
Social foraging: individual learning 
and cultural transmission 
of innovations

I 19 416

W e p r e s e n t  tw o  s to c h a s tic  m o d e ls  o f  in d iv id u a l a n d  soc ial le a rn in g  th a t  c o u n t th e  n u m b e r  o f  ind iv iduals 
e x h ib it in g  a le a rn e d , r e s o u r c e - p ro d u c in g  t r a i t  in  a  g ro u p  o f  soc ial fo ra g e rs . T h e  novelty  o f  o u r  m o d e lin g  
r e su lts  f ro m  in c o r p o ra t in g  th e  e m p ir ic a lly  b a s e d  a s su m p tio n  th a t  ra te s  o f  b o th  ind iv idual a n d  social le a rn in g  
s h o u ld  d e p e n d  o n  th e  f re q u e n c y  o f  th e  le a rn e d  tr a i t  w ith in  th e  g ro u p . W h en  re so u rc e s  o c c u r  as c lum ps 
s h a re d  by  g r o u p  m e m b e rs , a  n a iv e  in d iv id u a l’s a c q u is itio n  o f  th e  skill r e q u ire d  fo r  c lu m p  d isc o v e ry / 
p r o d u c t io n  s h o u ld  inv o lv e  o p p o s in g  p ro c e s s e s  o f  fre q u e n c y  d e p e n d e n c e . T h e  o p p o r tu n ity  to le a rn  via 
c u l tu r a l  tra n sm iss io n  sh o u ld  in c re a se  w ith  th e  t r a i t ’s fre q u e n c y , b u t  th e  o p p o r tu n ity  fo r  le a rn in g  indiv id
u a lly  s h o u ld  d e c re a s e  as th e  t r a i t ’s f re q u e n c y  in crease s. T h e  re su lts  o f  th e  m o d e l sug g est th a t  th e  ev o lu tio n  
o f  th e  c a p a c ity  fo r  c u l tu r a l  tra n sm iss io n  m ay  b e  p ro m o te d  in  en v iro n m e n ts  w h ere  sc ro u n g in g  a t re so u rc e  
c lu m p s  in h ib its  r a te s  o f  in d iv id u a l le a rn in g . Keywords:  cu ltu ra l tran sm iss io n , social fo rag in g , social lea rn in g . 
[B ehav Ecol 5 : 3 5 - 4 3  (1994)]

An im a ls  o f te n  a c q u ire  fo ra g in g  skills th ro u g h  
le a r n in g  (e .g ., C ro y  a n d  H u g h e s , 1 9 9 0 ; S u l

liv an , 1 9 8 8 ). W e m ay  d ic h o to m iz e  le a rn in g  as e i th e r  
“ in d iv id u a l"  o r  “ so c ia l,”  a l th o u g h  th e  tw o  p r o 
cesses o f te n  in te r a c t  in  so c ia l g ro u p s  (G ale f, 1988). 
F o r  o u r  p u rp o s e s , in d iv id u a l  le a r n in g  invo lves on ly  
a  d i r e c t  t r a n s a c t io n  b e tw e e n  a  c o n s u m e r  a n d  its 
r e s o u rc e .  T h e  p ro c e s s  o f  in d iv id u a l le a r n in g  is th e  
sa m e  f o r  a  so lita ry  a n d  a  g r o u p  m e m b e r ;  social 
in f lu e n c e s  d o  n o t  d ire c tly  a f fe c t  th e  in d iv id u a l’s 
in te r a c t io n  w ith  th e  r e s o u r c e  a n d  s u b s e q u e n t  ac 
q u is i t io n  o f  a  n o v e l b e h a v io r .  H o w e v e r , th e  p r o b 
a b ility  th a t  a  g r o u p  m e m b e r  e n c o u n te r s  th e  o p 
p o r tu n i ty  to  le a rn  in d iv id u a lly  m ay  d e p e n d  on  
b e h a v io ra l  a t t r ib u te s  o f  o th e r  g r o u p  m e m b e rs  (Gi- 
r a ld c a u ,  1984).

