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S u m m a r y

1. In o rd er to  p red ic t the  spa tia l d is tribu tion  o f ‘ideal’ an d  ‘free’ p red a to rs , one needs 
to  know  how  food  in tak e  ra te  o f  an  individual p red a to r  is re la ted  to  characteristics 
o f  the po p u la tio n  o f  the p rey  as well as the p red a to rs  them selves.
2. S urprisingly , a system atic  theore tical investigation  o f m ode ls fo r the basic case, 
w here b o th  prey an d  p re d a to rs  are best characterized  by th e ir  ‘s tan d in g  s to ck ’ density , 
is lacking. In  these m odels in take  ra te  is supposed  to  decrease w ith  increasing  p red a to r 
density  as a  result o f  in terference am ong  p reda to rs , in stead  o f  im m edia te  consum ption  
o f the prey.
3. T h is p ap e r com pares the  various ways applied  so fa r o f  in c o rp o ra tin g  interference 
in  H o lling ’s functional response m odel. It is show n th a t  the  different m odels o f 
in terference result in qualita tive ly  different p red ic tions fo r ‘ideal’ a n d  ‘free’ p red a to rs  
on: (i) the  form  o f  the  aggregative response; (ii) the tra jec to ry  o f  the aggregative 
response as prey is dep leted ; and  (iii) the change in the aggregative  response follow ing 
an  influx o f  p reda to rs . T h is sheds d o u b t on the general relevance o f  any one o f  these 
m odels, p articu la rly  if the m athem atica l fo rm u lation  o f in te rference is p h en o m en o 
logical an d  m erely based  o n  conven tion , instead o f  being derived  from  the underly ing 
m echanism  o f in te rac tio n s betw een p redato rs .
4. O ur results underline  the  need fo r detailed  know ledge a b o u t the com p o n en ts  o f  the 
p red a tio n  process in o rd er to  arrive a t pred ic tions fo r a specific case.

Key-words: aggregative response, functional response, ideal free d is trib u tio n , n u m eri
cal response, oystercatcher.
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I n t r o d u c t io n

O n e  o f  th e  fu n d a m e n ta l  p ro b le m s  in  e c o lo g y  is to  

u n d e r s ta n d  th e  w a y  in  w h ic h  a n im a ls  d is t r ib u te  th e m 

se lves o v e r  d if fe re n t  h a b i ta ts .  T h e  n o t io n  th a t  a n im a l 

d is t r ib u t io n  m ig h t b e s t be u n d e r s to o d  b y  re c o g n iz in g  

t h a t  e a c h  a n im a l  w ill b e h a v e  so  a s  to  m a x im iz e  its  

f itn e ss  w as a  m a jo r  b r e a k th ro u g h . E m b ro id e r in g  on  

th e  b u ffe r  h y p o th e s is  o f  K lu y v e r  &  T in b e rg e n  (1953), 

F re tw e ll  &  L u c a s  (19 7 0 ) g av e  c o n c re te  fo rm  to  th is  

id e a  b y  s im p lify in g  th e  p ro b le m  to ,  w h a t  w a s  h o p e d , 

its  b a r e  e s se n tia ls . T h e y  a s s u m e d  th a t  a n im a ls  a re  

■ideal’, w h ic h  m e a n s  th a t  e a c h  in d iv id u a l  a n im a l  is 

a b le  to  c h o o s e  th e  h a b i ta t  th a t  m a x im iz e s  its  f itn e ss 

r e w a rd s , a n d  ‘f re e ’, w h ic h  m e a n s  th a t  th e r e  a re  no  

c o s ts  a s s o c ia te d  w ith  m o v in g  b e tw e e n  a n d  e n te r in g  

h a b i ta ts .  A d d it io n a l ly , a n im a ls  w e re  a s s u m e d  to  b e  a ll

* C orrespondence au thor.

a lik e . T h is  se t o f  a s s u m p t io n s  is n o t  su ff ic ien t to  s p e c 

ify  h o w  a  g ro u p  o f  a n im a ls  w ill d is t r ib u te  th em se lv e s  

a m o n g  a  se t o f  h a b i ta t s .  O n e  s h o u ld  k n o w  h o w  th e  

re w a rd s  fo r  e a c h  in d iv id u a l  d e p e n d  o n  th e  re le v a n t 

c h a ra c te r is t ic s  o f  th e  h a b i ta t  a n d  o n  th e  n u m b e r  o f  

a n im a ls  p re se n t in  th e  h a b i ta t .  S tr ic t ly  sp e a k in g , in  

o r d e r  to  p re d ic t  th e  ‘id e a l  free  d i s t r ib u t io n ’, w h e n  

d e f in e d  a s  th e  f re q u e n c y  d is t r ib u t io n  o f  h a b i ta ts  in 

te rm s  o f  th e  n u m b e r  o f  a n im a ls  e a c h  h a b i ta t  c o n ta in s , 

o n e  m u s t  a lso  k n o w  th e  f re q u e n c y  d is t r ib u t io n  o f  

h a b i ta ts  in  te rm s o f  th e ir  c h a r a c te r is t ic s  as w ell a s  th e  

to ta l  n u m b e r  o f  a n im a ls  in  th e  sy s te m .

F re tw e ll  &  L u c a s  (19 7 0 ) d e s c r ib e d  th e  fitness 

re w a rd s  (a s  w ell a s  th e  d e p e n d e n c e  o f  th e  re w a rd s  o n  

c o m p e t i to r  d e n s ity , see  la te r )  o n ly  in  g e n e ra l te rm s  

(O k sa n e n , O k s a n e n  &  F re tw e ll  1992). In  c o n t r a s t ,  

s tu d e n ts  o f  the d i s t r ib u t io n  o f  fo ra g in g  a n im a ls  in  a 

p a tc h y  e n v iro n m e n t  in te rp re te d  th e  f itn e ss  re w a rd s  in 

te rm s  o f  a  s h o r t - te rm  g o a l ,  m o s t  o f te n  th e  r a te  o f  fo o d
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in ta k e  (K a c e ln ik , K r e b s  &  B e rn s te in  1992). A s  th e  

p r im a ry  a im  o f  th e  p r e s e n t  a r t ic le  is to  c o m p a re  v a r i 

o u s  m o d e ls  t h a t  h a v e  b e e n  p r o p o s e d  fo r  th e  d is 

t r ib u t io n  o f  fo ra g in g  p r e d a to r s ,  w e  n e c e ssa rily  fo llo w  

th e  a s s u m p tio n  t h a t  m a x im iz in g  in ta k e  r a te  w ill m a x 

im ize  fitness.
T w o  ty p e s  o f  m o d e ls  c a n  b e  d is t in g u is h e d , d e p e n d 

in g  o n  w h e th e r  th e  m a x im a l r a te  o f  f o o d  in ta k e  is se t 

by  th e  r a te  a t  w h ic h  p re y  is p u t  in to  th e  sy s tem  o r  by  

th e  s ta n d in g  s to c k  o f  p re y . In  th e  f irs t  c a se , n ew  fo o d  

is im m e d ia te ly  c o n s u m e d  a n d  s ta n d in g  s to c k s  a re  

e ffec tive ly  z e ro . In  th e s e  m o d e ls  p a tc h e s  v a ry  in  te rm s  

o f  th e  r a te  a t  w h ic h  fo o d  is o ffe re d  a n d  th is  in p u t  ra te  

h a s  th e  d im e n s io n  ‘s o m e th in g  p e r  u n i t  t im e ’. F o r  th is  

r e a so n  th e se  m o d e ls  a re  g e n e ra lly  r e fe r re d  to  a s  ‘c o n 
t in u o u s  in p u t ’ m o d e ls , b u t  w e  th in k  th a t  ‘im m e d ia te  

c o n s u m p tio n ’ w o u ld  b e  a  b e t te r  la b e l, s in c e  th e  a l te r 

n a tiv e  ‘s ta n d in g  s to c k ’ m o d e ls  m a y  a lso  h a v e  a  c o n 

t in u o u s  in p u t  o f  p re y  (L esse lls  1995). W h e n  in d i

v id u a ls  d o  n o t  d if fe r , th e  fo o d  in ta k e  r a te  fo r  e a c h  

in d iv id u a l is  a s s u m e d  to  b e  e q u a l  to  th e  in p u t  r a te  

d iv id e d  b y  th e  n u m b e r  o f  fo ra g e rs  in  th e  p a tc h . A s a 

re su lt ,  ‘id e a l’ a n d  ‘f re e ’ a n im a ls  w ill p a r t i t io n  th e ir  

n u m b e rs  s u c h  th a t  th e  n u m b e r  in  e a c h  p a tc h  is p r o 

p o r t io n a l  to  th e  in p u t  r a te  o f  th e  p a tc h .  T h is  is k n o w n  

a s  P a r k e r ’s (19 7 8 ) ‘in p u t  m a tc h in g  ru le ’. T h e  im m e d i

a te  c o n s u m p tio n  m o d e ls , e sp e c ia lly  th o s e  d e a lin g  w ith  

u n e q u a l  c o m p e t i to r s  (S u th e r la n d  &  P a r k e r  1985; 

P a r k e r  &  S u th e r la n d  1986), h a v e  in sp ire d  m a n y  e x p e r 

im e n ta l  te s ts  ( H a r p e r  1982; A b r a h a m s  1989; M ilin sk i 

e t  al. 1995). Y e t ,  e x a m p le s  o f  im m e d ia te  c o n s u m p tio n  

th a t  a c tu a l ly  a p p ly  to  th e  fie ld  a r e  e x tre m e ly  ra re . 

T h e y  in c lu d e  th e  s tu d y  o f  P a r k e r  (1 9 7 0 ) o n  m a le  d u n g  

flies, S c a to p h a g a  s te rc o ra r ia , c o m p e t in g  to  ‘c o n s u m e ’ 

(m a te  w ith )  a r r iv in g  fe m a le s  a n d  th e  su g g e s tio n  o f  

M ilin sk i (1 9 7 9 ) o n  s t r e a m -d w e ll in g  fish  c o m p e tin g  fo r  

p re y  d r i f t in g  b y . I n  f a c t ,  th e re  c a n  b e  li t t le  d o u b t  th a t  

s ta n d in g  s to c k s  a r e  n o t  z e ro  in  th e  v a s t  m a jo r ity  o f  

d is t r ib u t io n s  o f  fo ra g in g  a n im a ls  in  th e  w ild , i f  o n ly  

b e c a u s e  th e  p re y  n e e d  a  n o n z e ro  p o p u la t io n  size to  

r e p ro d u c e  a n d  su rv iv e .

