n b e r g i i  (93) ,  Amphora s p  (5) and Phaeo- 

dactylum L i c o r n u t u m  ( 3 ) ]  was l e s s  a f f e c t e d  by s a l i n i t y .  The op t ima  

f o r  3  o f  t h o s e  s p e c i e s  [Nannoch lor i s  s p  (41) ,  N i t z s c h i a  a c i c u l a r i s  

(8) and Chlorococcun: s p  (38) extended o v e r  a  wide range (20-40 %,). 
Chlamydomonas s u b e h r e n g e r g i i  (93) and Amphora s p  (5) had opt ima a t  

\ 

30-40 %, ; and Phaeodactylum t r i c o r n u t u m  (39) reproduced b e s t  a t  - 30 %,?. 

Most b a c t e r i a  grew w e l l  o v e r  a  broad range .  Two s t r a i n s  (D5-7, and 

D5-702) grew w e l l  w i t h i n  t h e  r a n g e  o f  10-50 %,; 3  o t h e r s  (Dl-701, 

A5-6, A5-7) grew b e t t e r  a t  h i g h e r  s a l i n i t i e s  (20-60 go ), and 2 (Al-711, 

A5-703) were r e s t r i c t e d  t o  an optimum o f  - 30 go. 

pH 

A l l  3  s p e c i e s  were t o l e r a n t  t o  r e l a t i v e l y  wide r a n g e s  o f  pH 

and w i t h i n  t h e s e  r a n g e s  g e n e r a t i o n  t i m e s  were n o t  a f f e c t e d  (Table  1 ;  

Fig .  4 ) .  The optimum range  f o r  A. l a t i c o l l a r i s  was pH 5.0-9.5;  f o r  

S. h y a l i n a  i t  was more r e s t r i c t e d  (pH 6.0-8.0);  and f o r  X, l e e i  it 

was pH 6.9-10.0. The r a n g e  o f  pH i n  which A. 1 a t i c o l . l a r i s  r e p r o -  

duced a s  - 1 . 3  t i m e s  g r e a t e r  t h a n  t h a t  o f  &. l e e i  and 2.2, t i m e s  t h e  

r a n g e  of 2. h y a l i n a .  The growth o f  a l g a e  was l e s s  a f fec t l ed  by pH 
i (Table 4 ) .  E i g h t  s p e c i e s  [Amphora s p  (RF-8), C h l o r o c o c c u ~  s p  (38) ,  
I 

N i t z s c h i a  rhombica (Pb-6), N i t z s c h i a  a p i c u l a t a  (Pb-13), Gylindro-.  

i 



theca fusifomis (BL-27), Nitzschia acicularis (8), ~hlam~domonas 

subehrenbergii (93) and Amphora sp (5) ] grew well over a broad 

range (pH 4.0-8.0) ,while the growth of 2 species, Phaeodactylum 

tri~r~rnutum (39) and Nannochloris sp (41) was good within a 

narrower range (pH 5.0-8,0), with optima at pH 8.0. Bacteria grew 

best within much narrower pH limits; the optimum for all species was 

- pH 7.0 (Table 4). Five of the strains (Cl-704, A5-7, A5-6, A3-111, 

Dl-701) grew well between pll 6.0-9.0 and the others (A5-703, D2-7, 

D5-702, A1-711, D2-703) had a narrower range (pH 6.0-8.0), 

Oxygen 

All 3 species of foraminifera consumed oxygen at similar 

rates (Fig. 5). They used between 0.5-4.5 pl/mg body veightlhr 

within the temperature range 15-31 C. A. laticollaris consumes 
little oxygen (0.5 pl/mg/hr) when the temperature is less than 21 C. 

Between 21-35 C, the rate of oxygen consumption increases sharply 

to 4.2 pl/mg/hr at 35 C. The rate of oxygen consumption bf 5. leei 
increases from 0.7 pl/mg/hr at 15 C to 4.5 pl/mg/hr at 25 C, and 

then declines" to 2.8. pl/mg/hr at 35 C. The rate of oxygen consump- 

tion of S .  hyalina gradually increases from 1.0 pl/mg/hr at 15 C to 
4.4 pl/mg/hr at 35 C. The generation time of all 3 species increased 

only slightly (- 10%) when the foraminifera were cultured without 

oxygen. 

Nultivariate studies 

As anticipated, the generation times of the 3 species tested 

were more strongly affected by varying several abiotic fictors simul- 

taneously. The least affected species was g. leei, with the only 
significant negative synergistic interaction occurring between temper- 

ature and pH (Fig. 6). At 10 C the reproduction of &. leei was only 

1% of its biotic potential at 30 C and reproduction was restricted to 

a very narrow range around pH 8.0. At intermediate tempepatures (20- 

25 C) reproductive capacity was 40.6% and 72% of those grBwn at 30 C. 

Although A. - laticollaris has wide tolerances to iidividual I 
abiotic environmental variables, its reproductive capacit9 is severely 
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r e s t r i c t e d  a t  t h e  p e r i p h e r y  o f  s e v e r a l  v a r i a b l e s  when t e s ' t e d  s i m u l t a n -  

e o u s l y .  The r e p r o d u c t i v e  c a p a c i t y  of  t h i s  o rgan i sm a t  pH 5.5 was 

o n l y  12% of  t h e  b i o t i c  p o t e n t i a l  measured a t  pH 7.5-9.5 when t e s t e d  

a g a i n s t  s a l i n i t y  (Fig.  7) .  A s i m i l a r  p a t t e r n  was no ted  when t empera -  

t u r e  was t e s t e d  a g a i n s t  s a l i n i t y  (Fig .  8 )  o r  a g a i n s t  pH (Fig .  9 ) .  

The r e p r o d u c t i v e  c a p a c i t y  o f  A. l a t i c o l l a r i s  a t  1 0  and 15  C was o n l y  

16% o f  t h e  b i o t i c  p o t e n t i a l  measured a t  25-30 C and r e p r o d u c t i o n  was 

r e s t r i c t e d  t o  - 25%. A t  20  C t h e  r e p r o d u c t i v e  c a p a c i t y  was much 

h i g h e r  (- 60%) t h a n  t h a t  found a t  25 and 30 C. The b i o t i c  p o t e n t i a l  

o f  A. l a t i c o l . 1 . a r i s  was reached  o v e r  a  wide  r a n g e  o f  pH a t  optimum 

t e m p e r a t u r e  (25-30 C). At 1 0  C r e p r o d u c t i o n  was r e s t r i c t e d  t o  pH 

8,O and was o n l y  20% o f  t h e  p o t e n t i a l .  

S. h y a l i n a  was a f f e c t e d  by m u l t i p l e  a b i o t i c  v a r i a b l e s  o n l y  a t  
7 

t h e  f r i n g e s  o f  i t s  n i c h e .  F u l l  b i o t i c  p o t e n t i a l  was reached  th rough-  

o u t  a  pH r a n g e  o f  5.5-9.5 from 20-40 yAosa l in i ty  (F ig .  1 0 ) .  A t  pH 

4.0-4.4 and 10.0 t h e  r e p r o d u c t i v e  c a p c i t y  was o n l y  60% o f  maximum. 

When t e m p e r a t u r e  and s a l i n i t y  were  t h e  v a r i a b l e s ,  b i o t i c  p o t e n t i a l  
- - 

was e x p r e s s e d  from 15-30 % o a t  20-30 C (Fig .  1 1 ) .  A t  l ower  tempera-  

t u r e s  (10-20 C) t h e  r e p r o d u c t i v e  c a p a c i t y  was 68% of  maximum o v e r  

t h e  s a n e  s a l i n i t y  r ange .  Very l i t t l e  n e g a t i v e  s y n e r g i s t i c  e f f e c t s  

were  found when pH and t e m p e r a t u r e  were  t h e  v a r i a b l e s .  A t  h i g h e r  

t e m p m t u r e s  t h e  r a n g e  f o r  r e p r o d u c t i o n  was reduced  t o  80% o f  maximum. 