S o c ia l le a rn in g , f o r  o u r  p u rp o s e s , en v is io n s  d i
r e c t  e f fe c ts  o f  in d iv id u a ls  p e r f o r m in g  a  r e s o u rc e -  
p r o d u c in g  b e h a v io r  o n  a n  o b s e rv e r ’s a c q u is i tio n  o f  
th a t  b e h a v io r .  I n  g e n e ra l ,  so c ia l le a r n in g  m ay  im ply  
t h a t  g r o u p  m e m b e rs  a c q u ir e  in n o v a tiv e  b e h a v io r  
f a s te r  th a n  s o lita r ie s  f o r  tw o  re a so n s . F irs t ,  k n o w l
e d g e a b le  in d iv id u a ls  m ay  c h a n n e l  a n  o b s e rv e r ’s a t
t e n t io n  to w a rd  s tim u li o r  c o n d i t io n s  p r o m o tin g  a c 
q u is i t io n  o f  th e  in n o v a tio n . E x a m p le s  in c lu d e  social 
f a c il i ta t io n  (c o n ta g io n  o f  m o tiv a tio n a l  s ta te s )  a n d  
lo ca l e n h a n c e m e n t  ( d ire c t in g  a t te n t io n  to  p a r t ic 
u la r  lo c a tio n s  o r  o b je c ts ; T h o rp e ,  1 9 5 6 : 1 2 0 -1 2 4 ) . 
S e c o n d , a n  o b s e rv e r  m a y  a c q u ire  a n  in n o v a tio n  by 
im ita t in g  k n o w le d g e a b le  “ tu to r s .” E x p e r im e n ta l  
e v id e n c e  o f  im ita t io n  o f  n o v e l fo o d -f in d in g  skills 
h a s  b e e n  p ro v id e d  fo r  p ig e o n s  (e .g ., P a la m e ta  a n d  
L e fe b v re , 1 9 8 5 ) a n d  f o r  r a ts  (e .g ., H e y e s  a n d  D aw 
so n , 1 9 9 0 ). T h e  p ro b a b ility  th a t  a n  in d iv id u a l g ro u p  
m e m b e r  le a rn s  a n  in n o v a tio n  th ro u g h  e i th e r  o f  these  
so c ia l e ffe c ts  s h o u ld  d e p e n d  o n  th e  f r e q u e n c y  o f  
th e  b e h a v io r  a m o n g  o th e r  g r o u p  m e m b e rs  (e .g ., 
B a r th o lo m e w , 1 9 8 3 ; B o y d  a n d  R ic h e rs o n , 1 9 8 5 , 
1 9 8 8 ).

Social le a rn in g , in its various fo rm s , drives cu l
tu ra l ev o lu tio n  b o th  w ith in  a n d  b e tw een  g e n e ra 
tio n s  (F agan , 1 9 8 1 ; L efeb v re , 1986 ; L efebv re  an d  
P a lam eta , 1988; P u lliam  a n d  D u n fo rd , 1980). O u r  
m o d e ls  e x am in e  w ith in -g e n e ra tio n , freq u e n cy -d e 
p e n d e n t  effec ts  o n  b o th  in d iv idual le a rn in g  an d  
c u ltu ra l tran sm iss io n  o f  a  re so u rc e -p ro d u c in g  skill 
in  g ro u p s  o f  social fo rag e rs . I t  is o f te n  th e  case in  
su c h  g ro u p s  th a t  so m e  ind iv iduals (sc roungers) o b 
ta in  fo o d  d is c o v e re d /c a p tu re d  by o th e r  g ro u p  
m e m b e rs  (p ro d u c e rs ). O u r  th e o ry  d e m o n s tra te s  
h o w  th e  p ro d u c e r -s c ro u n g e r  p h e n o m e n o n  (e.g., 
B a rn a rd  a n d  Sibly, 1981 ; C araco  a n d  G ira ld cau , 
1 9 9 1 ; P a rk e r, 1 9 8 4 ; V ickery e t al,, 1991) can  in 
te ra c t  w ith  le a rn in g  p rocesses to  g o v e rn  b ehav io ra l 
d iversity  w ith in  a  social g ro u p .