T h is  le a d s  to  th e  s e c o n d  c a se , w h e re  fo o d  a v a i l 

a b il i ty  c a n  b e  c h a ra c te r iz e d  by th e  d e n s ity  o f  th e  s t a n d 

in g  c ro p  in  a  p a tc h ,  w i th o u t  t im e  in  th e  d im e n s io n  

(L esse lls  1995), a n d  w h e re  o n e  n e e d s  to  k n o w  h o w  

fo o d  in ta k e  r a te  is r e la te d  to  s ta n d in g  c ro p  (p re y  d e n 

s ity )  a n d  to  th e  d e n s ity  o f  fo ra g e rs . A n  ‘id e a l’ a n d  

‘f re e ’ d is t r ib u t io n  s o  p re d ic te d  o n ly  a p p lie s  to  a  s in g le  

in s ta n t  in  t im e . I f  c o n s u m e d  p re y  ite m s  a re  n o t  

re p la c e d  im m e d ia te ly , d e n s itie s  w ill d e c re a s e , a n d  th e  

fo ra g e rs  w ill r e d is t r ib u te  th e m se lv e s  in  re s p o n s e  to  th e  

n e w  p re y  d is t r ib u t io n .  M o d e ls  d e a l in g  w ith  th is  ty p e  

o f  d is t r ib u t io n  a re  g e n e ra l ly  r e fe r re d  to  a s  in te r fe re n c e  

m o d e ls , b e c a u s e  it  is  o f te n  a s s u m e d  t h a t  th e  p r e d a to r s  

su ffe r  f ro m  m u tu a l  in te r fe re n c e , w h ic h  in s tu d ie s  o n  

w a d e rs  is d e f in e d  a s  th e  m o re  o r  less im m e d ia te ly  

r e v e rs ib le  n e g a tiv e  e ffe c t o n  in ta k e  r a te  o f  h ig h  p r e d 

a to r  d e n s itie s  (G o s s -C u s ta r d  1980). H o w e v e r , w e p r e 

f e r  th e  te rm  ‘s ta n d in g  s to c k ’ m o d e ls  to  e m p h a s iz e  th a t

th e  r a te  o f  f o o d  in ta k e  d e p e n d s  o n  th e  s ta n d in g  s to c k  

o f  p re y , n o t  o n  th e  in p u t  r a te .  I n  th e se  m o d e ls  in te r 

fe re n c e  m a y  o r  m a y  n o t  o c c u r  (L esse lls  1995). In  th e  

a b s e n c e  o f  in te r fe r e n c e , f o o d  in ta k e  r a te  c a n  b e  m o d 

e lled  a s  a  f u n c t io n  o f  p re y  d e n s ity  o n ly , b y  m e a n s  o f  

th e  H o l l in g ’s  d isc  e q u a t io n  (H o ll in g  1959). I n  su ch  

c a se s  ‘id e a l’ a n d  ‘f re e ’ a n im a ls  w ill a ll a g g re g a te  in  th e  

p a tc h  w ith  t h e  h ig h e s t p re y  d e n s ity , w h e re  th e  a n im a ls  

o b ta in  th e  h ig h e s t  in ta k e  r a te  th e y  c a n  a c h ie v e  (R o y -  

a m a  1970; C o m in s  &  H a sse ll  1979). S u c h  s tro n g  

a g g re g a t io n  is, o f  c o u rse , r a th e r  u n lik e ly . I n  m a n y  

c a s e s  th e  p r e d a to r s  w ill m u tu a l ly  in te r fe re  w ith  each  

o th e r ,  so  t h a t  in ta k e  r a te  d e c re a se s  w ith  in c re a s in g  

p r e d a to r  d e n s itie s . A s  a  c o n s e q u e n c e  so m e  p re d a to rs  

w ill m o v e  t o  a re a s  w ith  lo w e r  p re y  d e n s ity  sin ce  th is  

w ill in c re a s e  th e ir  in ta k e  r a te .  T o  m o d e l th is  s i tu a t io n , 

in te r fe re n c e  m u s t  b e  in c o r p o ra te d  in to  th e  d isc  e q u a 

t io n .  T w o  a p p r o a c h e s  h a v e  b e e n  ta k e n .  T h e  firs t 

a p p r o a c h  a p p lie s  s im p le  b e h a v io u ra l  m o d e ls  o f  th e  

p r e d a t io n  p ro c e s s  a s su m in g  a  h o m o g e n e o u s  e n v iro n 

m e n t in  e a c h  p a tc h  (B e d d in g to n  1975; R u x to n ,  G u e r -  

n ey  &  D e  R o o s  1992); f o r  e x a m p le , th e  p r e d a to r  p o p u 

la t io n  m a y  b e  d iv id e d  in to  th r e e  m u tu a l ly  exclu s iv e  

s ta te s : s e a rc h in g  in d iv id u a ls ,  p re y  h a n d l in g  in d i

v id u a ls ,  a n d  in d iv id u a ls  t h a t  a re  in v o lv e d  in  e n c o u n 

te rs  w ith  c o n sp e c ific s . G iv e n  th e  t r a n s i t io n  ru le s  

b e tw e e n  th e  s ta te s ,  th e  fu n c t io n a l  re sp o n s e  fo llo w s 

f ro m  th e  s te a d y -s ta te  s o lu t io n  o f  th e  a c c o m p a n y in g  

d if fe re n tia l e q u a t io n s  (R u x to n  e t al. 1992). N o te  th a t  

th e  te rm  fu n c t io n a l  re s p o n s e  is u se d  in  a  g e n e ra l  m e a n 

in g  a n d  g ives th e  in ta k e  r a te  o f  a  s in g le  p r e d a to r  p e r  

u n i t  fo ra g in g  tim e  a s  a  fu n c t io n  o f  b o th  p re y  d en s ity  

a n d  p r e d a to r  d e n s ity . T h e  s e c o n d  a p p r o a c h  u ses so m e  

e m p ir ic a l  r e la t io n s h ip  b e tw e e n  s e a rc h in g  ra te  (H asse ll 

&  V a rle y  1969) o r  in ta k e  r a te  (Z w a r ts  &  D r e n t  1981; 

S u th e r la n d  &  K o e n e  1982; E n s  &  G o s s -C u s ta rd  1984; 

G o s s -C u s ta rd  &  D u re il  1987) a n d  p r e d a to r  d e n s ity  to  

m o d e l th e  e ffec t o f  in te r fe re n c e . T h e se  tw o  a p p ro a c h e s  

m ig h t  b e  c a lle d  ‘m e c h a n is t ic ’ a n d  ‘p h e n o m e n o lo g ic a l’, 
re sp ec tiv e ly .

I f  th e  fu n c tio n a l  re sp o n s e  e q u a t io n  is k n o w n , th e n  

o n e  c a n  su b s e q u e n tly  d e r iv e  in  w h a t  w a y  ‘id e a l’ an d  

‘f re e ’ a n im a ls  w ill d is t r ib u te  th e m se lv e s  b e tw e e n  p a t 

c h e s  o f  d if fe re n t p re y  d e n s ity  a t  a  s in g le  m o m e n t  in  

tim e . W ith  th is  p u r p o s e  in  m in d  se v e ra l a u th o r s  h a v e  

c h o s e n  a  sin g le  fu n c t io n a l  re sp o n s e  m o d e l f ro m  o n e  

o f  th e  tw o  ty p e s  d e sc r ib e d  a b o v e  a n d  p re d ic te d  th e  

r e la t io n  b e tw e e n  p re y  d e n s ity  a n d  p r e d a to r  d en s ity . 

T h e  a d d it io n a l  p u r p o s e  o f  th e se  a u th o r s  v a r ie d  fro m : 

(i) d e v e lo p in g  a  g e n e ra l  ‘s ta n d in g  s to c k ’ m o d e l fo r  th e  

a g g re g a tiv e  re s p o n s e  o f  ‘id e a l ’ a n d  ‘f re e ’ p r e d a to r s  

( S u th e r la n d  1983; M o o d y  &  H o u s to n  1995), to  (ii) 

u s in g  it  a s  a s u p p o s e d ly  f irm  f o u n d a t io n  to  in v e s tig a te  

th e  in c lu s io n  o f  c o m p le x itie s  lik e  d if fe re n c e s  b e tw e e n  

in d iv id u a ls  (P a rk e r  &  S u th e r la n d  1986; S u th e r la n d  &  

P a r k e r  1985, 1992), o r  to  (iii) d e r iv e  a n d  te s t  p r e 

d ic t io n s  fo r  a  sp e c ific  w e ll- s tu d ie d  c a se  (G o s s -C u s ta rd  

e t  al. 1995a, b ) . Y e t ,  to  o u r  k n o w le d g e , n o  sy s te m a tic  

in v e s tig a tio n  e x is ts  o f  th e  c o n s e q u e n c e s  o f  c h o o s in g  a
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p a r t ic u la r  fu n c t io n a l  re s p o n s e  e q u a t io n  fo r: (i) th e  

p re d ic te d  d is t r ib u t io n  p a t te rn ;  (ii) th e  c h a n g e  in th e  

d is t r ib u t io n  p a t te rn  a s  d e p le t io n  p ro c e e d s ; a n d  (iii) 

th e  c h a n g e  in th e  d is t r ib u t io n  p a t t e r n  fo llo w in g  an  

in flu x  o f  p r e d a to r s .  W ith o u t  s u c h  k n o w le d g e  i t  is h a rd  

to  ju d g e  th e  g e n e ra l  v a lid i ty  o f  th e  p r o p o s e d  ‘s ta n d in g  

s to c k ’ m o d e ls , o r  th e ir  d e r iv a tiv e s , n o r  c a n  w e ju d g e  

th e  re lia b ili ty  o f  p r e d ic t io n s  fo r  a  sp e c ific  case . T h is  

s tu d y  th e re fo re  c o m p a re s  th e  v a r io u s  w ay s  o f  in c o r 

p o r a t in g  in te r fe re n c e  in th e  f u n c t io n a l  re sp o n s e  m o d e l 

o f  H o llin g .

T he models

In  th e  e q u a t io n s  t h a t  fo llo w , u p p e rc a s e  le t te rs  u su a lly  

d e n o te  v a r ia b le s , a n d  lo w e rc a s e  le t te rs  p a ra m e te r s .  

Y e t ,  we m a k e  a n  e x c e p tio n  to  th is  ru le  fo r  th o s e  v a r i

a b le s  th a t  re fe r  to  p re y  d e n s itie s , p r e d a to r  d en s itie s  

a n d  p a tc h  a re a s . In  th o s e  c a se s  lo w e rc a s e  le t te rs  re fe r  

to  a s in g le  p a tc h ,  a n d  u p p e rc a s e  le t te r s  to  th e  e n tire  

sy s tem ; fo r  e x a m p le , p , ( m -2 ) is  th e  p r e d a to r  d e n s ity  

in  p a tc h  i, w h e re a s  P  (m ~ 2) is th e  o v e ra ll  p r e d a to r  

d e n s ity , th a t  is th e  to ta l  n u m b e r  o f  p r e d a to r s  in  th e  

sy s te m  d iv id e d  by  th e  to ta l  a r e a .  F o r  th e  s a k e  o f  c o n 

v e n ie n c e , p re y  ite m s  a re  a s su m e d  to  b e  o f  e q u a l  size, 

r e q u ire  e q u a l  h a n d l in g  tim e , a n d  a r e  c a p tu r e d  a n d  

e a te n  u p o n  d isc o v e ry . U n le s s  s ta te d  o th e rw is e , p r e d 

a to r s  a re  a lw a y s  fo ra g in g . W h ile  fo ra g in g , th e y  a re  

e i th e r  s e a rc h in g , h a n d lin g , o r  ( in  so m e  ca se s)  ‘f ig h t

in g ’. W e d is t in g u is h  s e a rc h in g  r a te  A  (m 2s _ l ), w h ich  

is th e  a r e a  se a rc h e d  p e r  p r e d a to r  p e r  u n i t  s e a rc h in g  

tim e , e n c o u n te r  r a te  E  ( s -1 ), w h ic h  is th e  n u m b e r  o f  

p re y  ite m s e n c o u n te r e d  p e r  p r e d a to r  p e r  u n i t  s e a rc h 

in g  tim e , a n d  in ta k e  r a te  W  ( s -1 ) , w h ic h  is th e  n u m b e r  

o f  p re y  ite m s  e a te n  p e r  p r e d a to r  p e r  u n i t  fo ra g in g  

tim e , in c lu d in g  h a n d l in g  a n d  f ig h tin g  tim e .

G e n e ra lly , th e  in ta k e  r a te  p e r  u n i t  fo ra g in g  tim e  p e r 

p r e d a to r  in  p a tc h  i, W¡ ( s -1 ) is g iv e n  b y  a  fu n c t io n  o f  

p re y  d e n s ity  n¡ ( m -2) a n d  p r e d a to r  d e n s ity  p¡ ( m -2 )

W , = ƒ ( « „  pi). e q n  1

U s u a lly , th e  in ta k e  r a te  W  in c re a s e s  w ith  in c re a s in g  

p re y  d e n s ity  n  a n d  d e c re a se s  w ith  in c r e a s in g  p r e d a to r  

d e n s ity . ‘I d e a l ’ a n d  ‘f re e ’ p r e d a to r s  w ill d is tr ib u te  

th e m se lv e s  b e tw e e n  p a tc h e s  s u c h  t h a t  n o n e  c a n  

im p ro v e  th e ir  in ta k e  r a te  b y  m o v in g  to  a n o th e r  p a tc h . 