O r g a n i c s  

The 3  s p e c i e s  o f  f o r a m i n i f e r a  t e s t e d  v a r y  i n  t h e i r  a b i l i t y  t o  

t o l e r a t e  t h e  e f f e c t s  o f  o r g a n i c  enr ichment  (Tab le  5 ) .  When s m a l l  

amounts o f  p e p t o n e  were added t o  c u l t u r e s  o f  A. l a t i c o l l a r i s ,  

growth was b e t t e r  (126%) t h a n  c o n t r o l  t u b e s ,  b u t  a t  s l i g h t l y  h i g h e r  

l e v e l s  growth was o n l y  25-42% o f  c o n t r o l  tubes .  Almost no 
-3 -2 

growth was o b s e r v e d  i n  t u b e s  c o n t a i n i n g  1 0  -10 % peptone.  The 

growth o f  &. l e e i  was l e s s  t h a n  1% o f  c o n t r o l s  when a s  l i t t l e  a s  loe5% 
pep tone  was added t o  t h e  c u l t u r e s .  No r e p r o d u c t i o n  was obse rved  i n  

t u b e s  c o n t a i n i n g  more t h a n  t h i s  amount o f  pep tone .  The r k s p o n s e s  o f  

S. h y a l i n a  t o  o r g a n i c s  were  s i m i l a r  t o  A. l a t i c o l l a r i s .  rowth was - I 
90% o f  c o n t r o l s  when s m a l l  amounts of  p e p t o n e  were used,  b u t  

d e c l i n e d  t o  1% when pep tone  was added.  

! I 



The pep tone  i t s e l f  a t  0.01% d i d  n o t  e f f e c t  p s e u d o p o d i a l  

a c t i v i t y  o f  t h e  3  s p e c i e s  t e s t e d  when t h e y  were exposed f o r  s e v e r a l  

hours .  Death was g r a d u a l  o v e r  a  p e r i o d  o f  days  s u g g e s t i n g  t h a t  i n h i b -  

i t i o n  was th rough  e f f e c t s  on  c u l t u r a l  a s s o c i a t e s .  Most o f  t h e  a l g a l  

s t r a i n s  t e s t e d ,  N i t z s c h i a  a p i c u l a t a  (Pb-13)) C y l i n d r o t h e c a  f u s i f o r m i s  

(Bl-27))  N i t z s c h i a  a c i c u l a r i s  ( 8 ) )  Phaeodactylum t r i c o r n u t u m  (39) ,  

Amphora s p  (5 ) )  Amphora s p  (RF-8) and N i t z s c h i a  rhombica (Pb-6) grew 

b e s t  i n  minimal  media e n r i c h e d  w i t h  pep tone  b u t  were i n h i b i t e d  

by g r e a t e r  amounts (Table  6 ) .  Three  c h l o r o p h y t e s  and a 1 1  t h e  b a c t e r i a  
- 4  t e s t e d  grew b e s t  when pep tone  was - 10 % (Table  6 ) .  

B i o t i c  F a c t o r s  

Under optimum l a b o r a t o r y  c o n d i t i o n s  t h e  r e p r o d u c t i v e  r a t e  

o f  A. l a t i c o l l a r i s  i s  r a p i d  ( G e n e r a t i o n  Time = 8 days ;  F ig .  1 3 ) ,  and 

a f t e r  1 month t h e  c a r r y i n g  c a p a c i t y  i s  reached .  The c a r r y i n g  c a p a c i t y  

f o r  A. 1 . a t i c o l l a r i s  i s  l a r g e  and sometimes exceeds  2600 organ i sms  p e r  

LO m l  o f  media.  Although t h e  c a r r y i n g  c a p a c i t y  changes,  d e p e n d i n g  
' --- 

upon t h e  p a r e n t a l  inoculum, t h e  i n t r i n s i c  r a t e  o f  i n c r e a s e  ( r )  d u r i n g  

t h e  l o g a r i t h m i c  phase  i s  t h e  same. The v a l u e  o f  r (2.533 o r g l d a y )  i s  

t h e  l a r g e s t  of t h e  f o r a m i n i f e r a  t e s t e d .  The s i z e s  o f  i n d i v i d u a l  popu- 

l a t i o n s  v a r i e d  g r e a t l y  d u r i n g  t h e  l o g a r i t h m i c  growth phase  r e f l e c t i n g  

t h e  v a r i o u s  a s e x u a l  r e p r o d u c t i v e  pathways which can  o c c u r  d u r i n g  t h e  

l i f e  c y c l e  of t h i s  o rgan i sm (Lee e t  a l . ,  1969 a ) .  The c a r r y i n g  

c a p a c i t y  o f  R. l e e i  i n  optimum l a b o r a t o r y  c o n d i t i o n s  i s  1350 organ i sms  

p e r  1 0  m l ,  b u t  a lmos t  2  y e a r s  (540 days )  a r e  r e q u i r e d  t o  r e a c h  t h i s  

p o p u l a t i o n  (Fig.  1 4 ) ,  The i n t r i n s i c  r a t e  o f  i n c r e a s e  i s  c o r r e s p o n d i n g -  

l y  s m a l l e r  (0.272 o r g l d a y ) .  Under optimum c o n d i t i o n s  t h e  c a r r y i n g  

c a p a c i t y  (3600/org/day)  o f  2. h y a l i n a  c u l t u r e s  i s  reached  i n  abou t  

50 d a y s  (Fig .  15) .  The i n t r i n s i c  r a t e  o f  i n c r e a s e  i s  e q u a l  t o  1.472 

o r g l d a y  which i s  i n t e r m e d i a t e  t o  t h o s e  o f  A. l a t i c o l l a r i s  and go l e e i ,  

The l a r g e  r a n g e  i n  t h e  s i z e s  o f  i n d i v i d u a l  p o p u l a t i o n s  p r o b a b l y  c a n  

b e  b e s t  e x p l a i n e d  a s  dampening o s c i l l a t i o n s  o f  t h e  mean c a r r y i n g  

c a p a c i t y .  

Feed ing  a F o r a m i n i f e r a  a r e  s e l e c t i v e  f e e d e r s .  Of t h e  28 s p  c i e s  o f  
I 



diatoms and chlorphytes tested only 4-5 were consumed in significant 
- 5 

quantities (40-150 x 10 mglforam/day) by the foraminifera (Table I). 

T.c.70 species of algae, Phaeodactylum trikornutum (39) and Amphora sp 

(5) were eaten in large amounts by all the foraminifera. In syn- 

xenic culture A. laticollaris ate almost 5 times more Amphora sp (5) 

(1.5 x 10-~/animal/da~) than most of the other species tested (Fig. 16). 

Four other species, Phaeodactylum tricornutum (39), Amphora sp (RF-8) 

Nannochloris sp (41) and Nitzschia rhombica (Pb-6) were also eaten 
- 4 

in large amounts (5.6-8,O x 10 mg/animal/day). Although great 

numbers of bacteria were eaten (Table 7 ) ,  their biomass (0.1-8i3 

x lom6 mg/animal/day) was negligible when compared to the algae. 

Tim of the algal species, Amphora sp (RF-8), and Nannochloris 

sp (41), which were eaten by Allogromia in large amounts were not 

eaten by the other foraminifera. R. leei ate 2 species of algae, 

Chlamydomonas subehrenbergii (93) and Nitzschia apiculata (Pb-13) 

that the other foraminifera did not consume in large amounts. 

Nitzschia apiculata (Pb-13) was eaten in the greatest amounts (6.4 x 

10'~ ~ng-/foram/da~), followed by Amphora sp (5) and Chlamydomonas sub- 
ehrenbergii (93). In terms of total biomass the other algae were 

- 5 
eaten in less significant amounts (range 1-35 x 10 mg/foram/day; 

Fig. 17). 

The feeding of 2, hyalina on algae was unusual; only 1 species 
of alga, Amphora sp (5),  was an important food source (1.2 x loe4 mg) 

(Fig. 18). The biomass of most of the others was < 20% of the number 
- 6 of Amphora sp (5) eaten. The biomass (0.2-1.0 x 10 mg/animal/day) 

of bacteria consumed were similar to that of g. leei and were not 
significant. 

d 

Tracer experiments confirmed the relationship between avail- 

able food and feeding rate. The lower threshold for feeding is - 10 2 
algal cells fed; feeding is directly proportional to the concentra- 

2 6 
tion of food organisms froni 10 -10 cells at which time saturation is 

reached (Figs. 19-21). When bacteria are tested as potential foods, 
6 feeding begins when lo4-10 cells are fed and the rate increased until 

8 
10 bacterial cells are fed (Figs. 22-24). 