R e c e n t e x p e r im e n ta l s tu d ies o f  lea rn in g  have 
sh o w n  th a t  social fo ra g in g  can  in te r fe re  w ith  in 
d iv idual le a rn in g  (B eau ch a m p  a n d  Kacelnik, 1991 ; 
F rag aszy  a n d  V isa lbergh i, 1989; G ira ld eau  a n d  L e
febvre , 1986), S c ro u n g in g  in te r fe re s  w ith individ
u a l le a rn in g  b e c a u se  sc ro u n g e rs  (w ho w ould  o th 
erw ise be  e x p lo r in g  th e  e n v iro n m e n t a n d  le a rn in g  
to  p ro d u c e  re so u rc e s )  sp e n d  so  m u ch  tim e e a tin g  
a t  fo o d  c lum ps d isc o v e red  by o th e r  g ro u p  m em bers 
(G ira ld ca u , 1984). F u r th e rm o re , sc ro u n g in g  m ay 
occasionally  in te r fe re  w ith  social le a rn in g  (Fragaszy 
a n d  V isa lbergh i, 1 9 9 0 ; G ira ld cau  a n d  L efebvre, 
1987 ; G ira ld eau  a n d  T e m p le to n , 19 9 1 ). T his in 
te r fe r e n c e  m ay h av e  eco log ical re lev an ce  because  
em p iric a l e v id en ce  suggests th a t th e  r a te  a t w h ich  
in d iv iduals a c q u ire  o r  im p ro v e  th e  efficiency o f  fo r
ag in g  skills can  have im p o r ta n t  fitness co n se
q u e n c e s  (C roy a n d  H u g h es , 1990 ; Sullivan, 1988).

A  few  p re v io u s  m o d e ls  ex am in e  th e  s im u ltan eo u s 
e ffec ts  o f  b o th  in d iv id u a l le a rn in g  a n d  w ith in -gen
e ra t io n  c u ltu ra l tran sm iss io n  o n  th e  frequency  o f  
in d iv iduals e x h ib itin g  a  p a r t ic u la r  t r a i t  (B artho lo 
m ew , 1983 ; B oyd a n d  R ich e rso n , 1985). H ow ever,
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th e  c o m p lic a tio n s  o f  s c ro u n g in g  h a v e  n o t  b e e n  p r e 
v iously  c o n s id e re d  iri m o d e lin g  th e  d y n am ics  o í  a 
le a rn e d  r e s o u r c e - p ro d u c in g  tr a i t .  O u r  firs t m o d el 
a s su m e s th a t  s c ro u n g in g  in h ib its  an y  soc ial le a rn 
in g , as su g g e s te d  by  G ira ld c a u  a n d  L e fe b v re  (19 8 7 ). 
C o n se q u e n tly , th e  m o d e l in v e s tig a te s  h o w  fa c to rs  
su c h  as sc ro u n g in g , fo ra g in g  g r o u p  size, a n d  skill 
c o m p le x ity  m ig h t a f fe c t  th e  e q u il ib r iu m  f re q u e n c y  
o f  a n  in n o v a tio n  a c q u i r e d  o n ly  th ro u g h  in d iv id u a l 
le a rn in g . A s e c o n d  m o d e l re la x e s  th e  e ffe c t o f  
s c ro u n g in g  o n  so c ia l le a rn in g  (see  G ira ld e a u  a n d  
T e m p le to n , 1 9 9 1 ) a n d  a ssu m es th a t  b o th  in d iv id u a l 
a n d  soc ial le a rn in g  m a y  o c c u r . T h e  re su lts  lead  to  
n e w  p re d ic t io n s  c o n c e r n in g  th e  r e d u c tio n s  in in 
d iv id u a l le a rn in g  c a u s e d  by  sc ro u n g in g . T h e  m o d 
e ls  su g g e s t  th a t  th e  e c o lo g ic a l s ig n if ican ce  o f  soc ia l 
le a rn in g  m ay  lie p a r tia lly  in  its  cap a c ity  to  c irc u m 
v e n t th e  in h ib ito ry  e f fe c ts  th a t  s c ro u n g in g  h as  o n  
fo ra g in g  skill a c q u is i tio n  th ro u g h  in d iv id u a l le a rn 
ing .