P ro v id in g  th a t  in d iv id u a ls  a r e  id e n tic a l ,  th is  m e a n s  

th a t  in ta k e  r a te  is e q u a l  a c ro s s  p a tc h e s .  H e n c e  fo r  all 

p a tc h e s  (a s s u m in g  fo r  th e  t im e  b e in g  t h a t  th e y  a re  all 

o c c u p ie d )

W¡ =  ƒ (« .., pi) — c. e q n  2

B e lo w  w e w ill fo r  v a r io u s  fu n c t io n s  ƒ  d e r iv e  th e  fu n c 

t io n  g  t h a t  re la te s  p r e d a to r  d e n s ity  to  p re y  d e n s ity , 

th e  so -c a lle d  a g g re g a tiv e  re sp o n s e :

P¡ =  #(«/> c) e q n  3

f o r  a ll p a tc h e s . G iv e n  th e  f re q u e n c y  d is t r ib u t io n  o f  

h a b i ta ts  in te rm s  o f  su r fa c e  a r e a  d { a n d  p re y  d e n s ity

th e  s p a t i a l  d is t r ib u t io n  o f  p r e d a to r s  ( th e  ‘id ea l free  

d i s t r i b u t i o n ’) is d e te rm in e d  b y  th is  a g g re g a tiv e  

re sp o n s e  f u n c t io n .  T h e  c o n s ta n t  c is d e te rm in e d  by  
th e  c o n s t r a i n t

Z  d ’P‘ =  D p e q n  4

w h e re

D =  Z d,
i= 1

is th e  t o t a l  s u r f a c e  a r e a  (m 2) o f  a ll p a tc h e s , a n d  D P  is 

th e  t o ta l  n u m b e r  o f  p r e d a to r s  in  th e  sy s tem . I f  p o s s 

ib le , a n  e x p l ic i t  e q u a t io n  fo r  c  w ill b e  g iv e n . A ll m o d e l 

p a r a m e te r s  a r e  (u n le ss  o th e rw ise  s ta te d )  a s su m e d  to  
b e  g r e a te r  t h a n  z e ro .

T H E  M E C H A N I S T I C  A P P R O A C H

R u x to n  e t  a l.  (1992) m a d e  se v e ra l s im p le  b e h a v io u ra l  

m o d e ls  o f  t h e  p r e d a t io n  p ro c e s s  b y  u s in g  a n  a p p ro a c h  

b o r ro w e d  f r o m  c h e m ic a l r e a c tio n  k in e tic s . T h e  p r e d 

a to r  p o p u la t i o n  is d iv id e d  in to  se v e ra l m u tu a lly  

ex c lu s iv e  s ta te s .  G iv e n  th e  t r a n s i t io n  ru le s  b e tw e e n  

th e  s ta te s ,  t h e  fu n c t io n a l  re sp o n s e  fo llo w s f ro m  th e  

s te a d y - s ta te  s o lu t io n  o f  th e  a c c o m p a n y in g  d if fe re n tia l 

e q u a t io n s ;  f o r  e x a m p le , i f  a  s e a rc h in g  a n d  a  h a n d lin g  

s ta te  a re  d is t in g u is h e d ,  e a c h  t r a n s i t io n  f ro m  h a n d l in g  

b a c k  to  s e a r c h in g  is su p p o s e d  to  m e a n  t h a t  a  p rey  

i te m  is s w a llo w e d . H e n c e  th e  t r a n s i t io n  r a te  a t  th e  

s te a d y - s ta te  y ie ld s  th e  fu n c t io n a l  r e sp o n s e . I t  is in te r 

e s t in g  to  n o t e  t h a t  th is  s im p le  e x a m p le  le a d s  to  H o l-  

l in g ’s d isc  e q u a t io n  (H o ll in g  1959), a n d  th e  in ta k e  ra te  

c a n  b e  w r i t te n  as:

W ,=
a n i

1 +  ahn-,
e q n  5

w h e re  a  is t h e  c o n s ta n t  s e a rc h in g  r a te  (m 2 s ~ ') ,  a n d  h 

is th e  h a n d l in g  t im e  (s). Y e t, s in c e  in te r fe re n c e  d o e s  

n o t  o c c u r  ( th e re  is n o  f ig h tin g  s ta te  in  w h ic h  in d i

v id u a ls  a r e  in v o lv e d  in  e n c o u n te r s  w ith  c o n sp ec ific s )  

a n d  in ta k e  r a te  th e re fo re  d o e s  n o t  d e p e n d  o n  p r e d a to r  

d e n s ity , i t  is  n o t  p o ss ib le  to  d e r iv e  th e  a g g re g a tiv e  

r e sp o n s e  fu n c t io n :  a ll ‘id e a l’ a n d  ‘f re e ’ a n im a ls  w ill 

a g g re g a te  in  th e  p a tc h  w ith  th e  h ig h e s t  p re y  d en s ity . 

T h e  r e la t io n  b e tw e e n  in ta k e  r a te  a n d  p re y  d e n s ity  as 

g iv en  in  e q n  5 is a ls o  k n o w n  a s  th e  ty p e  I I  f u n c tio n a l  

r e sp o n s e . C o n t r a r i ly ,  a  ty p e  1 fu n c t io n a l  re sp o n s e  

re fe rs  to  th e  s i tu a t io n  w h e re  th e  in ta k e  r a te  is p r o 

p o r t io n a l  t o  p re y  d e n s ity . T h is  c a n  b e  re g a rd e d  a s  a 

sp e c ia l c a s e  o f  th e  ty p e  II fu n c t io n a l  re sp o n s e  w h e n  

th e  h a n d l in g  tim e  h e q u a ls  ze ro .

In  th e  m o r e  c o m p le x  m o d e ls  th a t  R u x to n  e t al. 

(19 9 2 ) e x a m in e d , a n  e n c o u n te r  b e tw e e n  p re d a to r s  

c o u ld  m e a n  th a t  a  (se a rc h in g  o r  h a n d lin g )  p r e d a to r  

s to p s  its  p u r s u i ts  a n d  e n te r s  th e  ‘f ig h tin g ’ s ta te . T h e y  

sh o w e d  t h a t  i f  a  se a rc h in g  p r e d a to r  in te r a c ts  w ith  b o th  

s e a rc h in g  a n d  h a n d lin g  in d iv id u a ls ,  th e  fu n c tio n a l
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re sp o n s e  c a n  be  a p p r o x im a te d  b y  B e d d in g to n ’s ( 1975) 

e q u a tio n :

W , =
1 +  a im , +  qp¡

e q n  6

w h e re  q is a  p a r a m e te r  w h ic h  is a c tu a lly  tw ic e  th e  

p r o d u c t  o f  th e  ‘r a te  o f  p r e d a to r  d isc o v e ry ’ (m 2s _ l ) 

t im e s  th e  ‘lo ss  o f  s e a rc h in g  tim e  p e r  e n c o u n te r ’ (s). A s 

th e se  tw o  p a r a m e te r s  a lw a y s  o c c u r  to g e th e r , th e y  c a n  

b e  re p la c e d  b y  th e  c o m p o u n d  p a r a m e te r  q  (m 2), w h ich  

m a y  b e  c a lle d  th e  in te r fe re n c e  a re a . I f  a  se a rc h in g  

p r e d a to r  m a y  a ls o  in te r a c t  w ith  a p r e d a to r  a l r e a d y  

in v o lv e d  in  a n  a g g re ss iv e  e n c o u n te r ,  th e  sa m e  m o d e l 

a r ise s , b u t  w ith  a  s lig h tly  d if fe re n t in te r p r e ta t io n  o f  

th e  p a r a m e te r  q.

S e tt in g  th e  in ta k e  r a te  e q u a l  f o r  a ll p a tc h e s  /

ni'i
e q n  7

1 +  a h n  i +  qp¡

le a d s  a f te r  s o m e  s t r a ig h t f o rw a r d  a lg e b ra ic  m a n ip u 

la t io n  to  a  l in e a r  r e la t io n s h ip  b e tw e e n  p r e d a to r  d e n 

s ity  p¡ a n d  p re y  d e n s ity  n¡

1 a(  1 j  c  — h)
Pi = --------1------------------- n¡.

q  q

F o r  p a tc h e s  w ith  a  p re y  d e n s ity

e q n  8

n¡ <
1

a ( \ / c  — h)

p r e d a to r  d e n s itie s  a re  s e t  e q u a l  to  z e ro , a s  n e g a tiv e  

p r e d a to r  d e n s itie s  a re  n o n s e n se . F o r  th e  sa m e  re a s o n , 

1/ c  (w h ich  is th e  a v e ra g e  fo ra g in g  t im e  p e r  p re y  item  

c o n s u m e d  a n d  th u s  in c lu d e s  h a n d l in g  tim e )  m u s t 

a lw a y s  b e  la rg e r  th a n  th e  h a n d l in g  tim e  h. T h is  c o n 

s t r a in t  h o ld s  fo r  a ll m o d e ls  t h a t  fo llo w .

N o w  a s s u m e  th a t  th e  firs t j  — 1 p a tc h e s  ( th e  I  p a t 

c h e s  a re  o r d e re d  in  in c re a s in g  p re y  d e n s ity )  re m a in  

u n o c c u p ie d  b y  p r e d a to r s .  T h e n  th e  v a lu e  fo r  th e  c o n 

s ta n t  c c a n  b e  d e r iv e d  f ro m  n o t ic in g  th a t  th e  to ta l  

n u m b e r  o f  b ird s  in  th e  sy s te m , w h ic h  is k n o w n , e q u a ls

/

D * P *  =  X  diPi,
i=j

w h e re

D* = Y.di
i=j

is th e  t o t a l  su r f a c e  a r e a  (m 2) o f  a ll o c c u p ie d  p a tc h e s , 

a n d  P *  is th e  o v e ra ll  p r e d a to r  d e n s ity  ( m -2 ) fo r  a ll 

o c c u p ie d  p a tc h e s . S im ila rly ,

/

D * N *  =  X  d ,n h
i=i

w h e re  N *  is th e  o v e ra ll  p re y  d e n s ity  (m ~ 2) fo r  a ll 

o c c u p ie d  p a tc h e s .  T h e n ,

P *  =  t  =  I  - û(1/C "  h )n '  ~  !)
t i »

w h ic h  r e s u l t s  in 

a N *

D * q

1 +  ahN *  +  <?/>*'

e q n  9

e q n  10

T h e  v a lu e  o f  y c a n  b e  d e r iv e d  f ro m  n o tic in g  th a t  th e  

b ird s  s h o u ld  n o t  v is it th o s e  p a tc h e s  fo r  w h ic h  th e  

in ta k e  r a te  w i th o u t  c o n s id e r in g  in te r fe re n c e  is sm a lle r  

th a n  th e  in ta k e  r a te  ( ta k in g  in te r fe re n c e  in to  a c c o u n t)  

w o u ld  b e  i f  o n ly  th e  p lo ts  th a t  h a v e  a  h ig h e r  p re y  

d e n s i ty  a r e  v is ited . T h u s ,  th e  p a tc h  y — 1 (rec a ll th a t  

p a tc h e s  a r e  o rd e re d  in  in c re a s in g  p re y  d e n s ity ) , f o r  

w h ic h

an¡_7-1 <
a N *

1 +  ahn-j_ i 1 +  a h N *  +  q P *
e q n  11

h o ld s ,  r e m a in s  e m p ty  o f  p r e d a to r s .  T h e  sa m e  is tr u e  

fo r  a l l  p a tc h e s  w ith  e v e n  lo w e r  p re y  d e n s itie s . T h is  

ru le  h a s  s o m e  c o n c e p tu a l  s im ila r i ty  to  th e  c lassica l 

d ie t  ru le  o f  C h a rn o v  (19 7 6 ). B e lo w  w e w ill re fe r  to  

th is  m o d e l, in w h ic h  s e a rc h in g  p r e d a to r s  in te r a c t  w ith  

b o th  s e a rc h in g  a n d  h a n d l in g  c o n sp e c ific s , a s  th e  B e d 
d in g to n  m o d e l.