Intraspecific competition 

Crowding strongly affects the feeding and reproduction of - A. 
laticollaris. Inoculum size for this species must be small if it is 

to reach full reproductive capacity (Fig. 25). A clone culture pro- 

duced 400 % more animals than an inoculum of 10. Idhen the inoculum 

size was increased to 33, reproduction was - 7% of a clone. Tracer 

feeding experiments suggested that there is a great competition for 

food or interference with feeding even in moderately crowded cultures 

(100 animals). In such cultures the feeding rate on Nitzschia 

acicularis (8) and Phaeodactylum tricornutum (39) was less than 113 

of the rate of single animals (Table 8). 

R. leei and 2. hyalina were affected less by crowding. It - - 
is difficult to establish reliable cultures of these species with 

small inocula (1-15). Inocula of 50-200 animals produced only 50% 

as many R. leei as did inocula of < 50 in the same time (Fig. 26). -- - 
Reproduction was even more sharply reduced when the inocula were 

increased to 300 animals. In tracer feeding experiments individual 

animals in moderately large inocula (20-50 animals) ate twi~e as many 

algae as did fewer animals (5) fed the same amount of algae (Table 8). 

Feeding was not affected in the same way in 2. hyalina even though 
reproduction was inhibited by large inocula (> 50; Fig. 27). Crowded 

animals (50-100) ate less than half the food eaten by uncrowded ani- 

mals (Table 8). 

An inoculum of 50 2. hyaliua produce - 10% more cells than 
inocula of 10-25 and 20% more animals than when the inoculum is 

greater than 50 cells. Tracer feeding studies suggest that small 

populations of 3. h i  and 2. hyalina have difficdty finding or 
collecting food cells. The rate of feeding in moderately crowded 

cultures (20-100 animals) was up to 100% greater than in uncrowded 

I cultures (1-20 animals). 

Interspecific competition 

The growth of populations of each of the animals tested is 

affected differently by interspecific competition. The rate of 



i n c r e a s e  of A. l a t i c o l l a r i s  popu la t i ons  ( r )  i s  n o t  changed by t h e  

presence  of o t h e r  f o r a m i n i f e r a  s p e c i e s  bu t  t h e  f i n a l  popu la t i on  s i z e  

may be  a s  l i t t l e  a s  20% of c o n t r o l s  (Fig,  28).  The e f f e c t  o f  compe- 

t i t i o n  of  li_. l e e i  i s  d i f f e r e n t  from t h a t  of  2. hyal ina .  A. l a t i c o l -  

l a r i s  popu la t i ons  i n  t h e  former reach  t h e  l e v e l s  of  c o n t r o l s  and then  

d e c l i n e  wh i l e  i n  t h e  l a t t e r  popu la t i ons  a r e  on ly  h a l f  t h e  l e v e l  o f  

monospecif ic  c o n t r o l s .  Tournament t r a c e r  f eed ing  experiments  h e l p  

t o  e x p l a i n  t h e s e  r e s u l t s  (Table 8 ) .  R_. s t r o n g l y  a f f e c t e d  t h e  

f eed ing  r a t e  of A. l a t i c o l l a r i s ,  The f eed ing  r a t e  of A. l a t i c o l l a r i s  

on i t s  most impor tan t  foods, Amphora s p  (5), Amphora s p  (RF-8), 

Phaeodactylum t r i co rnu tum (39), and Nannochlor is  s p  (41) dropped t o  

39%, 23X, 71%, and 86% r e s p e c t i v e l y ,  A. l a t i c o l l a r i s  a t e  l e s s  a lgae  

and more b a c t e r i a  i n  t h e  presence  o f  2. 1 1 ~ 1 i n a .  Reproduction of &. 
l e e i  i s  de layed  i n  t h e  presence  of A. l a t i c o l l a r i s  (Fig. 29).  A t  - 
t h e  same t ime t h a t  t h e  popu la t i ons  of  A. l a t i c o l l a r i s  d e c l i n e d  t h e  

r a t e  of  r ep roduc t ion  o f  R_. L e A  became exponen t i a l ,  Maximum popu- 

l a t i o n s  of g. l e e i  i n  t h e  presence  of A. l a t i c o l . l a r i s  i s  on ly  10% 

of c o n t r o l s .  The presence  of  2. h y a l i n a  i n  R. l e e i  c u l t u r e s  d i d  

no t  g r e a t l y  a f f e c t  i t s  r ep roduc t ion  (Fig.  30) .  Tournament t r a c e r  

f eed ing  experiments  a l s o  h e l p  t o  e x p l a i n  t h e  resjs of popu la t i on  

growth experiments  (Table 8 ) .  Feeding by R. l e e i  on i t s  2  most 

impor tan t  food organisms, Amphora s p  (5) and Chlamydomonas subehrez-  

b e r g i i  (931, i n  t h e  presence  of  optimum feed ing  popu la t i ons  of A. 
l a t i c o l l a r i s  was on ly  36-40% of c o n t r o l s  whereas i n  t h e  p re sence  of 

S. h y a l i n a  i t  was 2.5-3,5 t imes t h a t  of  c o n t r o l s .  2. h y a l i n a  can - 
no t  compete wi th  e i t h e r  f o r a m i n i f e r a  i n  l i q u i d  c u l t u r e  (Fig.  30).  

Reproduction was observed only  on aga r  s lopes .  (The aga r  was used 

t o  s t i m u l a t e  b a c t e r i a l  popu la t i ons ) .  On agar ,  r ep roduc t ion  was 

delayed.  I n  t r a c e r  experiments  f eed ing  on Amphora sp  ( 5 ) ,  t h e  on ly  

a l g a  e a t e n  i n  s i g n i f i c a n t  amounts by 2, hyal ina ,  was reduced t o  on ly  

39% of  c o n t r o l s  i n  t h e  presence  of  A. l a t i c o l l a r i s  popu la t i ons  and 

- 22% wi th  X. l e e i .  Feeding on b a c t e r i a  was a l s o  s t r o n g l y  i n h i b i t e d .  



DISCUSSION 

Many s t u d i e s  (Connel l ,  1961; Gause and W i t t ,  1935; 

MacArthur, 1958; Park,  1962) havec'emonstrated t h a t  m i n u t e  d i f f e r -  

e n c e s  i n  one o r  a few n i c h e  p a r a m e t e r s ,  o f  c l o s e l y  r e l a t e d  s p e c i e s ,  

i s  s u f f i c i e n t  t o  s e p a r a t e  t h e i r  n i c h e s .  

Of t h e  6  b i o t i c  and a b i o t i c  f a c t o r s  cons ide red  by Monod 

(1949) a s  key l i m i t i n g  growth f a c t o r s  f o r  mic roorgan i sms ,  t h e  

a b i o t i c  f a c t o r s  seem l e a s t  i m p o r t a n t  f o r  t h e  growth o f  t h e  o r g a n -  

i s m s  under  s t u d y .  The r e s u l t s  s u p p o r t  t h e  s u g g e s t i o n  made by many 

workers  (Bradshaw, 1961; Lee e t  al . ,  1966; > f u l l e r  and Lee, 1969)  t h a t  

t h e  n i c h e s  o f  f o r a m i n i f e r a  a r e  s e p a r a t e d  by s m a l l  d i f f e r e n c e s  i n  t h e  

b i o t i c  r a t h e r  t h a n  t h e  p h y s i c a l  n i c h e .  Many s t u d e n t s  have r e p o r t e d  

t h a t  most s p e c i e s  o f  f o r a m i n i f e r a  s u r v i v e  and r e p r o d u c e  w i t h i n  wide 

r a n g e s  o f  t e m p e r a t u r e ,  s a l i n i t y ,  and pH (Arnold,  1964,1966;  Bradshaw, 