MODELS

O u r  th e o ry  c o n c e rn s  th e  le a rn e d  cap ac ity  to  p r o 
d u c e  re s o u rc e  c lu m p s  th a t  a re  s h a re d  by  m e m b e rs  
o f  a  c lo se d  soc ial g r o u p .  W e a ssu m e  th a t  b o th  in 
d iv id u a l a n d  so c ia l le a rn in g  o f  a  t r a i t  e n h a n c in g  
re s o u rc e  p r o d u c t io n  d e p e n d  o n  th a t  t r a i t ’s f r e 
q u e n c y  w ith in  th e  g ro u p .  F re q u e n c y  d e p e n d e n c e  
o f  so c ia l le a rn in g  m a k e s  in tu it iv e  se n se ; a n  in 
c re a s e d  n u m b e r  o f  “ d e m o n s tr a to r s ”  e x h ib itin g  a n  
e c o n o m ica lly  a d v a n ta g e o u s  t r a i t  im p lie s  a n  in c re a se  
in  th e  o p p o r tu n it ie s  f o r  o th e r s  to  le a rn  soc ia lly  
(e .g ., B a r th o lo m e w , 1 9 8 3 ; C a v a lli-S fo rza  a n d  F e ld 
m a n , 1 9 8 1 ; P u llia m  a n d  D u n f o rd ,  1980). T h e r e 
fo re , th e  p ro b a b il ity  th a t  a  g iv en  in d iv id u a l a c q u ire s  
th e  t r a i t  soc ia lly  m ay  in c re a se  w ith  th e  t r a i t 's  f r e 
q u e n c y .  F r e q u e n c y  d e p e n d e n c e  f o r  in d iv id u a l  
le a rn in g  m ay  b e  less o b v io u s , b u t  n o  less im p o r ta n t .  
W e a ssu m e  th a t  as th e  f re q u e n c y  o f  th e  r e s o u rc e -  
p r o d u c in g  t r a i t  in c re a se s , a  n a iv e  in d iv id u a l h a s  
fe w e r  o p p o r tu n i t ie s  to  le a rn  th e  t r a i t  as a  r e su lt  o f  
its  o w n  e x p e r ie n c e  d isc o v e r in g  re s o u rc e s . T h á t  is, 
in c re a s in g  th e  l ik e lih o o d  a  naive  in d iv id u a l will sh a re  
(sc ro u n g e )  a  r e s o u r c e  c lu m p  d is c o v e re d  by a n o th e r  
f o r a g e r  d e c re a se s  th e  c h a n c e  th e  f irs t  in d iv id u a l 
will a c q u ire  th e  t r a i t  th r o u g h  in d iv id u a l le a rn in g  
(G ira ld e a u , 19 8 4 ).