R u x to n  e t  al. (1992) a lso  sh o w e d  th a t  if  a  se a rc h in g  

p r e d a to r  o n ly  in te r a c ts  w ith  o th e r  s e a rc h in g  p r e d 

a to r s ,  th e  f u n c t io n a l  re sp o n s e  a p p r o x im a te ly  lo o k s  
like:

W ,=
an  i

1 +  ahn¡ + qpi
e q n  12

1 +  a h n i 

P ro c e e d in g  a s  a b o v e ,

1 a(  1 le  — 2h) p  =  _ _  +  _ U  Ln
q  <7

a n d

a 2h { \ j c  -  /?) 2
n f ,  e q n  13

a N *  +  a 2h -
D*

e q n  14

1 +  2a h N *  +  a 2h 2 qP *

In  sp ite  o f  i ts  c o m p le x ity , th e  o c c u rre n c e  o f  th e  te rm  

'L d in 2 in  th e  la t t e r  e q u a t io n  te lls  u s  t h a t  th e  in ta k e  

r a t e  c d e p e n d s  o n  th e  v a r ia n c e  o f  th e  p re y  d e n s itie s  in  

th e  su ita b le  p a tc h e s  i = j , j  +  1 , . . . ,  / .  In  c o n t r a s t ,  th e  

B e d d in g to n  m o d e l  p re d ic te d  a n  in ta k e  r a te  (e q n  10) 

t h a t  o n ly  d e p e n d s  o n  th e  o v e ra ll  p re y  d e n s ity  N *  in  

th e  su itab le  p a tc h e s .  B e lo w  w e re fe r  to  th e  ‘se a rc h -  

in te r a c t io n -o n ly ’ m o d e l a s  th e  R u x to n  m o d e l. In  th e  

t r iv ia l  case w h e n  th e  h a n d l in g  lim e  is z e ro , th e  tw o  

m o d e ls  are  e q u iv a le n t .



850
S p a t ia l  d is tr ib u tio n  

o f  id e a l a n d  f r e e  

p re d a to rs

if  - 1997 British 
Ecological Society 
Journal o f  Anim al 
Ecology, 66, 846-858

T H E  P H E N O M E N O L O G I C A L  A P P R O A C H

H a sse ll &  V a r le y  (19 6 9 ) o b s e rv e d  th a t  fo r  p r e d a to rs  

in  a  l a b o r a to ry  c a g e , th e  lo g a r i th m ic  t r a n s fo rm e d  

se a rc h in g  r a te  s h o w e d  a  lin e a r  re la t io n s h ip  w ith  a 

n e g a tiv e  s lo p e  w h e n  p lo t te d  a g a in s t  th e  lo g a r i th m  o f  

th e  n u m b e r  o f  p r e d a to r s  in  th e  ca g e . T h e n ,  w ith  a 

s lig h t m o d if ic a tio n  d u e  to  a  g e n e ra l iz a tio n  to  p r e d a to r  

d e n s ity  in s te a d  o f  p r e d a to r  n u m b e r , w h ic h  e n a b le s  th e  

use  o f  p a tc h e s  (o r  ca g e s )  o f  d if fe re n t su r fa c e  a re a , th e  

e ffe c t o f  c o m p e t i to r s  c a n  be  d e sc r ib e d  in  te rm s  o f  

a  d e c re a s e  in  th e  s e a rc h in g  r a te  A  b y  th e  e m p ir ic a l 

re la t io n sh ip

A , =  a i p f f e q n  15

w h e re  r  is  a  re fe re n c e  p r e d a to r  d e n s ity  ( m -2) n eed ed  

to  a v o id  v io la t io n  o f  d im e n s io n a l  ru le s , a  is th e  s e a rc h 

in g  r a te  (m 2 s ~ ')  w h e n  th e  p r e d a to r  d e n s ity  is e q u a l 

to  th e  re fe re n c e  d e n s i ty ,  a n d  m  is a  d im e n s io n le ss  

in te r fe re n c e  c o e ff ic ie n t. T a k in g  h a n d l in g  tim e  in to  

a c c o u n t  y ie ld s  th e  fu n c t io n a l  re sp o n s e

IV, =
a jp ji-)  '"n,

1 +  a(p i¡r)~"hn¡
e q n  16

T h e  a s s u m p tio n  th a t  p r e d a to r s  d is t r ib u te  th em se lv e s  

su c h  th a t  th e  in ta k e  r a te  is e q u a l  f o r  e a c h  p a tc h  gives 

( S u th e r la n d  1983)

Pi =  r(a (  1 j  c  -  h ) n f e q n  17

So th e  r e la t io n  b e tw e e n  p r e d a to r  d e n s ity  a n d  p rey  

d e n s ity  is d e s c r ib e d  b y  a  p o w e r  fu n c tio n . T h e  c o n s ta n t  

in ta k e  r a te  c is g iv e n  b y

/i
e q n  18

1 (  p * D *  
ah  +  -

In  1981, Z w a r ts  &  D r e n t  (19 8 1 ) p u b lish e d  a  p a p e r  

in  w h ic h  th e y  p r e s e n te d  fie ld  d a ta  t h a t  sh o w e d  th a t  

th e  in ta k e  r a te  o f  03 s te rc a tc h e rs ,  H a e m a to p u s  o s tra 

legus, o n  a  m u sse l b a n k  d e c re a s e d  w ith  in c re a s in g  

d e n s ity  o f  c o n sp e c ific s . T h e ir  d a t a  w ere  u se d  by  

S u th e r la n d  &  K o e n e  (1 9 8 2 ) w h o  su g g e s te d  a  lin e a r  

e ffec t o f  b ird  d e n s ity  o n  in ta k e  r a te  w h e n  b o th  v a r i 

a b le s  a re  e x p re sse d  in  lo g a r i th m s  (n o te  t h a t  th is  is in 

c o n t r a s t  to  a  l in e a r  e ffe c t o n  lo g  s e a rc h in g  r a te  a s  in 

th e  H a s s e l l -V a r le y  m o d e l) . H e n c e

W, = f ( n , )  ' (p,'r) e q n  19

w h e re  a g a in  r is a  re fe re n c e  p r e d a to r  d e n s ity  ( m -2 ) 

n e e d e d  to  a v o id  v io la t io n  o f  d im e n s io n a l  ru le s ; ƒ(«,) 

is th e  in ta k e  r a te  (s~  ')  a s  a  fu n c t io n  o f  th e  p re y  d e n s ity  

w h e n  th e  p r e d a to r  d e n s i ty  is e q u a l  to  th e  re fe re n c e  

d e n s ity ; m  ( — ) is th e  in te r fe re n c e  p a r a m e te r .  By c o n 

v e n tio n  w e u se  th e  le t te r  m ,  a s  in  th e  H a s s e ll-V a r le y  

m o d e l. T h e  r e la t io n s h ip  b e tw e e n  in ta k e  r a te  a n d  p rey  

d e n s ity  m a y  b e  re p re s e n te d  by  H o ll in g ’s c u rv e . I f  th e  

re fe re n c e  p r e d a to r  d e n s ity  is c h o s e n  su c h  th a t  th e

e ffec t o f  in te r f e r e n c e  is n e g lig ib le , w e m a y  th e n  w rite  

( b u t  see b e lo w )

a n ,
W , =  . , . (p  ! r)~ m. e q n  20

1 +  a h n ,

A s a  r e s u l t ,  th e  a g g re g a tiv e  re sp o n s e  lo o k s  like 

'1 a n  ¡
Pi =  r

a n d

c  1 +  a h n i
e q n  21

P * D *

c0 1 +  ahn.

e q n  22

w h e re  t h e  re fe re n c e  in ta k e  r a te  c„ ( s _ l ) k e e p s  th e  

e q u a t io n  i n  lin e  w ith  d im e n s io n a l  ru le s . N o te  t h a t  o n ly  

in  th e  t r iv ia l  ca se  w h e n  th e  h a n d l in g  tim e  is z e ro , 

th e  m o d e l  ( a n d  th e  re s u lt in g  a g g re g a tiv e  re sp o n s e )  

is e q u iv a le n t  to  th e  H a s s e l l -V a r le y  m o d e l w ith  z e ro  

h a n d l in g  t im e .

A s  a n  a l t e r n a t iv e ,  E n s  &  G o s s - C u s ta rd  (1984) 

a p p l ie d  a  l i n e a r  m o d e l b e tw e e n  u n t r a n s f o rm e d  in ta k e  

r a te  a n d  lo g - tr a n s fo r m e d  b ird  d e n s ity , le a d in g  to

IVi =
a n i

1 +  a h n i
(1 — m  lo g  ( p jr ) ) , e q n  23

w h e re  a g a in  th e  p a r a m e te r  m  ( — ) d e te rm in e s  th e  

s t r e n g th  o f  th e  in te r fe re n c e . P r e d a to r  d e n s itie s  a b o v e  

/•exp  ( 1/m )  a r e  n o t  fe a s ib le , a s  th e y  w ill r e s u lt  in  n e g a 

tiv e  in ta k e  r a te s .T h e  m o d e l r e su lts  in

Pi — r  exp
1 — ch  c  I

m  a m  n
e q n  24

N o  e x p lic it  e q u a t io n  fo r  c c o u ld  b e  fo u n d .

A n o th e r  a l te rn a t iv e  w a s  c o n s id e re d  by  G o s s -C u s 

ta r d  &  D u r e l l  (1 9 8 7 ). T h e y  a s s u m e d  a  l in e a r  r e la t io n 

sh ip  b e tw e e n  u n tr a n s fo rm e d  in ta k e  r a te  a n d  u n t r a n s 

fo rm e d  p r e d a t o r  d e n s ity . P ro c e e d in g  a s  a b o v e , th is  
re su lts  in

W , =
an¡

1 +  a h n i (1 -  qp¡), eq n  25

w h e re  q  ( m 2) d e te rm in e s  th e  s t r e n g th  o f  th e  in te r 

fe re n ce . P r e d a to r  d e n s itie s  a b o v e  1 jq  a re  n o t  feasib le . 

T h e n ,

P, -  

a n d  

c  -

1 — ch c 1 

a q  Hi

1 -  q P *

a Z > * , ? , / ? ,

e q n  26

e q n  27

In  th e  r e m a in d e r  o f  th is  p a p e r  th e  la t te r  th re e  

p h e n o m e n o lo g ic a l  m o d e ls , w h ic h  a re  b a se d  o n  e m p ir i

c a l r e la t io n s h ip s  b e tw e e n  in ta k e  r a te  a n d  p r e d a to r
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d e n s ity , w ill b e  n a m e d  th e  ‘D o u b le lo g ’, th e  ‘S e m ilo g ’ 

a n d  th e  ‘U n t r a n s f o rm e d ’ m o d e l, re sp e c tiv e ly .

D I F F E R E N C E S  I N  T H E  A G G R E G A T I V E  

R E S P O N S E

A  c o m p a r is o n  o f  th e  six  a g g re g a tiv e  r e s p o n s e  fu n c 

t io n s , w h ic h  re su lte d  f ro m  th e  six  a l te rn a t iv e  w ay s  

to  m o d e l in te r fe re n c e , im m e d ia te ly  p o in ts  to  so m e  

d iffe re n c e s . T h re e  m o d e ls  (B e d d in g to n , R u x to n ,  a n d  

U n tr a n s f o rm e d )  h a v e  a  th r e s h o ld  p re y  d e n s i ty  n min 

g r e a te r  th a n  z e ro , b e lo w  w h ic h  p r e d a to r s  a re  a b s e n t  

( i.e . g{ri) >  0 o n ly  if  n  >  n min). T h e  th r e s h o ld  d e n s ity  

is th e  sa m e  fo r  a ll th re e  m o d e ls  a n d  is n o t  r e la te d  to  
th e  in te r fe re n c e  co e ffic ie n ts  (T a b le  1). T h e  o th e r  th re e  

m o d e ls  d o  n o t  h a v e  a  th re sh o ld  d e n s ity . A  m a x im u m  

p r e d a to r  d e n s ity  p max, w h ic h  is a p p r o a c h e d  w h e n  p re y  

d e n s ity  b e c o m e s  la rg e  (i.e . p max =  lim  g (n )  w h e n  n  —>■ 

co ) , is o n ly  fo u n d  fo r  th e  th re e  m o d e ls  t h a t  w e re  b a s e d  
o n  a n  e m p ir ic a l  r e la t io n s h ip  b e tw e e n  in ta k e  r a te  a n d  

p r e d a to r  d e n s ity  (T a b le  1). I n  all th re e  c a se s  th e  size 

° f  Pmax d e p e n d s  o n  th e  in te r fe re n c e  co e ff ic ie n t; th e  
h ig h e r  th e  in te r fe re n c e  co effic ie n t, th e  lo w e r  th e  

m a x im u m  p r e d a to r  d e n s ity .