1957, 1961; Lee e t  a l . ,  1963,1970; F lu l l e r  and 'Lee,  1969; Murray, 

1963; Myers, 1937, 1943) .  Bradshaw (1957) r e p o r t e d  t h a t  Ammonia 

b e c c a r i &  perhaps  t h e  most  commonly s t u d i e d  and w i d e l y  d i s t r i b u t e d  

s p e c i e s ,  s u r v i v e s  t e m p e r a t u r e s  of  10-35 C and s a l i r ~ i t i e s  o f  7-67 %,. 
The 3  s p e c i e s  o f  f o r a m i n i f e r a  used i n  t h e  p r e s e n t  s t u d y  a l s o  s u r v i v e  

w i t h i n  s i m i l a r  r a n g e s  o f  t h e s e  a b i o t i c  f a c t o r s ,  no doub t  an  a d a p t a -  

t i o n  t o  t h e  l i t t o r a l  and s u b l i t t o r a l  h a b i t a t  i n  which t h e y  n a t u r a l l y  

occur .  T h i s  i s  n o t  meant t o  e x c l u d e  t h e  impomnce  of t h e  p h y s i c a l  

f a c t o r s .  They d e l i n e a t e  which o f  t h e  thousands  o f  t h e  s p e c i e s  o f  

f o r a m i n i f e r a  c a n  p o t e n t i a l l y  grow i n  t h e  marsh.  The b i o t i c  f a c t o r s ,  

i n c l u d i n g  a d a p t a t i o n  t o  t h e  random c o l o n i z a t i o n  and s u c c e s s i o n  

w i t h i n  p a t c h e s  , o f  food  o rgan i sms  o f  t h e  l i t t o r a l  community (Lee et 
al, 1972),  seem t o  more s t r o n g l y  i n f l u e n c e  n i c h e  d imens ions .  

U n l i k e  t h e  p h y s i c a l  f a c t o r s  which a r e  e a s i l y  e v a l u a t e d  by 

means o f  t h e i r  e f f e c t s  on g e n e r a t i o n  t ime  ( P h l e g e r ,  1960) o r  o n  

p o p u l a t i o n  growth (Arnold, 1954, 1964, 1966; Bradshaw, 1955, 1957, 

1961; Lee et &., 1961, 1963; Lee and P i e r c e ,  1963; M u l l e r  and Lee, 

1969) t h e  b i o t i c  f a c t o r s  must  b e  e v a l u a t e d  by more s o p h i s t i c a t e d  

p r o c e d u r e s .  A s  an  exampl-e, t h e  d a t a  from t r a c e r  f e e d i n g  e x p e r i m e n t s  

i n  t h e  p r e s e n t  s t u d y  had t o  b e  summarized i n  a  form which c o u l d  be  

m a t h e m a t i c a l l y  m a n i p u l a t e d .  The i n t e r s p e c i f i c  c o m p e t i t i o n  c o e f f i c i e n t  



was devised as a means for evaluating feeding competition. The co- 

efficient has potential for wider application. The calculation 

includes the rate of feeding by a single species as well as the 

effects of competiti-on from other species. Although we know very 

little of the feeding patterns of foraminifera it is likely that 

there are unknotm complexities similat to those found in other meio- 

fauna (Provasoli et al., 1959; Tietjen et al., 1970). The foramin- 

ifera which have been studied gnotobiotically grow better on mixed 

algal and bacterial diets than they do on more restricted diets 

(Lee and McEnery, 1970; Lee et al., 1966, 1969' a, 1970; Nuller and 

Lee, 1969; Pierce, 1965). Some bacteria. in the diet seems essential 

for the growth and reproduction of all of the species studied so far, 

The effect of peptone on the growth and survival of the 3 species of 

foraminifera used in the present study suggests still another dimension 

of niche and offers a possible explanation for the recent disappear- 

ance of these organisms from many coastal regions. All 3 species eat 

some bacteria but are inhibited by exposure to large numbers of 

bacteria or their growth products. go leei is primarily an algal 
feeder and was inhibited the most by growth in peptone enriched 

media. Both A. laticollaris and S.  hyalina eat considerable numbers 
of bacteria so it is understandable that the low concentrations of 

peptone which favor the growth of the bacteria which they eat would 

also enhance or at least not inhibit their growth. With an enrich- 

ment of 0.01 mg% peptone the growth and reproduction of A. 1aticoll.aris 

was 125% of growth obtained in unenriched media (Table 5). Repro- 

duction of - S. hyalina was slightly inhibited (90%) at the same con-. 

centration. Although not tested, it seems possible that at lower 

concentrations of peptone growth of 2. hyalina would also be 
enhanced. The equation makes provision for the inclusion of such 

subtleties and, in fact, its accuracy of expression is improved 

with their addition. 

iJith these considerations in mind, one can estimate the 

I 
niche width of specific species of foraminifera and compare these 

P 
estimates to those which could be gleaned from field studies alone 

(Bradshaw, 1368; Buzas, 1969; Lee et al., 1969 b; Matera and Lee, 

1972; Redfield, 1959). Although some observations from the Towd Point 



marsh a r e  ava i l -ab le ,  t h e  p h y s i c a l  f i e l d  d a t a  from t h e s e  s t u d i e s  i s  

n o t  a s  e x t e n s i v e  a s  would be d e s i r a b l e  f o r  n i c h e  w i d t h  e s t i m a t i o n s .  

For  example, t h e  w a t e r  t e m p e r a t u r e  a t  Towd P o i n t  v a r i e s  i n  t h e  

suimner from - 17-30 C (Lee e t  a l , ,  1969 b ;  Matera  and Lee, 1972) .  

S y s t e m a t i c  measurements a t  o t h e r  s e a s o n s  have n o t  been made b u t  

t h e  w a t e r  t e m p e r a t u r e  g e n e r a l l y  d r o p s  1 0  C o r  l e s s  from l a t e  November 

t h r o u g h  March. I c e  u s u a l l y  forms on t h e  s u r f a c e  of t h e  marsh d u r i n g  

December, January ,  and February.. S a l i n i t y  v a r i e s  g r e a t l y  depending  

upon t h e  wea ther  and t i d a l  c y c l e .  The g e n e r a l  r ange  o f  s a l i n i t y  a t  

Towd P o i n t  i n  a  no lmal  summer i s  - 13-30 %,(Lee e t  a l e ,  1969 b; 

Matera  and Lee, 1972),  a l t h o u g h  t h e  s a l i n i t y  may exceed 50 %, i n  

i s o l a t e d  t i d e  p o o l s  on h o t  s1111n>7 days .  With t h e  same r e s e r v a t i o n s ,  

i t  seems f a i r  t o  assume t h a t  f o r  a n a l y t i c a l  purposes  t h e  data,  from 

o t h e r  comparable marshes ,  s h a l l o w  bays,  and r i v e r s  can  a l s o  be  used  

f o r  g e n e r a l  e x t r a p o l a t i o n  (Bradshaw, 1968; Buzas, 1969; R e d f i e l d ,  

1959) .  The d a i l y  dynamic r a n g e s  o f  e n v i r o n m e n t a l  v a r i a b l e s  a r e  con- 

s i d e r a b l e .  Bradshaw (1968) i n  h i s  s t u d y  o f  t h e  Miss ion  Bay, C a l i f o r n i a  

marsh, one which i s  r i c h  i n  f o r a m i n i f e r a n  fauna,  has  drawn a t t e n t i o n  

t o  t h e  d a i l y  and a n n u a l  s t r e s s e s  t o  which s a l t  marsh f o r a m i n i f e r a  a r e  

s u b j e c t e d .  The pH f l u c t u a t e d  from 6.8 a t  n i g h t  t o  8 . 5  d u r i n g  t h e  day. 

I n  t h i s  marsh t h e  pH was < 7.6 f o r  more t h a n  h a l f  t h e  day.  A t  pH 7.6 

o r  l e s s  CaCO t e n d s  t o  d i s s o l v e  so  t h a t  t h e  f o r a m i n i f e r a  must b e  
3  

expending c o n s i d e r a b l e  energy  t o  b u i l d  o r  m a i n t a i n  t h e i r  t e s t s .  