E a c h  o f  o u r  m o d e ls  c o n s id e rs  tw o  levels o f  r e 
s o u rc e  p r o d u c t io n .  In d iv id u a ls  d isc o v e r  re s o u rc e  
d u m p s  a t  c i th e r  a  b a s e lin e  r a te  o r  a  f a s te r  r a te ;  th e  
f a s te r  r a te  o f  c lu m p  d isc o v e ry  is th e  t r a i t  a c q u ire d  
th r o u g h  le a rn in g . T h e  m o d e ls  a d m it  th e  poss ib ility  
o f  f o rg e t t in g  a n d  r e le a r n in g  th e  t r a i t  a n d  e x a m in e  
th e  e q u il ib r iu m  f re q u e n c y  d is t r ib u t io n  o f  th e  t r a i t  
w ith in  a  f o ra g in g  g r o u p .  W e u se  n u m e r ic a l  analysis 
to  d e te rm in e  th e  e f fe c ts  th a t  g r o u p  size, task  c o m 
p lex ity , a n d  c o n s e q u e n c e  o f  le a rn in g  o n  re so u rc e  
p r o d u c t io n  r a te  h a v e  o n  th e  e q u il ib r iu m  n u m b e r s  
o f  in d iv id u a ls  th a t  h a v e  a n d  h a v e  n o t  a c q u ire d  th e  
skill.

In div idual learn ing  only: 
long-term  equilibrium

A  fo ra g in g  g r o u p  c o m p o s e d  o f  G  m e m b e rs  s e a rc h e s  
f o r  f o o d  re s o u rc e s  in  a p a tc h y  e n v iro n m e n t . W h e n  
o n e  in d iv id u a l d isc o v e rs  (o r  o th e rw ise  p ro d u c e s )  a  
f o o d  c lu m p ,  e a c h  g r o u p  m e m b e r  c o n s u m e s

( sc ro u n g e s )  a  p o r t io n  o f  t h e  r e s o u r c e .  A t a n y  given 
tim e  w e c a n  e x p e c t  s o m e  v a r ia t io n  a m o n g  g ro u p  
m e m b e r s  i n  th e  r a te  o f  d is c o v e r in g  d u m p s  (e.g., 
C a ra c o  e t  a l . , 1 9 8 9 ). T o  fo c u s  th e  m o d e l, w e a ssu m e 
th a t  e a c h  g r o u p  m e m b e r  c a n  b e  c la s s if ie d  a s  e i th e r  
a  slow  o r  f a s t  p r o d u c e r .  S lo w  p r o d u c e r s  d isc o v e r 
c lu m p s  a t  a  c o n s ta n t ,  lo w e r  p ro b a b i l is t ic  r a te ,  s , ,  
a n d  f a s t  p r o d u c e r s  d is c o v e r  c lu m p s  a t  a  g re a te r , 
c o n s ta n t  p r o b a b i l is t i c  r a te ,  s-¿, w h e re :

s% — ctV| ; a  >  1 .  (1)

A  slo w  p r o d u c e r  m ay  in c r e a s e  its  r a te  o f  c lu m p  
d isc o v e ry  th r o u g h  in d iv id u a l  le a r n in g  o n ly . T h a t  is, 
a  f o r a g e r ’s  l e a r n in g  r e q u i r e s  t h a t  th e  in d iv id u a l 
i ts e lf  d is c o v e r  r e s o u r c e  d u m p s ;  h a v in g  d isc o v e re d  
a  c lu m p , a  s lo w  p r o d u c e r  m a y  le a r n  f ro m  th e  ex
p e r ie n c e  a n d  b e c o m e  a  f a s t  p r o d u c e r .  B e c a u se  s¡¿/ 
j ,  =  a ,  a  l a r g e r  v a lu e  o f  a  im p lie s  a  g r e a t e r  c o n 
s e q u e n c e  o f  l e a r n in g  o n  p r o d u c in g  r a te  a n d  a  la rg 
e r  in c r e a s e  i n  e a c h  g r o u p  m e m b e r ’s f e e d in g  ra te  
w h e n  l e a r n i n g  o c c u rs .  A  la r g e  a  m ay  o c c u r  w hen , 
f o r  in s ta n c e ,  th e  s p o n ta n e o u s  r a te  o f  p e r fo rm a n c e  
o f  so m e  b e h a v io r  is v e ry  low , b u t  w h e n  th e  b eh av io r  
is  p e r f o r m e d  i t  le a d s  to  th e  d is c o v e iy  o f  a n  a b u n 
d a n t  f o o d  s u p p ly .