A  f u r th e r  lo o k  a t  th e  firs t a n d  s e c o n d  d e r iv a tiv e s  

o f  th e  a g g re g a tiv e  re s p o n s e  fu n c tio n s  ( fo r  p  >  0 a n d  

n >  0 ) a l lo w s  a  m o re  d e ta i le d  e x a m in a t io n  o f  th e  

c h a ra c te r is t ic s  o f  th e  fu n c tio n s  a n d  sh o w s to  w h a t  

e x te n t  th e se  c h a ra c te r is t ic s  d e p e n d  o n  th e  p a r a m e te r  

v a lu e s  t h a t  c a n  b e  c h o se n ; fo r  e x a m p le , i f  th e  firs t 

d e r iv a tiv e  is  a lw a y s  p o s itiv e  fo r  a ll p o ss ib le  se ts  o f  

p a r a m e te r  v a lu e s , th e n  p r e d a to r  d e n s ity  a lw a y s  

in c re a se s  w ith  in c re a s in g  p re y  d e n s ity . I f  th e  se c o n d  

d e r iv a tiv e  is p o s it iv e , th e  r a te  o f  in c re a se  g o e s  u p  w ith

in c re a s in g  p re y  d e n s ity . I f  th e  se c o n d  d e r iv a tiv e  is 

n e g a tiv e , t h e  r a te  o f  in c re a se  g o e s  d o w n . W e m e n 

tio n e d  a b o v e  (a l th o u g h  w ith o u t  p ro o f )  t h a t  fo r  a ll 

m o d e ls  in t a k e  r a te  IV  in c re a se s  w ith  in c re a s in g  p re y  

d e n s ity  ( d f ( n ,p ) 'c n  >  0 ) a n d  d e c re a se s  w ith  in c re a s in g  

p r e d a to r  d e n s i ty  ( d f{n , p ) jd p  <  0  ) fo r  a ll p  >  0 a n d  

n >  0. T h e n  th e  firs t d e r iv a tiv e  o f  th e  a g g re g a tiv e  

re sp o n s e  f u n c t io n  is p o s itiv e  (dg{n)/dn  >  0 ) fo r  all 

p  >  0 a n d  n >  0 , w h ic h  fo llo w s f ro m  th e  so -c a lle d  

im p lic i t  f u n c t io n  p ro p o s i t io n

dn

d f( n ,p ) /8 n

ë f ( n ,p ) /ô p
e q n  28

S o , in th e  p r e s e n t  c o n te x t ,  e m p h a s is  sh o u ld  b e  p u t  o n  

e x a m in a t io n  o f  th e  se c o n d  d e r iv a tiv e .

F o r  th e  R u x to n  m o d e l, f o r  e x a m p le , th e  firs t d e r iv a 
t iv e  is

dg iji)  _  a f i j e  — 2h) 2 a 2h ( \ j c  — h)

dn  q  q

a n d  th e  s e c o n d  d e r iv a tiv e  is

cPg(n) _  2 a 2h ( \ ! c  -  h) 

d n 2 CI

T h e  f irs t  d e r iv a t iv e  is g r e a te r  th a n  z e ro  if  

a ( l / c  -  2h)  1 1
n  >  —

2 a 2h { \ j c - h )  a ( \ / c  — h) I f

e q n  29

e q n  30

e q n  31

A s th e  h a n d l in g  tim e  h  c a n n o t  b e  sm a lle r  t h a n  z e ro , th e  

firs t d e r iv a tiv e  is  in d e e d  p o s itiv e  fo r  a ll p re y  d en s itie s  

a b o v e  th e  th r e s h o ld  d e n s ity  l / ( a ( l / c  — /?)). S ince 

l / c  >  h th e  s e c o n d  d e r iv a tiv e  is a lso  a lw a y s  g re a te r  

th a n  z e ro  ( re c a ll  th a t  w e a s su m e d  t h a t  a ll p a r a m e te r s ,

Table 1. A characterization  o f  the interference m odels. T he last co lum n shows w hether the second derivative o f the aggregative 
response function is positive, zero o r negative fo r all prey densities g reater than zero (provided that the searching ra te , handling 
tim e and interference coefficient are greater th an  zero). T he sign (.v) function gives the sign o f  x ,  thus if  x  > 0 then  sign (x) 
should  be read as -l-

T hreshold M axim um Second
M odel Effect on prey density p red a to r density deriv ative

B eddington Searching and  handling
1

a fi je  — /?)
0

R uxton Searching
1

a ( ijc  — h) +

H assell-V arley Searching rate sign ( l - 1)

D oublelog In take  rate -

Semilog Intake rate ,CXP( m ) -

U ntransform ed Intake rate
1 1 -  ch

a ( l /c  — h) cl
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in c lu d in g  s e a rc h in g  r a te  a ,  h a n d l in g  tim e  h, a n d  in te r 

fe re n c e  c o e ff ic ie n t q , a r e  g r e a te r  th a n  ze ro ) . T h u s  th e  

r a te  a t  w h ic h  p r e d a to r  d e n s ity  in c re a se s  g o es u p  w ith  

in c re a s in g  p re y  d e n s ity .

A  s im ila r  a n a ly s is  c a n  be  p e r fo rm e d  fo r  th e  o th e r  

five m o d e ls . O b v io u s ly , th e  se c o n d  d e r iv a tiv e  o f  th e  

lin e a r  a g g re g a tiv e  re sp o n s e  fu n c tio n  o f  B e d d in g to n  is 

a lw a y s  z e ro . T h e  s e c o n d  d e r iv a tiv e s  o f  th e  th r e e  m o d 

els  th a t  w ere  b a s e d  o n  e m p ir ic a l r e la t io n s h ip s  b e tw e e n  

in ta k e  r a te  a n d  p r e d a to r  d e n s ity  (D o u b le lo g , S em ilo g  

a n d  U n tr a n s f o rm e d )  a re  a lw a y s  sm a lle r  th a n  z e ro  a n d  

a p p r o a c h  z e ro  w h e n  p re y  d e n s ity  b eco m es la rg e . T o  

g i r e  o n e  e x a m p le , th e  se c o n d  d e r iv a tiv e  fo r  th e  

U n tr a n s f o rm e d  m o d e l is

Table 2. P a ra m e te r  values used in the num erical example. B, 
Beddington; D , D oublelog ; H , H assell-V arley; R, Ruxton; 
S, Semilog; U , U ntransform ed

Param eter D im ension Value M odels

a m 2 s -1 0-0007 BD H RSU
h s 50-0000 B D H R SU

m 2 1000-0000 B
<7 m 2 1000-0000 R
<1 m 2 20-0000 U
m - 0-2700 D
m - 0-4000 H
m - 0-1300 S
r m - 2 0-0001 D H S

cÇ g(n)

d n 2

2 c  _1_ 

a q n r
e q n  32

w h ic h  in d e e d  is n e g a tiv e  fo r  a ll p re y  d e n s itie s  g re a te r  

th a n  z e ro  a n d  a p p r o a c h e s  z e ro  w h e n  p re y  d e n s ity  

b e c o m e s  la rg e . T h e  o n ly  m o d e l w h e re  th e  se c o n d  

d e r iv a tiv e  c a n  b e  e i th e r  p o s itiv e , z e ro  o r  n e g a tiv e  is 

th e  H a s s e l l -V a r le y  m o d e l. T h e  se c o n d  d e r iv a tiv e  is

d 29 (n )

d n 1
1 -  m

x  r ( a ( \ / c  -  h ) ) \ a ( \ / c  -  h )n )(' m)- 2. e q n  33

I t  fo llo w s th a t  th e  s e c o n d  d e r iv a tiv e  is p o s itiv e  w h e n  

th e  in te r fe re n c e  c o e ff ic ie n t 0 <  m  <  1, is z e ro  w h en  

m  =  1, a n d  is n e g a tiv e  fo r  m  >  1. T h u s , a p a r t  fro m  

th e  H a s s e l l -V a r le y  m o d e l, th e  g e n e ra l c h a ra c te r is t ic s  

o f  th e  m o d e ls  a r e  n o t  se n s itiv e  to  th e  e x a c t p a ra m e te r  

v a lu e s  t h a t  a r e  c h o s e n  (T a b le  1). B e lo w , th e  m o d e ls  

w'ill b e  c o m p a re d  in  a  m o re  g ra p h ic a l  w a y  b y  u s in g  a 

few  n u m e r ic a l  e x a m p le s .

F I R S T  E X A M P L E :  O Y S T E R C A T C H E R S  F E E D I N G  

O N  B I V A L V E S

In  w e s te rn  E u ro p e ,  o y s te rc a tc h e rs . H a e m a to p u s  o s tra 

le g u s  L ., m o v e  in  a u tu m n  f ro m  th e  b re e d in g  g ro u n d s  

to  th e ir  w in te r  q u a r te r s  a lo n g  th e  m a r in e  sh o re s . H a v 

in g  a r r iv e d  o n  th e  m u d f la ts ,  th e  b ird s  m a in ly  feed  o n  

a  few  b iv a lv e  sp e c ie s  lik e  m u sse l. M y ti lu s  edu lis  L ., 

a n d  c o c k le , C e ra s to d e rm a  e d u le  (L .) . D e n s itie s  o f  th ese  

p re y  sp e c ie s  c a n  v a ry  c o n s id e ra b ly  a m o n g  th e  v a r io u s  

m u d f la ts . In  th e  n u m e r ic a l  e x a m p le  t h a t  fo llo w s , th e  

b ird s  fo ra g e  o n  p re y  i te m s  o f  0-25 g  a sh -f re e  d ry  m a ss  

( A F D M ) . T h e se  p r e y  ite m s  r e q u ire  a  h a n d lin g  tim e  h 

o f  50 s. T h e  c o n s ta n t  ( in te r fe re n c e  free ) s e a rc h in g  ra te  

a  e q u a ls  7 c n r s “ 1 (H u ls c h e r  1976). T h e  v a lu e s  fo r  th e  

in te r fe re n c e  p a r a m e te r s  f o r  th e  v a r io u s  fu n c tio n s  th a t  

r e la te  in ta k e  r a te  to  p re y  d e n s ity  a n d  p r e d a to r  d e n s ity  

( th e  re fe re n c e  p r e d a to r  d e n s ity  r, th e  d im e n s io n le s s  

in te r fe re n c e  c o e ff ic ie n ts  m , o r  th e  in te r fe re n c e  a r e a s  q,

lis ted  in  T a b le  2) w e re  c h o s e n  in  su c h  w a y  th a t  th e  

fits  m o re  o r  le ss  re se m b le d  p u b lish e d  (E n s  &  G o ss-  

C u s ta rd  1 9 8 4 ) a n d  u n p u b l is h e d  d a t a  (T a b le  2). T h e  

w a y  th e  p a r a m e te r s  a r e  c h o s e n  m a y  lo o k  r a th e r  c ru d e , 

b u t  o n e  m u s t  re a liz e  t h a t  o u r  a p p r o a c h  is n o t  m e a n t 

to  m o d e l a  sp e c ific  s i tu a t io n  v e ry  p re c ise ly , b u t  to 

f a c il i ta te  a  c o m p a r is o n  o f  th e  v a r io u s  th e o re tic a l 

m o d e ls . T h e  re su lts  sh o u ld  th e r e fo re  n o t  be  o v e r
in te rp re te d .