Temperature  ranged  a n n u a l l y  from 12.7 - 2 4 , l  C and s a l i n i t y  f rom 

25-50 %, i n  t h e  same marsh.  Buzas (1969) s t u d i e d  t h e  r e l a t i o n s h i p  

o f  e n v i r o n m e n t a l  v a r i a b l e s  t o  t h e  d i s t r i b u t i o n  o f  s e v e r a l  common 

l i t t o r a l  f o r a m i n i f e r a  i n  t h e  Choptank River ,  p a r t  of t h e  Chesapeake 

Bay e s t u a r i n e  system. For 1 s t a t i o n  t h a t  was l o c a t e d  i n  t h e  bay 

t e m p e r a t u r e s  ranged from a  minimum o f  1.02 C t o  a  maximum o f  26.2 C, 

s a l i n i t y  v a r i e d  from 12.02 - 16.52 %, , and oxygen l e v e l s  were a s  

low a s  4 .3  mg/ l  i n  June and J u l y  and a s  h i g h  a s  15.5  m g / l  i n  J a n u a r y .  

Values  f o r  pH changes  were n o t  t e s t e d .  The 3  s p e c i e s  o f  f o r a m i n i f e r a  

used i n  t h i s  s t u d y  were a b l e  t o  r e p r o d u c e  i.n t h e  l a b o r a t o r y  w i t h i n  

wider  r a n g e s  of t h e s e  a b i o t i c  f a c t o r s  t h a n  i n  any o f  t h e  p r e v i o u s l y  

d e s c r i b e d  e s t u a r i e s  (Figs .  2  and 3; Tab le  I.), Al'logromia l a t i c o l . l a r i s  



reproduced  a t  t e m p e r a t u r e s  o f  10-33 C, s a l i n i t i e s  of 19-45 %,, and 

a  wide pH range  (pH 5.0-9,5).  The o t h e r  2 s p e c i e s  t e s t e d  seemed t o  

have s i m i l a r  t o l e r a n c e s .  R. l e e i  r eproduced  a t  t e m p e r a t u r e s  a s  low 

a s  1 4  C and a s  h i g h  a s  32 C, and a t  s a l i n i t i e s  from 18-50 %, . X. 
l e e i  can  r e p r o d u c e  a t  pH 6.5 i n - s p i t e  of t h e  f a c t  t h a t  t h e y  must u s e  - 
energy  t o  m a i n t a i n  t h e i r  t e s t .  Reproduc t ion  o f  2, h y a l i n a  i s  most 

a f f e c t e d  by pH. The lower  l i m i t  o f  r e p r o d u c t i o n  i s  pH 6.0 and t h e  

u p p e r  l i i n i t  i s  pH 8.0. The t o l e r a n c e  of low pH s u g g e s t s  t h a t  i t  

c o u l d  r e p r o d u c e  i n  s e d i m e n t s  where pH can  b e  reduced by b a c t e r i a l  

a c t i v i t i e s .  Thus each s p e c i e s  of f o r a m i n i f e r a  t e s t e d  i n  t h e  p r e s e n t  

s t u d y  can  reproduce  w i t h i n  a  s u f f i c i e n t l y  wide range  o f  e a c h  a b i o t i c  

f a c t o r  s o  t h a t  t h e  o p p o r t u n i t y  f o r  r e p r o d u c t i o n  i s  a v a i l a b l e  d u r i n g  

much of  t h e  growing season .  

H i s t o r i c a l l y ,  d a t a  p e r t a i n i n g  t o  a b i o t i c  t o l e r a n c e s  o f  

f o r a m i n i f e r a  have been used t o  q u a l i t a t i v e l y  d e s c r i b e  t h e  eco logy  

of  t h e  organisms.  Bradshaw (1957, 1961) showed t h a t  u n f a v o r a b l e  

p h y s i c a l  c o n d i t i o n s  d e l a y  r e p r o d u c t i o n  i n  f o r a m i n i f e r a  b u t  growth 

c o n t i n u e s ,  Bradshaw (1957) concluded t h a t  when c o n d i t i o n s  were un- 

f a v o r a b l e  f o r  r e p r o d u c t i o n  o f  Ammonia b e c c a r i i  t h e  o rgan i sms  would 

c o n t i n u e  t o  grow, add ing  more chambers t h a n  t h o s e  which grew u n d e r  

more f a v o r a b l e  p h y s i c a l  c o n d i t i o n s .  N i c o l l  (1944) came t o  s i m i l a r  

c o n c l u s i o n s  f o r  Elphidiunl spp  and s t a t e d  t h a t  t e m p e r a t u r e  may be 

t h e  most i m p o r t a n t  e c o l o g i c a l  f a c t o r .  The ev idence  from Murray ' s  

(1963) exper iments  a r e  d e r i v e d  from b i o t i c ,  a s  w e l l  a s  a b i o t i c  

s t u d i e s .  He concluded t h a t  f o r a m i n i f e r a  r e p r o d u c e  f a s t e s t  when t h e  

p h y s i c a l  environment  i s  optimum, b u t  e x p l a i n e d  t h a t  a  s h o r t a g e  o f  

food and c a l c i u m  may l i m i t  t h e i r  s i z e  and r e p r o d u c t i o n .  The method 

d e v i s e d  i n  t h i s  s t u d y  p r o v i d e s  an  a l t e r n a t i v e  t o  t h e s e  q u a l i t a t i v e  

d i s c u s s i o n s  and t o  t h e  u n i d i m e n s i o n a l  f r e a t n e n t  o f f e r e d  i n  p r e v i o u s  

n i c h e  d e s c r i p t i o n s  (Gause, 1934; Gause and W i t t ,  1935; Levins ,  1968; 

PIaguire, 1967; McNaughton and Wolf, 1970; Whittalcer, 1960) by 

employing t h o s e  f a c t o r s ,  p h y s i c a l  and b i o l o g i c a l ,  which a r e  t h o u g h t  

t o  be most i m p o r t a n t  (Bradshaw, 1957, 1961; Lee e t  a l . ,  1963, 1966; 

M u l l e r  and Lee, 1969) and r e p r e s e n t i n g  them g r a p h i c a l l y .  The po ly-  

g o n a l  method makes i t  e a s y  t o  compare t h e  n i c h e s  of s p e c i e s ,  T h i s  



t y p e  o f  m u l t i d i m e n s i o n a l  a n a l y s i s  i s  c o n s i s t e n t  w i t h  t h e  Hutch inson ian  

(1958) c o n c e p t u a l i z a t i o n .  o f  n i c h e  t h e o r y .  The method o f  computa t ion  

i s  g e n e r a l i z e d  enough t o  be u s e f u l  i n  t h e  c h a r a c t e r i z a t i o n  o f  t h e  

n i c h e  o f  any s p e c i e s  a t  any t r o p h i c  l e v e l  because  t h e  r e p r e s e n t a t i o n  

p e r m i t s  t h e  s i m u l t a n e o u s  e v a l u a t i o n  o f  many n i c h e  f a c t o r s .  I n  t h i s  

r e s p e c t ,  t h e  p r o c e d u r e  goes  beyond t h e  s i n g l e  pa ramete r  mathemat ics  

s u g g e s t e d  by many (Levins,  1968; McNaughton and Wolf, 1970; Whi t t aker ,  

1960) .  A most r e c e n t  a t t e m p t  (Green, 1971) compares s e v e r a l  f a c t o r s  

b u t  u s e s  o n l y  2  of t h e s e  i n  any g i v e n  a n a l y s i s .  G r e e n ' s  model i s  

d i f f i c u l t  t o  u n d e r s t a n d  because  he  does  n o t  o f f e r  a  s i n g l e  g r a p h i c  

s u m a r y  o f  t h e  n i c h e s  o f  h i s  organisms,  a l t h o u g h  h i s  method p r o v i d e s  

u s  w i t h  c o n s i d e r a b l e  e c o l o g i c a l  d a t a .  I n  t h e  method p r e s e n t e d  h e r e ,  

t h e  p r imary  n i c h e  dinlensions f o r  each  e x p e r i m e n t a l  organism a r e  

p l o t t e d  s o  t h a t  a  mean ingfu l  p o l y g o n a l  g r a p h i c  r e p r e s e n t a t i o n  o f  t h e  

n i c h e  i s  formed. 