W e a ls o  a s s u m e  th a t  f o r g e t t in g  c a n  o c c u r ,  al
th o u g h  f o r g e t t i n g  m ay  b e  r a r e  c o m p a r e d  to  le a rn 
in g . W h e n  a n  in d iv id u a l  f o rg e ts ,  by  d e f in itio n , a 
fa s t  p r o d u c e r  b e c o m e s  a  s lo w  p r o d u c e r ,  so  th a t  its 
r a te  o f  c lu m p  d is c o v e ry  r e v e r ts  f ro m  i 2 to  5 ,. S o 
c io lo g ic a l a n a ly s e s  o f  t h e  in t r a g e n e r a t io n a l  d ynam 
ics o f  l e a r n e d  t r a i ts  u su a lly  a llo w  f o r g e t t in g  and 
r e le a r n in g  (e .g ., K a rm e s h u  a n d  P a th r ia ,  1979; 
S h a r m a  e t  a l . ,  1 9 8 2 , 1 9 8 3 ) . M o re  im p o r ta n t ly ,  em 
p ir ic a l  r e s u l t s  im p ly  t h a t  f o r g e t t in g  o c c u r s  in  b o th  
m a m m a lia n  (D ’A m a to ,  1 9 7 3 )  a n d  a v ia n  fo ra g e rs  
(G ira ld e a u  a n d  L e fe b v re ,  1 9 8 7 ; G r a n t  a n d  R o b e rts , 
1 9 7 3 )  w h e n  o p p o r tu n i t i e s  to  u s e  a  le a r n e d  t r a i t  a re  
r a r e  o r  w h e n  ta sk s  a r e  c o m p le x  (C o m m o n s , 1981).

A s th e  f r e q u e n c y  o f  g r o u p  m e m b e r s  t h a t  le a rn e d  
th e  t r a i t  in c r e a s e s , t ire  p r o b a b i l i ty  th a t  th e  n e x t 
c lu m p  is d is c o v e re d  b y  a n y  g iv e n  slo w  p r o d u c e r  
d e c lin e s . C o n s e q u e n t ly ,  a  s lo w  p r o d u c e r ’s o p p o r 
tu n i t ie s  f o r  le a r n in g  a ls o  d e c l in e  as th e  n u m b e r  o f  
fa s t p r o d u c e r s  in c r e a s e s . T h e  n e g a t iv e  f re q u e n c y  
d e p e n d e n c e  o f  in d iv id u a l  le a r n in g  in  o u r  m o d e l 
a f fe c ts  th e  e q u i l ib r iu m  p r o p o r t i o n  o f  in d iv id u a ls  
t h a t  e x h ib i t  th e  t r a i t  a s  w e  v a ry  g r o u p  size , the 
re la tiv e  l ik e lih o o d  o f  f o r g e t t in g  v e rsu s  le a rn in g , and  
th e  r e la t iv e  r e s o u r c e  d is c o v e ry  r a te s  o f  f a s t  a n d  slow  
p r o d u c e r s .

A t t im e  t, a  g r o u p  o f  G f o r a g e r s  c o n ta in s  X (l)  
s low  p r o d u c e r s  a n d  [G  -  X ( t ) ] fa s t p r o d u c e r s :  X(t)  
e  f 0 ,  1 , . . . ,  G }. I n d iv id u a ls  d is c o v e r  re so u rc e  
c lu m p s  in d e p e n d e n t ly  a t  r e s p e c tiv e  p ro b a b il is t ic  
r a te s  s t a n d  s.¿. A t t im e  t, t h e  p r o b a b i l i ty  th a t  the 
n e x t  c lu m p  is d is c o v e re d  b y  an y  o f  th e  slo w  p r o 
d u c e r s  is d(t):

0(1) =  S) X ( t ) / { Sl X ( t )  +  *  [G  -  X U ) ] }
=  X ( l ) / { X ( t )  +  « [ G - X ( i ) ] } .  (2)

F o r  X ( t )  <  G, t h e  l ik e lih o o d  th a t  a n y  o f  th e  slow 
p r o d u c e r s  le a rn s  to  d is c o v e r  r e s o u r c e s  a t  t h e  h ig h e r  
r a te  w ill b e  p r o p o r t i o n a l  to  6(1).