F o r  tw o  d if fe r e n t  p re y  d e n s itie s  in ta k e  r a te  is p lo t te d  

a g a in s t  lo g  p r e d a to r  d e n s ity  (F ig . 1). A  few  th in g s  a re  

n o te w o r th y .  A c c o rd in g  to  th e  U n tr a n s f o rm e d  m o d e l,

5
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1

0
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1 10 100 1000

P redato r d ensity  (hm )

Fig. 1. T he various functional response m odels. Intake rate 
(m g s-1) is p lo tted  vs. log p red a to r density  (h m ~ 2) for (a) 
high prey density (300 prey item s o f  0-25 g each m -2) and (b) 
low prey density (30 prey item s o f  0-25 g each m ~2). First 
exam ple; b . Beddington; d, D oublelog; h, H assell-V arley; r, 
R uxton ; s, Semilog; u, U ntransform ed.
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in ta k e  r a te  c h a n g e s  v e ry  l i t t le  a t  lo w  p r e d a to r  d e n s i

tie s , b u t  it r a th e r  q u ic k ly  d e c re a se s  to  z e ro  a t  in te r 

m e d ia te  p r e d a to r  d e n s itie s . A t h ig h  p re y  d e n s itie s  th e  

R u x to n  fu n c tio n a l  re sp o n s e  p re d ic ts  a  s im ila r  p a t t e r n ,  

a l th o u g h  th e  d e c re a s e  in  in ta k e  ra te ,  w h ic h  a ls o  s ta r ts  

a t  in te rm e d ia te  p r e d a to r  d e n s itie s , is  m u c h  s lo w e r. A t 

lo w  p re y  d e n s ity  th e  re se m b la n c e  b e tw e e n  th e  

U n tr a n s f o rm e d  a n d  R u x to n  p r e d ic t io n s  b e c o m e s  less 

s t r ik in g , a n d  th e  R u x to n  c u rv e  te n d s  to  th e  B e d 

d in g to n  c u rv e . In  c o n t r a s t ,  a t  h ig h  p re y  d e n s itie s  th e  

R u x to n  m o d e l p re d ic ts  m u c h  h ig h e r  in ta k e  r a te s  th a n  

th e  B e d d in g to n  m o d e l. In tu it iv e ly , th is  m a k e s  sen se . 

A t  lo w  p re y  d e n s itie s  th e  b ird s  a re  m a in ly  se a rc h in g , 

in  w h ic h  s ta te  th e y  a re  v u ln e ra b le  to  in te r fe re n c e , 

a c c o rd in g  to  b o th  m o d e ls . A t  h ig h  p re y  d e n s itie s  th e  

b ird s  a re  m a in ly  h a n d l in g  p re y . In  th e  h a n d l in g  s ta te  

th e  b ird s  a re  in se n s itiv e  to  in te r fe re n c e , b u t  o n ly  

a c c o rd in g  to  th e  R u x to n  m o d e l. I n  th e  B e d d in g to n  

m o d e l  s e a rc h in g  b ird s  m a y  in te r fe re  w ith  h a n d l in g  

b ird s  a s  w ell. T h e  sa m e  re a s o n in g  e x p la in s  t h a t  a t  

lo w  p re y  d e n s itie s  th e  D o u b le lo g  a n d  H a s s e l l -V a r le y  

c u rv e s  a re  v e ry  s im ila r  (b ird s  a re  m a in ly  s e a rc h in g ) , 

b u t  th a t  a t  h ig h  p re y  d e n s itie s  th e  e ffec t o f  in te r fe re n c e  

is m u c h  m o re  p ro n o u n c e d  in  th e  D o u b le lo g  m o d e l  (in  

w h ic h  in te r fe re n c e  a ffe c ts  in ta k e  ra te ,  a n d  n o t  ju s t  

s e a rc h in g  ra te ) .  Y e t, th e  d iffe ren ces  b e tw e e n  th e  v a r i 

o u s  fu n c t io n a l  re sp o n s e s  a re  re la tiv e ly  s m a ll  w h e n  

c o m p a re d  to  th e  n o isy  field  d a ta  t h a t  a r e  a v a ila b le  

(Z w a r ts  &  D r e n t  1981; E n s  &  G o s s -C u s ta rd  1984; 

G o s s - C u s ta rd  &  D u re il  1987). T h e  c o n s e q u e n c e s , in 

te rm s  o f  th e  a g g re g a tiv e  re sp o n s e , h o w e v e r , a re  m u c h  

m o r e  se r io u s  (F ig . 2). T w o  m o d e ls  in p a r t ic u la r  ( H a s 

se l l-V a r le y  a n d  R u x to n )  p re d ic t  t h a t  th e  b ird s  s t r o n 

g ly  a g g re g a te  in  th e  m o s t  s u i ta b le  p a tc h . T h e  p r o 

p o r t io n  o f  p r e d a to r s  in  th e  b e s t p a tc h e s  is h ig h e r  th a n  

th e  p r o p o r t io n  o f  p re y  in  th e  s a m e  p a tc h e s . R e m e m b e r  

t h a t  o n ly  th e s e  tw o  m o d e ls  a s s u m e  th a t  h a n d l in g  in d i

v id u a ls  a re  n o t  s u sc e p tib le  to  in te r fe re n c e . O n  th e  

c o n t r a ry ,  th e  th re e  m o d e ls  t h a t  w e re  b a s e d  o n  th e  

e m p ir ic a l  r e la t io n s h ip  b e tw e e n  in ta k e  r a te  a n d  p r e d 

a t o r  d e n s ity  (D o u b le lo g , S e m ilo g  a n d  U n t r a n s -
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Fig. 2. T h e  aggregative response functions, relating  the den
sity o f  p red a to rs  a t which each p redato r can ob ta in  an in take 
rate  o f  4-10~3s ~ l, one prey item per 250s, to prey density. 
F irst exam ple; b. Beddington; d, D oublelog; h, H assell-Y ar- 
Icy; r, R ux ton ; s, Semilog; u, U ntransform ed.

fo rm e d )  p r e d i c t  a  l im ite d  p r e d a to r  d e n s ity  in  th e  b e s t 

p a tc h e s . T h i s  h a s  b e e n  c a lle d  u n d e rm a tc h in g .  B ed- 

d in g to n ’s m o d e l  ta k e s  a n  in te rm e d ia te  p o s it io n .

S E C O N D  E X A M P L E :  P R E Y  D E P L E T I O N

T h e  a g g re g a t iv e  re sp o n s e s  th a t  w e  c a lc u la te d  o n ly  

a p p ly  to  a  s in g le  m o m e n t  in  tim e . H o w e v e r , d u e  to  

p r e d a t io n ,  p r e y  w ill b e  d e p le te d . I f  th e re  is  n o  c o n 

c u r re n t  p r e y  re n e w a l, a s  is  th e  c a se  fo r  w a d e rs  th a t  

feed  o n  b e n th ic  in v e r te b ra te s  in  w in te r ,  th is  m e a n s  t h a t  

th e  s t a n d in g  s to c k s  o f  p re y  in  th e  o c c u p ie d  p a tc h e s  

c o n t in u a l ly  d e c lin e . U n d e r  th e  id e a l f re e  a s s u m p tio n , 

th is  m a y  l e a d  to  a  r e d is t r ib u tio n  o f  th e  p r e d a to r s .  W e  

a r e  n o t  a b le  to  p ro v id e  a n a ly tic a l  s o lu t io n s  fo r  th is  

p ro c e ss  o f  r e d is t r ib u t io n  u n d e r  d e p le t io n ,  b u t  a  lo o k  

a t  th e  s h a p e  o f  th e  a g g re g a tiv e  re s p o n s e  p o in ts  to  so m e  

g e n e ra l iz a t io n s . F i r s t ,  fo r  th o s e  a g g re g a tiv e  re sp o n se s  

th a t  a re  c h a ra c te r iz e d  by a  th r e s h o ld  d e n s ity , it is c le a r  

th a t  th is  th r e s h o ld  p re y  d e n s ity  w ill s h if t  d o w n w a rd s  

as d e p le t io n  p ro c e e d s , p o o r e r  a n d  p o o r e r  p a tc h e s  w ill 

be  o c c u p ie d . S e c o n d , fo r  th o se  m o d e ls  (H a s s e l l -  

V a r le y , R u x to n )  w h e re  p r e d a to r s  s t ro n g ly  a g g re g a te  

in  th e  b e s t  p a tc h e s , th e se  p a tc h e s  w ill b e  severely- 

d e p le te d  a n d  th e  p r e d a to r s  w ill su b s e q u e n t ly  sp re a d  

o u t  to  p a tc h e s  o f  lo w e r  q u a li ty ;  p a tc h e s  w ill q u ic k ly  

b e c o m e  m o r e  s im ila r  in  th e  c o u r s e  o f  th e  w in te r . In  

c o n t r a s t ,  i f  th e r e  is a  m a x im u m  p r e d a to r  d e n s ity , as 

in th e  m o d e ls  t h a t  w ere  b a se d  o n  th e  e m p ir ic a l 

re la t io n s h ip  b e tw e e n  in ta k e  r a te  a n d  p r e d a to r  d e n s ity , 

i t  c o u ld  b e  t h a t  a  g o o d  p a tc h  is e ffe c tiv e ly  u n d e ru se d  

re la tiv e  to  a  p o o r  p a tc h  so  t h a t  d e p le t io n  in  te rm s  o f  

th e  f ra c t io n  o f  p re y  re m o v e d  w ill b e  m o r e  in te n se  in  

th e  p o o r  p a tc h .  O u r  se c o n d  e x a m p le  e x a m in e s  th ese  

su g g e s tio n s  b y  n u m e r ic a l  s im u la tio n s . W e  w ill e x te n d  

th e  p re v io u s  e x a m p le  o f  f o ra g in g  o y s te rc a tc h e rs  f u r 

th e r  b y  sh o w in g  th e  e ffe c t o f  p re y  d e p le t io n  in  th e  

c o u r s e  o f  th e  w in te r  o n  c h a n g e s  in  th e  a g g re g a tiv e  

re sp o n s e  o f  th e  o y s te rc a tc h e r .  I n  o u r  a p p r o a c h ,  e a c h  

d a y  ( th e  w in te r s  s ta r ts  a t  1 S e p te m b e r  a n d  e n d s  a t  d ay  

2 1 5 , 31 M a rc h )  th e  b ird s  a re  r e d is t r ib u te d  o v e r  all 

p a tc h e s  a c c o rd in g  to  th e  v a r io u s  a g g re g a tiv e  re sp o n s e  

fu n c tio n s . In  o r d e r  to  su rv iv e , th e  b ird s  h a v e  to  b a l 

a n c e  th e ir  e n e rg y  b u d g e t. T h is  r e q u i re m e n t  im p lies  

th a t  th e y  h a v e  to  g a th e r  a  m o re  o r  less fix ed  a m o u n t  

o f  fo o d  each  d a y .  E x tr a  fo o d  in ta k e  w ill n o t  in c rease  

th e ir  fitness, a s  th e y  c a n n o t  d ire c t  i t  in to  g ro w th  o r  

r e p ro d u c tio n . T h u s ,  th e  p r e d a to r - p r e y  sy s te m  is o f  a  

re la tiv e ly  s im p le  s t ru c tu re . P re y  d e c re a s e s  a t  a  r a te  

d e te rm in e d  b y  th e  n u m b e r  o f  p r e d a to r s  in  th e  sy s tem  

tim e s  th e  fixed r a te  o f  f o o d  in ta k e  p e r  p r e d a to r .  P re d 

a to r s  e ith e r  s u rv iv e  o r  d ie . T h e y  d ie  w h e n  th e ir  in ta k e  

r a te  fa lls  c o n s is te n tly  b e lo w  th e ir  en ergy  re q u ire m e n ts . 