The r e l a t i o n s h i p s  between t h e  a r e a s  o f  t h e  n i c h e  polygons 

f o r  e a c h  f o r a m i n i f e r  used  i n  t h e  p r e s e n t  s t u d y  a r e  s i m i l a r  r e g a r d -  

l e s s  of whether  t h e  e c c e n t r i c  o r  c e n t r a l  model i s  used (Tab le  9 ) .  

I n  b o t h  sys tems  t h e  a r e a  o f  t h e  A. l a t i c o l l a r i s  polygon i s  a lmos t  a s  

l a r g e  a s  t h e  R. l e e i  polygon. For  example, u s i n g  t h e  c e n t r a l  model 

t h e  a r e a  o f  t h e  A. l a t i c o l l a r i s  polygon i s  32.48% t o t a l  t h e o r e t i c a l  

n i c h e  a r e a ,  w h i l e  t h e  a r e a  o f  t h e  g. l e e i  polygon i s  32.32% t o t a l  

n i c h e  a k e a ?  The a r e a s  o f  b o t h  polygons a r e  remarkab1.y s i m i l a r  t o  

t h a t  which v a s  e s t i m a t e d  f o r  t h e  cosmopol i t an  g e n e r a l i s t  Ammonia 

b e c c a r i i ,  (37.2% t o t a l  t h e o r e t i c a l  n i c h e  a r e a ) .  However, t h e  A. 
l a t i c o l l a r i s  polygon i s  n o t  a s  e v e n l y  d i s t r i b u t e d  about  t h e  n i c h e  

e p i c e n t e r  a s  a r e  t h o s e  o f  g. l e e i  and &, b e c c a r i i  (F igs .  3 1  and 3 1  a ) .  

The A. l a t i c o l l a r i s  polygon i s  skewed by h i g h  t o l e r a n c e s  t o  p h y s i c a l  

f a c t o r s  and a  r e l a t i v e l y  low c o m p e t i t i v e  a b i l i t y .  Reproduc t ion  i s  

i n h i b i t e d  by crowding (Fig.  25) and i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  

i n t e r s p e c i f i c  c o m p e t i t i o n  c o e f f i c i e n t  i s  l a r g e  (0.69),  s t u d i e s  show 

t h a t  p o p u l a t i o n s  o f  A. l a t i c o l l a r i s  d e c l i n e  i n  c o m p e t i t i o n  w i t h  

o t h e r  s p e c i e s  o f  f o r a m i n i - f e r a  (Fig .  2 8 ) .  S i n c e  \. 1 a t i c o l ' L a r i s  

grows b e s t  on m i x t u r e s  o f  foods ,  i n c l u d i n g , a l g a e  and b a c t e r i a  (Lee 

e t  a l , ,  2966; Lee and FlcEnery, 1.970; Pfull.er and Lee, 1969),  b u t  -- 



competes poorly, the organism would be at a disadvantage in a 

crowded complex epiphytic conrmunity. 

The regularity of the R. leei polygon reflects its competitive 

ability (Figs. 32 and 32 a). This species is relatively, unaffected 

by crowding (Fig. 26) and in competition with other species of foram- 

inifera feeding is sometimes enhanced (Table 8). This results in an 

increase in the reproduction of R. leej. and a decline in the numbers 

of competing species (Fig. 29). 

The conspicuous irregularities of the 2. hyalina polygon 
suggest that the organism has a very specialized niche and does not 

compete well, physically or biologically, with the other salt marsh 

foraminifera (Figs. 33 and 33 a). The irregularities are principally 

the result of the low interspecific competition coefficient (0.25) 

which was the lo~~est of all the species tested (Table 1). The inter- 

specific competition coefficient falls so far to the left of the niche 

epicenter that the niche polygon is divided into 2 sections. Thus, 

the 2. hyalina polygon has the smallest area (19.38% total theoret- 
cia1 niche area) of the species tested (Table 9 ) ,  Competition 

experiments provide additional evidence that 2. hyalina can not compete 
with other species of foraminifera. In the presence of other species 

of foraminifera reproduction is strongly inhibited, and in some cases, 

the populations of S, hyalina are completely replaced (Fig. 30). The 

growth and reproduction of 2. hyalina are probably dependent upon the 
very specialized conditions which might inhibit the growth of other 

species of foraminifera. The species is small (10-50 p) and it can 

live in and under debris and in the sediments where localized blooms 

have been observed by the author. The likelihood of abundant uni- 

cellular algae in such places is small since there is little light 

available. The nutritional requirements of 2. hyalina are different 
from the other species tested. Although small amounts of algae are 

eaten the species can be cultured synxenically with bacteria only 

(Muller and Lee, 1969), The inability of this species to compete for 

algal food wi-th the other 2 species tested is still another line of 

evidence suggesting trophic aspects of nicfie separation (Table 8). 



None o f  t h e  3  s p e c i e s  i s  dominant i n  t h e  f i e l d  (Lee e t  a l e ,  

1969 b ;  Matera and Lee, 1972). Smal l  numbers o f  &. l e e i  and 2. h y a l i n a  

were found d u r i n g  t h e  3 sunmer s e a s o n s  which were surveyed.  R. l e e i  

was approx imate ly  43 t i m e s  more abundant  t h a n  2. h y a l i n a ,  Blooms o f  

A. l a t i c o l l a r i s  were found f o l l o w i n g  a  p ro longed  d rought  s u g g e s t i n g  - 
t h a t  A. l a t i c o l l a r i s  i s  a  r a r e  s a f e t y  v a l v e  s p e c i e s  which c a n  m u l t i p l y  

r a p i d l y  and f i l l  t h e  n i c h e s  t h a t  a r e  v a c a t e d  by t h e  d e c l i n i n g  popula-  

t i o n s  o f  dominant forms. I n  t h e  Towd P o i n t  marsh t h e i r  r e p r o d u c t i o n  

i s  p r o b a b l y  i n h i b i t e d  by compet ing s p e c i e s  w h i l e  i n  g n o t o b i o t i c  l a b o r -  

a t o r y  c u l t u r e ,  t h e i r  l a r g e  b i o t i c  p o t e n t i a l  c a n  produce abundant  

p o p u l a t i o n s  i n  a  s h o r t  p e r i o d  o f  t i m e  (Fig ,  13) .  The r e s u l t s  o f  t h i s  

s t u d y  s u p p o r t  a v a i l a b l e  u n t e s t e d  hypotheses  c o n c e r n i n g  t h e  n i c h e s  o f  

t h e s e  3  s p e c i e s  o f  f o r a m i n i f e r a  (Lee e t  a l , ,  1969 b ;  Matera  and Lee, 

1972).  S i n c e  A, l a t i c o l l a r i s  h a s  broad p h y s i c a l  t o l e r a n c e s  i t s  l a r g e  

b i o t i c  p o t e n t i a l  was r e a l i z e d  when c o m p e t i t i o n  was minimized by 

env i ronmenta l  s t r e s s .  2. h y a l i n a  o c c u r s  w i t h  t h e  same f r e q u e n c y  a s  

A. l a t i c o l l a r i s  under  normal c o n d i t i o n s  b u t  i s  r a r e  a t  o t h e r  t i m e s  - -- 
t o o .  The p r e s e n t  s t u d y  s u g g e s t s  t h a t  2. h y a l i n a  i s  a l s o  a  r a r e  s a f e t y  

v a l v e  s p e c i e s ,  u n a b l e  t o  compete w i t h  o t h e r  f o r a m i n i f e r a ,  b u t  n o t  

i n h i b i t e d  b y  i t s  own d e n s e  p o p u l a t i o n s .  L a b o r a t o r y  d a t a  can  b e  used 

t o  i n t e r p r e t  f i e l d  o b s e r v a t i o n s  on R. l e e i .  A t  Towd P o i n t  5. l e e i  

o c c u r s  i n  modera te  numbers. T h i s  s p e c i e s  h a s  t h e  h i g h e s t  i n t e r s p e c i f i c  
/ 

c o m p e t i t i o n  c o e f f i c i e n t  o f  t h e  3  s p e c i e s  o f  f o r a m i n i f e r a  t e s t e d ,  and 

i s  n o t  i n h i b i t e d  by crowding. It h a s  a  s m a l l  b i o t i c  p o t e n t i a l  (F ig ,  