W e  a s su m e  X ( t )  is a  s to c h a s t ic  p ro c e s s .  T h e  set 
( X ( í |) ,  X(L¿), , . . , X(Zz)} h a s  th e  sa m e  p ro b a b ility  
d is t r ib u t io n  as {X(Z, +  r ) ,  X(L¿ +  r ) , . . . , X l t  +  r)}, 
so  th e  p ro c e ss  is s ta t io n a r y  (see  K elly , 1 9 7 9 ) . W e 
a s s u m e  X ( t )  h a s  th e  M a rk o v  p r o p e r ty ;  th e  p re se n t
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s ta te  c o n ta in s  all u se fu l in fo rm a tio n  fo r  p re d ic t in g  
f u tu r e  s ta te s .  T h e  o n ly  a llo w ab le  tr a n s i t io n s  in X(t)  
a r e  in c r e a s e s  by  1 ( fo r  X ( t )  < G)  a n d  d e c re a s e s  by 
1 (fo rX (Z ) >  0 ). T h e re f o r e ,  X (0  c o n s titu te s  a  b i r th -  
d e a th  p r o c e s s  o n  a  f in ite -s ta te  space ,

S u p p o s e  X ( t )  in c re a se s  f ro m  r  to  ( r  +  1). T h e n  
o n e  o f  (G  — r)  fa s t p ro d u c e r s  fo rg e ts  th e  le a rn e d  
t r a i t .  W e  a s su m e  th a t  an y  f o rg e t t in g  o c c u rs  in d e 
p e n d e n t ly  a m o n g  th e  fa s t p ro d u c e rs . T h e  p ro b a 
b ilis tic  t r a n s i t io n  r a te  f ro m  r  to  ( r  +  1) is q(r, r  +

I):
q(r, r  +  1) =  /i(G  -  r);

r  =  0 , 1 . . . . . G -  1, (3)

w h e re  /x is th e  in d iv id u a l r a te  o f  fo rg e tt in g . T h e  
v a lu e  o f  f i  m ay  b e  re la tiv e ly  sm a ll, b u t  it  sh o u ld  
in c r e a s e  as e i th e r  ta sk  c o m p le x ity  o r  th e  r a r i ty  o f  
c lu m p  d isc o v e ry  in c re a se s .

N o w  s u p p o s e  X(Z) d e c re a s e s  f ro m  r  to  (r — 1). 
T h e n  o n e  o f  t h e  slow  p r o d u c e r s  le a rn s  to  d isc o v e r 
r e s o u r c e s  a t  th e  h ig h e r  r a te . T h e  p ro b a b ilis tic  tr a n 
s it io n  r a t e  f r o m  r  to  (r — I)  is  q(r, r  ~  1). U s in g  
E q u a t io n  2:

q(r,  r  -  1) =  ß r / { r  +  a  (G -  r)} ;

r  — 1, 2 , . .  . ,  G, (4)

w h e re  ß  is  th e  le a rn in g  p a ra m e te r ;  g r e a te r  values 
o f  ß  s h o u ld  b e  a s so c ia te d  w ith  less c o m p le x  tasks. 
N o te  t h a t  th e  t r a n s i t io n  r a te  p e r  n a iv e  in d iv id u a l, 
q(r, r  — \ ) / r ,  in c re a s e s  as r  in c re a se s . H e n c e  a  slow 
p r o d u c e r ’s p ro b a b il ity  o f  le a rn in g  in d iv id u a lly  d e 
c re a se s  as th e  t r a i t ’s f re q u e n c y  ([G  -  r ] /G )  in c re a s 
es.