Y e t in  th e  n u m e r ic a l  e x a m p le  p r e s e n te d  h e re  th is  d id  

n o t  o c c u r . E a c h  d a y  p re y  d e n s ity  n¡ in  e a c h  p a tc h  

d e c re a se s  by  th e  b ird  d e n s ity  p¡ t im e s  th e  r e q u ire d  

in ta k e  ra te  c0 ( s ~ ‘) t im e s  th e  d ay  le n g th  (s). M o d e l 

r u n s  a re  p e r fo rm e d  fo r  o y s te rc a tc h e r s  fe e d in g  o n  

b iv a lv e s  o f 0 2 5 g A F D M .  T h e  r e q u ire d  in ta k e  ra te  c0
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is b a s e d  o n  a  p o w e r  o f  8-8 W , w h ic h  is th e  e s t im a te  

fo r  a  w in te r  d a y  w ith  a  te m p e ra tu re  o f  a b o u t  5 C  

(K e rs te n  &  P ie r sm a  1987). T h e se  e n e rg y  n e e d s  c o r 

r e s p o n d  to  a  d ig e s tio n  effic iency  o f  0-8 ( —) tim e s  

e n e rg y  c o n te n t  o f  22 0 0 0  (J  g -1 ) tim e s  a  d a ily  a v e ra g e d  

A F D M  in ta k e  r a te  o f  0-0005 ( g s -1 ). T h is  im p lie s  a 

d a ily  fo o d  in ta k e  o f  0 -0005 ( g s -1) tim e s  86400  (s) 

is  4 3 - 2 g d a y -1 o r  1 7 3 d a y -1 . I f  a  d a y  c o n ta in s  1 2 h 

f o ra g in g  tim e , th e  r e q u ire d  in ta k e  r a te  w h ile  fo ra g in g  

is 0-001 g s -1 o r  0 -0 0 4 s -1 , t h a t  is o n e  p re y  e v e ry  250  s. 

T h e  in it ia l  p re y  d e n s itie s , a n d  th e  p a tc h  a r e a s  a re  g iv en  

in  T a b le  3. T h e s e  f ig u res  re se m b le  th e  s i tu a t io n  o n  th e  

R o g g e n p la a t ,  a  t id a l  fla t in  th e  O o s te rs c h e ld e , S W  

N e th e r la n d s ,  a n d  w e re  b a s e d  o n  d a ta  g a th e re d  in  1989 

b y  M e ire  e t  al. (1994). T h e  n u m b e r  o f  b ird s  t h a t  u se  

th e  a r e a  is se t to  15 000  (L a m b e c k , S a n d e e  &  D e  W o lf  

1989).
T h e  p r e d ic te d  s p a t ia l  d is t r ib u t io n  a t  th e  s t a r t  o f  th e  

w in te r  s e a s o n  sh o w s  m a jo r  d iffe ren ces  b e tw e e n  th e  

v a r io u s  m o d e ls .  A s w a s  sh o w n  e a r lie r , a c c o rd in g  to  

th e  H a s s e l l -V a r le y  m o d e l p r e d a to r s  w o u ld  s tro n g ly  

a g g re g a te  in  th e  m o s t  s u ita b le  p a tc h e s . O n  th e  

c o n t r a ry ,  f o r  th e  D o u b le lo g  m o d e l, fo r  e x a m p le , th e  

h ig h e s t  p re d ic te d  d e n s ity  is s u b s ta n tia l ly  lo w e r. A  

m o r e  in te r e s t in g  r e s u lt  is th e  q u a li ta t iv e  b e h a v io u r  o f  

th e  c h a n g e s  in  th e  a g g re g a tiv e  re sp o n se . A c c o rd in g  to  

th e  H a s s e l l -V a r le y  m o d e l p a tc h e s  te n d  to  b e c o m e  

m o re  s im ila r  in  th e  c o u rse  o f  th e  w in te r , b o th  in  te rm s  

o f  p re y  d e n s ity  a n d  p r e d a to r  d e n s ity . T h e  D o u b le lo g  

m o d e l p r e d ic ts  th e  o p p o s ite .  P r e d a to r  d e n s itie s  in  th e  

m o s t  s u i ta b le  p a tc h e s  in c re a s e , w h e re a s  p r e d a to r  d e n 

s itie s  in  th e  le a s t  s u ita b le  p a tc h e s  d e c re a se  in  th e  

c o u r s e  o f  t im e  (F ig . 3). T h e  B e d d in g to n  m o d e l ta k e s  

a n  in te rm e d ia te  p o s it io n . T h e  R u x to n  m o d e l g ives a 

s im ila r  p ic tu r e  to  th e  H a s s e ll-V a r le y  m o d e l, w h e re a s  

th e  S e m ilo g  a n d  U n tr a n s f o rm e d  m o d e ls  re se m b le  th e  

D o u b le lo g  m o d e l.
A t th is  p o in t  w e  w o u ld  lik e  to  m e n tio n  o n e  a p p a r e n t  

c o n t r a d ic t io n  in  th e  e x a m p le  (w h ich  is, h o w e v e r , o f  

m in o r  im p o r ta n c e  in  th e  p r e s e n t  c o n te x t) . O u r  ‘id e a l ’ 

a n d  ‘f re e ’ b ird s  a im  to  m a x im iz e  th e ir  in ta k e  ra te . O n  

th e  o th e r  h a n d ,  w e a s su m e  th a t  th e y  ju s t  n eed  a  fixed  

a m o u n t  o f  f o o d  p e r  d a y . T h is  im p lie s  t h a t  i f  th e  in ta k e  

r a te  t h a t  c a n  b e  a c h ie v e d  is h ig h e r  th a n  th e  r e q u ire d  

a m o u n t  o f  f o o d  p e r  d a y  d iv id e d  b y  th e  a v a i la b le  f o r 

a g in g  tim e  p e r  d a y , th e  b ird s  h a v e  s p a re  tim e . I f  w e 

a s s u m e  t h a t  e a c h  b ird  c o n t r ib u te s  to  th e  in te r fe re n c e  

d u r in g  th is  e x tr a  s p a re  t im e , o r  t h a t  a ll b ird s  ta k e  

th e i r  s p a re  t im e  a t  th e  s a m e  m o m e n t, th e re  a re  n o  

c o n c e p tu a l  p ro b le m s .

T H I R D  E X A M P L E :  A N  I N F L U X  O F  P R E D A T O R S

T h e  la s t  e x a m p le  c o n s id e rs  th e  b u ild -u p  o f  o y s te r-  

c a tc h e r  n u m b e r s  in  a  w in te r in g  a r e a  a t  th e  s t a r t  o f  th e  

w in te r  s e a s o n .  G o s s - C u s ta rd  a n d  c o w o rk e r s  (1 9 9 5 a , 

b )  c o n s id e re d  a  s i tu a t io n  o f  t h a t  k in d  o n  th e  m u sse l 

b e d s  o f  t h e  E x e . T h e y  c o n s tru c te d  a  m o d e l in  w h ich  

th e y  to o k  a c c o u n t  o f  v a r io u s  c o m p lic a t in g  p h e n o m 

e n a , su c h  a s  th e  p re s e n c e  o f  m u lt ip le  p re y  o f  v a r io u s  

sizes, a n d  d if fe re n c e s  in  p re y  o p e n in g  te c h n iq u e s , in 

in te r fe r e n c e - f re e  in ta k e  ra te s  a n d  in  th e  su sc e p tib ili ty  

to  in te r fe r e n c e  a m o n g  in d iv id u a l  o y s te rc a tc h e rs .  W e 

ju s t  m im ic k e d  th is  sy s te m  b y  t r a n s la t in g  th e  a v e ra g e  

in te r fe r e n c e - f re e  in ta k e  ra te  f o r  h a m m e r in g  o y s

te r c a tc h e r s  f o r  e a c h  m u sse l b e d  a s  p r e s e n te d  by  G o ss-  

C u s ta r d  e t  a l.  (1 9 9 5 , T a b le  1) in to  a n  ‘e ffe c tiv e ’ d e n s ity  

o f  b iv a lv e s  o f  0-25 g  A F D M  b y  u s in g  th e  in v e rse  o f  

H o l l in g ’s ty p e  I I  fu n c t io n a l  re s p o n s e  (w ith  th e  sa m e  

p a r a m e te r s  a s  in  th e  p re v io u s  e x a m p le s ) . S ta te d  o th e r 

w ise , fo r  e a c h  ‘e ffe c tiv e ’ d e n s ity  H o l l in g ’s ty p e  I I  f u n c 

t io n a l  r e s p o n s e  re v e a ls  e x a c tly  th e  a c c o m p a n y in g  

in te r fe r e n c e - f re e  in ta k e  r a te  (T a b le  4). S u b se q u e n tly , 

w e  u se d  th e  v a r io u s  m o d e ls  fo r  in te r fe re n c e  to  p re d ic t  

th e  d i s t r ib u t io n  o v e r  th e  m u sse l b e d s  w ith  in c re a s in g  

p r e d a to r  d e n s i ty ,  ig n o r in g  a n y  (m in o r)  c h a n g e s  in  p re y  

d e n s ity . O u r  a p p r o a c h  is h ig h ly  s im p lif ie d , b u t  i l lu s 

t r a te s  th e  e s s e n tia l  d iffe re n c e s  b e tw e e n  th e  v a r io u s  

m o d e ls . B e d d in g to n ’s m o d e l sh o w s  th e  g r e a te s t  c h a n 

g es  in  r e la t iv e  d e n s itie s  w ith  in c re a s in g  p r e d a to r  n u m 
b e rs  (F ig . 4 ) .  T h e  m o d e l o f  H a s se ll  &  V a rle y  d o e s  

n o t  sh o w  a n y  c h a n g e  in r e la tiv e  d is t r ib u t io n  w h e n  

p r e d a to r  n u m b e r s  in c re a se . T h e  S e m ilo g  m o d e l ta k e s  

a n  in te r m e d ia te  p o s itio n .

D iscussion

O u r  c o n t r ib u t io n  e m p h a s iz e d  t h a t  p r e d ic t io n s  on  

h a b i ta t  d is t r ib u t io n  o f  ‘id e a l’ a n d  ‘f re e ’ p r e d a to r s  

s t ro n g ly  d e p e n d  o n  th e  a s s u m p tio n s  th a t  a re  m a d e  o n  

th e  effec ts o f  in te r fe re n c e  o n  in ta k e  ra te . T h is  n o t io n  

p o in ts  a lm o s t  a u to m a tic a l ly  to  a  p a i r  o f  re c o m 

m e n d a t io n s  th a t  c a n  b e  m a d e .

F i r s t ,  it  im p lie s  t h a t  w h e n  ‘a n ’ id e a l free  d is t r ib u t io n  

is in v o lv e d , o n e  s h o u ld  be e x p lic it  a b o u t  th e  fu n c tio n a l  

r e s p o n s e  t h a t  w a s  a s su m e d . T h a t  is , it  s h o u ld  b e  c le a r  

in  w h a t  p re c is e  w a y  in ta k e  r a te  is  a s su m e d  to  b e  re la te d  

to  b o th  p re y  d e n s ity  an d  p r e d a to r  d e n s ity . T h is  h a s  

n o t  a lw a y s  p ro p e r ly  b een  d o n e ;  fo r  e x a m p le , S u th e r 

la n d  &  K o e n e  (19 8 2 ) a im e d  to  e s t im a te  th e  in te r 

fe re n c e  c o e ffic ie n t m  o f  th e  H a s s e ll-V a r le y  m o d e l, b u t

Table 3. A rea and  initial prey density fo r each o f  the six patches. Second example

P atch  1 2  3 4 5 6

A rea (IO6 n r )  1 51 6-05 3-85 0-96 1-78 2-34
Prey density  (m -2) 144-00 200-00 280 00 536-00 712-00 868 00
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Fig. 3. Phase diagram s in w hich each line show s the changes in p red a to r density  (m -2) and prey density  (m -2) in each patch 
du ring  the w inter season. T he do t indicates the end o f  the trajectory . A ggregative responses fo r various intake rates c (ranging 
from  6 T 0 -3 to  1810~ 3s~ ')  are also show n (cf. Fig. 2). S tarting  values o f  prey densities and patch  surface areas are  given in 
T able 3. (a) B eddington; (b) H assell-V arley; (c) D oublelog. Second example.