14)  because  o f  s l o w  growth.  Because o f  t h i s  l a r g e  blooms of  t h i s  

s p e c i e s  p r o b a b l y  do n o t  o c c u r  i n  t h e  f i e l d .  F i e l d  and l a b o r a t o r y  

d a t a  on Ammonia b e c c a r i i  a r e  comparable.  It i s  t h e  most w i d e l y  d i s -  

t r i b u t e d  o f  a l l  o f  t h e  s p e c i e s  s t u d i e d .  It  h a s  been observed  a s  a 

l i t t o r a l  and s u b l i t t o r a l  s p e c i e s  i n  t h e  t e m p e r a t e  zones  througl lout  

t h e  world (Ph leger ,  1960) though i t  h a s  been  s u s p e c t e d  t h a t  phys io -  

l o g i c a l  r a c e s  o f  t h i s  s p e c i e s  may o c c u r  (Bradshaw, 1357; Brooks, 1967; 

Buzas, 1969; H a t e r a  and Lee, 1972) t h e  s p e c i e s ,  i n  g e n e r a l ,  i s  

t o l e r a n t  o f  a  wide r a n g e  o f  a b i o t i c  v a r i a b l e s .  Using ~ r a d s h a w ' s  

(1957) d a t a  on p h y s i c a l  p a r a m e t e r s  and t h e  p r e s e n t  d a t a  on t r o p h i - c  

dynamics (Fig ,  34) t h e  n i c h e  w i d t h  o f  t h i s  s p e c i e s  can a l s o  be 



e s t i m a t e d  (F igs .  35 and 35 a ) .  It h a s  t h e  l a r g e s t  n i c h e  o f  any o f  

t h e  f o r a m i n i f e r a  t e s t e d  and p r o v i d e s  s u b s t a n t i a t i n g  e v i d e n c e  f o r  

t h e  v a l i d i t y  o f  t h e  polygon sys tem f o r  n i c h e  w i d t h  d e t e r m i n a t i o n .  

The p r e s e n t  s t u d y  h a s  obv ious  l i m i t a t i o n s .  NO a t t e m p t  was 

made t o  s t u d y  t h e  i n t e r a c t i o n  of t h e  i n d i v i d u a l  s p e c i e s  of fo ramin-  

i f e r a  w i t h  a  l a r g e  v a r i e t y  o f  f o r a m i n i f e r a  o r  s . ~ i t h  o t h e r  o rgan i sms  

on t h e  same t r o p h i c  l e v e l  such  a s  amoeba, c i l i a t e s ,  r o t i f e r s ,  o r  

nematodes. I f  t h i s  i s  done t h e  ~ h a r a c t e r i z a t i o n  o f - t h e  Hutchinson-  

i a n  n i c h e  w i l l  be even more p r e c i s e  and i t  shou ld  be p o s s i b l e  t o  

i n t e r p r e t  n a t u r a l  phenomena more c l o s e l y  and d e s i g n  p r e d i c t i v e  

l a b o r a t o r y  exper iments .  One c a n  e n v i s i o n  t h e  day, i n  t h e  n o t  t o o  

d i s t a n t  f u t u r e ,  when t h e  rl iche p a r a m e t e r s  o f  organi-sms may be  s o  

p r e c i s e l y  u n d e r s t o o d  and measured t h a t  s e v e r a l  dozen d imens ions  w i l l  

be  used i n  n i c h e  a n a l y s i s ,  R o t a t i n g  t h e  polygon 360 d e g r e e s  w i l l  

p r o v i d e  t h e  f l e x i b i l i t y  and s p a c e  f o r  m a n i p u l a t i n g  20 o r  30 dirnen- 

s i o n s  i n  an  a n a l y s i s  o f  n i c h e  wid th ,  
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TABLE 1 

Summary of niche parameters 

Allogromia Rosalina 

reproductive reproductive 
range optimum . . range , optimum 

Spiroloculina 

reproductive 
range optimum 

Salinity (%J 19-45 3 2 18-50 34 12 -45 2 6 

Feeding rate 
(# cells/f /day) 10-lo7 50x10~ 5x10~-107 -5x106 5x102-107 -5x1~ 

6 

Inocu lum size 
(before crowding) 1-75 38 25-150 87.5 25-150 87.5 

Intra,specific 
Competition 0-0.69 0.345 0-0.74 '0.370 0-0.25 0.120 
Coefficient ' 



-- - - * 
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TABLE 2 

The e f f e c t  of temperature on t h e  growth of  axenic  food c e l l s  

Algal  
S t r a i n  # 

'. 

I 
I Bac te r i a  

S t r a i n  $1 

Maximum 
Growth 

(100%) 



TABLE 3 ' . 

The effect of salinity on the growth of axenic food cells 

Algal ' . Maximum Salinity f&l and % Maximum Growth 
Strain ,.# growth 

. (100%) 0 10' 20 30 40 50 60 ' 70 

Bacteria 
Strain $! 



TABLE 4 

The effect of pH on the growth of food cells 

,,. . , .  . . 

Algal 
Strain # . 

\ 
I 

Bacteria 
Strain ,!I 

Maximum 
growth 
(100%) 

3 x 10 7  

3 x 10 6  

3 x 10 6  

3 x 10 6  

3 x 10 6  

3 x 10 6  

3 x 10 6  

6 x 10 6  

2 x 10 5 

5 2 x 1 0  - 

pH and 

2 3 4 

0 1 - 2 

0 1 9 0 

0 1 9 0 

0 1 9 0 

0 1 90 

0 1 90 

0 1 90 

0 <1 3 

0 <1 40 

0 <1 40 

% Maximum Growth 

5 6 7 8  

33 100 100 100 

100 100 100 100 

100 100 100 100 

100 100 100 100 

100 100 100 100 

100 100 100 100 

100 100 100 100 

13 33 83 95 

100 100 100 100 

100 100 100 100 



TABLE 5 

The e f f e c t  of o rgan ic s  on t h e  growth of fo ramin i f e ra  

mg Peptone % of c o n t r o l  

A. l a t i c o l l a r i s  R. l e e i  S. h y a l i n a  

c o n ' r o l  

8.01 

0.02 

0.03 



TABLE 6 

The. e f f e c t  of o rgan ic s  on t h e  growth of axenic  food organisms* 

Algal . Maximum % peptone (w/v) 
S t r a i n  !/ Growth 

: (100%) 1 x 1 0 - ~  1 1 1 

I 

I 
I 

4 1 7 x 10 
6 1 

3 8 7 x lo6  1 
I 

I Pb- 13 9 x 10 
6 10 

B1-27 9 x 110 
6 10 

8 9 x 10 
6 10 

3 9 9 x 10 
6 10 

5 9 x 10 
6 10 

RF-8 - 8 x 10 
5 7 0 

Pb-6 8 x lo5 7 0 

Bact erj-a 
S t r a i n  !/ 

* X Maximum growth 



TABLE 7 , . 

I The feeding  r a t e  of t h r e e  s p e c i e s  o f  fo ramin i f e ra  
on s e l e c t e d  s p e c i e s  of b a c t e r i a  ( 1  x 10 '~  mg) 

B a c t e r i a  A. l a t i c o l l a r i s  R. l e e i  S. hya l i n a  



i , .* - 
Table 8 

b 

The e f f e c t  of i n t e r s p e c i f i c  competi t ion on t h e  feeding  of t h r e e  s p e c i e s  of foramini fe ra  

Rosalina l e e i  Sp i ro locu l ina  hya l ina  Allogromia l a t i c o l l a r i s  

m 
\ .d 

c 3 t J  
.d C rc 

0 rc 
rc 0 
O U U  
k .d .r( 

. - 
0 

d .d 
0 m  

rc .d C 
0 v- '  0 U .d 
l-l -7. ,-I W -4 d 
U U a J  u u m  

. . . -  7 
6 A o 

rc .TI 0 d .d 
O U U  0 u 

Algae 

RF-8 

39. 

5 

41 

9  

Bac te r i a  



TABLE 9 

The c a l c u l a t i o n  of niche width using the  
e c c e n t r i c  and c e n t r a l  model graphic 

Foram Eccentr ic  model. Centra l  model 
species  OA/TA = N,.W.* Niche width (%) OA/TA = N.W. Niche width(%) 

A. l a t i c o l l a r i s  21.16150.24 42.16 16132150.24 32.48 

R. l e e i  20.34150.24 40.48 16.24150.24 32.32 

S. hyalina 13.41150.24 26.69 9.74150.24 19.38 

A. b e c c a r i i  22.13150.24 44.05 18.69150.24 37.20 

OA = observed area  
TA = t o t a l  t h e o r e t i c a l  niche area  
NW niche width 



I ' .  Table 1.0 

Species of algae used in feeding experiments 

Name 

Diatoms 

Amphora sp 

.Amphora sp 

'Amphora sp 

Amphora ovalis var. affinis 

Nitzschia acicularis 

Nitzschia rhombica 

Nitzschia apiculata 

Nitzschia sp (f) new species 

Strain number 

Cylindrotheca closterium 9, B1-35 

Cylindrotheca fusiformis B1-27 
I 

i Phaeodactylum tricornutum 39 

' Chlorophytes 
I 

Dunaliella parva 14, 96 

Dunaliella salina 13 

Dunaliella quartolecta 5 0 

Nannochloris sp 41 

Chlorococcum sp 38 

Chlamydomonas subehrenbergii 93 



p = center of the cirle 

o = intersection of parameter lines 
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F i g u r e  1 a  Six-di- inension model o f  a  p o t e n t i a l  n i c h e  



TEMP (OC) 



F i g u r e  2 ' 

. . .  
The e f f e c t  o f  t e m p e r a t u r e  on t h e  r e p r o d u c t i o n  o f  3 
s p e c i e s  o f  f o r a m i n i f e r a  

1 S p i r o l o c u l i n a  h y a l i n a  

2 Al logromia  l a t i - c o l l a r i s  

3 R o s a l i n a  l e e i  





. . 

F i g u r e  3 . .  

. .  J 

The e f f e c t  of  s a l i n j t y  on t h e  r e p r o d u c t i o n  o f  3 
s p e c i e s  o f  f o r a m i n i f e r a  

Al logromia  l a t i c o l l a r i s  

3 R o s a l i n a  l e e i  





F i g u r e  4 





F i g u r e  5 Oxygen consump'tion o f  3 - s p e c i e s  o f  f o r a m i n i f e r a  a s  
a f u n c t i o n  o f  t e m p e r a t u r e  

1 S p i r o l o c u l i n a  h y a l i n a  

2 Al logromia  l a t i c o l l a r &  
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Figure 6 

Curve 

The effect of temperature and p H  on the reproduction 
of Rosalina leei. 

K d-1 
Temperature (OC) j f d p H =  %Lj flrfl d p H  

L P  





Figure-.. 7 

Curve 

The effect of pH and salinity on the reproduction 
of Allogromia laticollaris. 





F i g u r e  8 '  

Curve 

The e f f e c t  o f  t e m p e r a t u r e  and s a l i n i t y  on t h e  r e p r o -  
d u c t i o n  o f  Allogrornia l a t i c o l l a r i s .  



SAL l N ITY (Oleo) 



Figure 9 

Curve 

The effect of temperature and p H  on the reproduction 
of Allogromia 1atjcollari.s. 

Temperature ( O C )  J f d p H  = %,.J f d p H  L P cl+l 





F i g u r e  1 0  

Curve 

The e f f e c t  o f  pH and s a l i n i t y  on t h e  r e p r o d u c t i o n  
o f  S p i r o l o c u l i n a  h y a l i n a .  





Figure 1% 

Curve 

The effect of temperature and salinity on the 
reproduction of Spiroloculina hyalina. 

n u 
Temperature (OC) L 



SAL l N l TY ('loo) 



Figure 12 The effect of temperature and pH on the reproduction 
of Spiroloculina hyalina. 
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n U 4 
Curve Temperature LJ fp d pH = %LJ f d pH 
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Figure 13 The intrinsic rate of increase of Allogromia 
laticollaris populations in synxenic laboratory 
culture. 

- 
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Figure 14 The intrinsic rate of increase of Rosalina leei 
populations in synxenic laboratory culture. 





F i g u r e  15  The i n t r i n s i c  r a t e  o f  i n c r e a s e  o f  S p i r o l o c u l i n a  
h y a l i n a  p o p u l a t i o n s  i n  s y n x e n i c  l a b o r a t o r y  
c u l t u r e .  





Feeding r a t e  o f  Allogromia l a t i c o l l a r i s  on s e l e c t e d  
s p e c i e s  of  a lgae  and b a c t e r i a .  



FOOD 



F i g u r e  17  Feed ing  r a t e  o f  R o s a i i n a  l e e i  on s e l e c t e d  s p e c i e s  o f  
a l g a e  and b a c t e r i a .  



FOOD 



Figure  18 Feeding r a t e  of S p i r o l o c u l i n a  hya l ina  on s e l e c t e d  
s p e c i e s  of a lgae  and b a c t e r i a .  
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Figure . 19 . .  

Cur v e number 

The effect of intraspecific competition on feeding of 
Allogromia laticollaris on Nitzschia acicularis and 
Phaeodactylum tricornutum. 

inoculum size of Allogromia 

1 

10 



2 3 4 5 6 
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Curve number 

The effect of intraspecific competition on feeding of 
Rosalina leei on Amphora sp and Phaeodactylum tricornutum. 

Inoculum size of Rosalina 

5 0 

5 

with Nannochloris sp as food organism 

5 



2 3 4 5 6 

LOG ORGANISMS FED 
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Figure " 2  1 

Curve number 

1 . . ,  

, . 

2 

The effect of intraspecific competition on feeding of 
Spiroloculina hyalina on Amphora sp and Phaeodactylum 
tricornutum. 

Inoculum size of Spiroloculina 

10 

100 

with Nannochloris sp as food organism 



LOG ORGANISMS FED 



Curve number 

The feeding rate of Allogromia laticollaris on 
bacteria. 

Bacterial strain 

A5-703 

Dl-701 

D2-7, A5-6, D5-702, D2-703, A3-111 
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Figure  23  

Curve number 

The feeding  r a t e  of Rosal ina l e e i  on b a c t e r i a .  

B a c t e r i a l  s t r a i n  



LOG ORGANISMS FED 



Figure  24 The feeding  r a t e  of  S p i r o l o c u l i n a  hya l ina  on b a c t e r i a .  

Curve number B a c t e r i a l  s t r a i n  



LOG ORGAN ISMS FED 
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Figure 25 The effect of crowding on the reproduction of 
Allogromia laticollaris. Incubation time = 
100 days. 
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F'gure 26 The effect of crowding on the reproduction of 
Rosalina leei.. Incubation time = 100 days. 
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Figure 27 The effect of crowding on the reproduction of 
Spiroloculina hyalina. Incubation time = 100 days. 
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Figure 28 

Curve number 

The effect of interspecific competition on the repro- 
duction of Allogromia laticollaris. 
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Allograia Rosalina Spiroloculina 
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Figure 29 The effect of interspecific competition on the 
reproduction of Rosalina leei. 

Curve number Allogromia Rosalina 

1 20 
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Figure 30 The effect of interspecific competition on the 
reproduction of Spiroloculina hyalina. 
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Figure 31 Six-dimension eccentric model of the niche of 
Allogromia laticollaris. 

Figure 31 a Six-dimension centric model of the niche of 
Allogromia laticollaris. 







Figure 32 Six-dimension eccentric model of the niche of 
Rosalina leei. 

Figure 32 a Six-dimension centric model of the niche of 
Rosalina leei. 







Figure.,. 33 

Figure 33 a 

Six-dimension eccentric model of the niche of 
Spiroloculina hyalina. 

six-dimension centric model of the niche of 
Spiroloculina hyalina. 







F i g u r e  .-34 The f eed ing  r a t e  of  k o n i a  b e c c a r i i  on s e l e c t e d  
s p e c i e s  of a lgae.  





Figure 35 Six-dimension eccentric model of.the niche of 
Ammonia beccarii. 

Figure 35 a Six-dimension centric model of the niche of 
Ammonia beccarii. 

B = ~radshaw's (1957) data 

W = Observed data 

N = No data available 
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