T able 4. Surface area (M cG rorty  & G oss-C ustard  1991), interference-free in take rate  and ‘effective’ prey density for each of 
the five g roups o f mussel beds. T h ird  exam ple

M ussel beds 1, 13, 14, 22 27, 31 3 .2 0 4, 26 25, 30

A rea  (IO4 m 2) 130 9 0 13-8 12 6 15-5
Interference-free in take rate  (m g 5 m in -1) 346 0 620 0 655 0 696 0 7940
Prey density (m ~2) 9 0 20-0 22-0 25-0 3 2 0

th e y  d id  n o t  u se  d a ta  o n  s e a rc h in g  r a te  b u t  d a ta  o n  

in ta k e  r a te . U s in g  in ta k e  r a te  w o u ld  in  th e  f irs t  p la c e  

re fe r  to  th e  D o u b le lo g  m o d e l. I n  a la te r  p a p e r  S u th e r 

la n d  &  P a r k e r  (1985) s ta te d  t h a t  th e  d is c re p a n c y  

b e tw e e n  b o th  m o d e ls  (H a s s e l l -V a r le y  a n d  D o u b le lo g )  

is u su a lly  lik e ly  to  be  sm a ll. Y e t ,  th e  p r e s e n t  s tu d y  

sh o w e d  t h a t  th e  c o n s e q u e n c e s , in  te rm s  o f  d if fe re n c e s  

in  th e  a g g re g a tiv e  r e s p o n s e , a re  r a th e r  d r a m a tic .

A n o th e r  e x a m p le  c o n c e rn s  th e  p r e re q u is i te s  o f  th e  

‘h a b i ta t  m a tc h in g ’ ru le . In  th e  ‘im m e d ia te  c o n 

s u m p t io n ’ s i tu a t io n  th e  in ta k e  r a te  p e r  p r e d a to r  p e r  

u n i t  fo ra g in g  tim e  is g iv en  b y  =  Q¡p¡~ ' ,  w h e re  Q, 

is th e  to ta l  fo o d  in p u t  in  p a tc h  i  p e r  u n i t  t im e  a n d  p¡ 

is th e  n u m b e r  o f  p r e d a to r s  in  th e  p a tc h .  T h is  le a d s  to  

th e  ‘in p u t  m a tc h in g ’ ru le  p¡ =  0 ,/c .  A s p o in te d  o u t  by  

T re g e n z a  (1 9 9 4 ), w h o  a im e d  to  c la r ify  s o m e  m is 

c o n c e p t io n s  in  a p p ly in g  th e  id ea l f re e  d is t r ib u t io n ,  

se v e ra l a u th o r s  c o n fu se d  th e  ‘im m e d ia te  c o n 

s u m p t io n ’ s i tu a t io n  w ith  th e  s i tu a t io n  w h e n  re so u rc e s

a re  b e s t  d e s c r ib e d  in  te rm s  o f  a  ‘s ta n d in g  s to c k ’ 

d e n s ity . T h e y  m is ta k e n ly  a s s u m e d  th a t  in  th e  la t te r  

c a s e  th e  id e a l f re e  th e o ry  p re d ic ts  a  ‘h a b i ta t  m a tc h in g ’ 

ru le , p¡ cc n¡ ( K e n n e d y  &  G r a y  1993). T re g e n z a  (1994) 

s ta te d  th a t  th e  ‘h a b i t a t  m a tc h in g ’ ru le  is  n o t  g e n e ra lly  

v a lid , sin ce  th e  in te r fe re n c e  c o e ffic ie n t m  o f  th e  m o d e l 

Y  =  X p ~ n' is n o t  n e c e ssa rily  e q u a l  to  o n e  in  th e  ‘s ta n d 

in g  s to c k ’ s i tu a t io n . H e  d e f in e d  Y  a s  th e  in d iv id u a l’s 

p a y o ff , X  as th e  to ta l  in p u t ,  a n d  p  a s  th e  n u m b e r  o f  

p r e d a to r s  in  th e  p a tc h . T re g e n z a  d id  n o t  m e n tio n , 

h o w e v e r , th a t  in  a  ‘s ta n d in g  s to c k ’ s i tu a t io n  th e  ‘h a b i 

t a t  m a tc h in g ’ r u le  a lso  re q u ire s  th e  a d d i t io n a l  a s su m p 

t io n  th a t  th e  in d iv id u a l ’s p a y o f f  Y  s h o u ld  be  m e a su re d  

in  te rm s  o f  e n c o u n te r  r a te  ( in s te a d  o f  th e  m o re  o b \  io u s  

in ta k e  ra te )  a n d  th a t  th e  t o ta l  in p u t  a c tu a l l j  m e a n s  

th e  in te rfe re n c e -fre e  e n c o u n te r  r a te ,  an, in  o u r  te r 
m in o lo g y .

S e c o n d , th e  c h o ic e  o f  a  f u n c t io n a l  re sp o n s e  m o d e l, 

w h ic h  a p p e a re d  to  b e  o f  v i ta l  im p o r ta n c e  w h e n  p re -
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Fig. 4. Changes in p redato r d istribution  over five groups o f  m ussel beds w hen the num ber o f  birds grow  (a t the sta rt o f  the 
season) from  zero to 2000. Prey densities and  bed surface areas arc  given in  T a b le 4. T he beds are  arranged  (from  a b o \e  to 
below ) in o rder o f  decreasing prey density, (a) Beddington; (b) H assell-V arley; (c) Semilog. T h ird  example.

d ic t io n s  a b o u t  th e  s p a tia l  d is t r ib u t io n  o f  id e a l a n d  free  

p r e d a to r s  a r e  n e e d e d , s h o u ld  b e  b a s e d  o n  d e ta i le d  

k n o w  led g e  o f  a ll c o m p o n e n ts  o f  th e  p r e d a t io n  p ro c e ss  

a n d  o n  th e o re t ic a l  a p p e a l;  f o r  e x a m p le , o u r  re su lts  

su g g e s t  th a t  it  m ig h t b e  o f  im p o r ta n c e  w h e th e r  o r  n o t  

th e  m o d e l la k e s  in to  a c c o u n t t h a t  h a n d l in g  in d iv id u a ls  

m a y  su ffe r  f ro m  in te r fe re n c e  (rec a ll th a t  th e  m o d e ls  

w h ic h  a s s u m e d  th a t  o n ly  s e a rc h in g  in d iv id u a ls  in te r 

a c t ,  th e  R u x to n  a n d  th e  H a s s e ll-V a r le y  m o d e l, w ere  

th e  o n ly  m o d e ls  th a t  p re d ic te d  th a t  p r o p o r t io n a l ly  

m o r e  p r e d a to r s  a g g re g a te  in  h ig h -d e n s ity  p a tc h e s ) . 

O u r  im p re s s io n  is t h a t  u n til  n o w  th e  c h o ic e  h a s  o f te n  

b e e n  b a s e d  o n  c o n v e n tio n ;  f o r  e x a m p le , K a c e ln ik  et 

al. (1 9 9 2 ), in  th e i r  rev iew  o f  th e  id e a l f re e  d is t r ib u t io n ,  

s im p ly  s ta te  t h a t  re a lis tic  a s s u m p tio n s  a b o u t  th e  in te r 

f e re n c e  b e tw e e n  c o m p e ti to r s  le a d  to  th e  H a s s e l l - V a r 

ley  fu n c t io n a l  re sp o n se . T h e y  l ig h th e a r te d ly  a v o id  

d e f in in g  th e  m e a n in g  o f ‘re a lis tic ’. Y e t,  a m p le  e m p ir i 

c a l e v id e n c e  e x is ts  th a t  fo r  m a n y  sp e c ie s  lo g  s e a rc h in g  

r a te  d e c re a se s  in  a  n o n l in e a r  w a y  w ith  lo g  p r e d a to r  

d e n s i ty  (F r e e , B e d d in g to n  &  L a w to n  1977). B e sid es  

th is  la c k  o f  e m p ir ic a l s u p p o r t ,  th e  m o d e l h a s  se v e re  

th e o re t ic a l  s h o r tc o m in g s . I n  fa c t , it  a s su m e s  th a t  fo r  

p r e d a to r  d e n s itie s  c lo se  to  z e ro , s e a rc h in g  r a te  A  g o e s  

to  in f in ity , w h ic h  d o e s  n o t  seem  to  be  re a l is t ic  (F re e  

e t  a l. 1977). T h e  D o u b le lo g  a n d  S e m ilo g  m o d e ls  su ffe r  

f ro m  th e  sa m e  l im ita t io n .

S in ce  th e  c h o ic e  o f  a  f u n c tio n a l  re sp o n s e  ( in c lu d in g  

th e  effec ts  o f  in te r fe re n c e )  so  s tro n g ly  in f lu e n c e s  th e

p re d ic te d  a g g re g a tiv e  r e sp o n s e , c o n c lu s io n s  b a se d  on  

a  p a r t i c u la r  c h o ic e  a re  u n lik e ly  to  b e  g e n e ra lly  tru e . 

T h e  w id e ly  u se d  H a s s e ll-V a r le y  m o d e l is  b o th  th e o r 

e tic a lly  d e f ic ie n t  a n d  la c k s  e m p ir ic a l  s u p p o r t .  T h e  

s ta tu s  o f  t h e  o th e r  p h e n o m e n o lo g ic a l  m o d e ls  is e q u 

a lly  w a n t in g .  A lth o u g h  th e  th e o re t ic a l  a p p e a l  o f  th e  

m e c h a n is t ic  m o d e ls  o f  in te r fe re n c e  is h ig h e r ,  th e y  a re  

n o t  fu lly  c o n s is te n t  in  th e  c o n te x t  o f  id e a l  f re e  th e o ry , 

w h e re  it is  a s su m e d  th a t  p r e d a to r s  m a x im iz e  th e ir  

f itn e ss  r e w a rd s . In  th e  m e c h a n is t ic  m o d e ls , th e  a n im a ls  

b e h a v e  l ik e  a im le ss  b ill ia rd  b a lls , a n d  th e  q u e s tio n  

w h y  a n im a ls  s h o u ld  in te r fe re  w h e re  th e  r e s u lt  is 

o n ly  a  lo ss  o f  fe e d in g  tim e , is n o t  a n s w e re d . D e v e lo p 

m e n t  o f  a  m o d e l o f  in te r fe re n c e  t h a t  is  c o n s is te n t  

w ith  th e  a s s u m p tio n  o f  r a te  m a x im iz a t io n  in  th e  

c h o ic e  o f  a  fe e d in g  s ite  s ta n d s  o u t  a s  a  c le a r  th e o re tic a l 
ch a lle n g e .

S o  fa r , e m p ir ic a l s tu d ie s  o f  in te r fe re n c e  in  w a d e rs  

a n d  o th e r  b ird s  h a v e  p r im a r i ly  re lied  o n  s ta tis t ic a l  

te c h n iq u e s  to  c o n tro l  fo r  th e  m a n y  c o n f o u n d in g  v a r i 

a b le s  in  th e  f ie ld  (Z w a r ts  &  D r e n t  1981; E n s  &  G o ss-  

C u s ta r d  1984 ; G o s s -C u s ta rd ,  C la rk e  &  D u re l l  1984). 

W h ile  w e a re  h a p p y  to  a c c e p t  th e  q u a l i ta t iv e  e v id en ce  

f o r  in te r fe re n c e , w e th in k  th is  a p p r o a c h  is in a d e q u a te  

to  u n c o v e r  th e  u n d e r ly in g  p ro c e sse s  a n d  th e  q u a n 

ti ta t iv e  d e ta ils . In  o u r  v iew , e x p e r im e n ta l  m a n ip u 

la t io n s  o f  p re y  d e n s ity , p r e d a to r  d e n s ity  a n d  tid e  

le n g th  in a  s e m in a tu ra l  e n v iro n m e n t  a s  p io n e e re d  by  

S w e n n e n , L e o p o ld  &  D e  B ru ijn  (1989) a r e  c a lle d  fo r.
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