B e c a u s e  X ( l )  is a  s ta tio n a ry  b i r t h - d e a t h  p ro c e ss , 
its  p r o p e r t i e s  e n s u re  t h a t  it will h av e  a  u n iq u e  e q u i
l ib r iu m  p ro b a b i l ity  d is t r ib u t io n  (Kelly, 1 9 7 9 ), W e 
d e s ig n a te  th e  e q u i l ib r iu m  d i s t r ib u t io n p ( X )  w h ere :

p (x )  =  lim  P r[X ( t )  =  X  I X(0) =  k ] , (5)
¿—♦co

T h e  p r o p o r t i o n  o f  t im e  th e  p ro c e s s  s p e n d s  in  s ta te  
X  c o n v e rg e s  to  p ( X )  as t —♦ oo , in d e p e n d e n t ly  o f  
th e  in itia l s ta te  o f  th e  p ro c e s s  X (0).

T h e n  th e  e q u il ib r iu m  p ro b a b il ity  f u n c t io n ,  as d e 
r iv e d  in  A p p e n d ix  A , is:

(®V,(a -  l)/m r(C )/T (C  -  X)]

m - T T \    (6)
S m w « -  i)/ffl'[r(c)/T(c -  o]

f o r  X  -  0 , 1 , G;  C  -  a G / ( a  -  1) a n d  r(A ) =  
(/i — I)T (/e — 1). E q u a tio n  6 d e f in e s  th e  e q u il ib r iu m  
d i s t r ib u t io n  o f  X, th e  n u m b e r  o f  a n im a ls  d ia t  have 
n o t  y e t  le a r n e d  th e  skill. T h e  r a t io  (ß /ß )  in c re a se s  
w ith  ta s k  c o m p le x ity  a n d  m ay  d e c re a s e  w ith  en v i
r o n m e n ta l  p ro d u c tiv ity  (i.e ., c lu m p  d en s ity ) . T h e  
q u a n t i ty  a  in c re a se s  as th e  c o n s e q u e n c e  o f  le a rn in g  
o n  a n  in d iv id u a l’s r a te  o f  c lu m p  d isc o v e ry  in c re a se s . 
O f  c o u r s e ,  n o  fo rg e t t in g  (¿ti =  0) m e a n s  th a t  every  
f o r a g e r  a c q u ir e s  a n d  re ta in s  ih e  tr a i t ,  so  th a t  p ( 0) 
=  1 a t  e q u il ib r iu m .

W e  n u m e r ic a lly  a n a ly z e d  p ( X ) ,  th e  e q u il ib r iu m  
n u m b e r  o f  in d iv id u a ls  th a t  h av e  n o t  le a r n e d ,  ac ro ss 
a  r a n g e  o f  v a lu e s  f o r  g r o u p  size (G), task  c o m p le x ity  
0i / ß ) ,  a n d  c o n s e q u e n c e s  o f  le a rn in g  o n  fo ra g in g

T ab le  1
Ind iv id u a l learn ing  only fo r group size (G) o f  5  (7  =
G  -  X)

a

(ß/ß) 2 5 10

E[X] 0.01 0.4 0.78 1.21
0.1 2.09 2.7 3.12
1.0 4.23 4.33 4.39

F[X] 0.01 0.36 0.59 0.75
0.1 1.09 0.91 0.72
1.0 0.62 0.47 0.39

C.V[X\ 0.01 1.49 0.98 0.72
0.1 0.5 0.35 0.27
1.0 0.19 0.16 0.14

CV[Y] 0.01 0.13 0.18 0.23
0.1 0.36 0.41 0.45
1.0 1.02 1.02 1.02

r a te  (a ). F o r  each  p a ra m e te r  co m b in a tio n , w e  cal
c u la te d  th e  eq u ilib riu m  n u m b e r  th a t h a v e  n o t 
le a rn e d  a n d  th e n  fo u n d  th e  m ean  (E[X]), v a r ia n c e  
(V fX ]), a n d  c o e ffic ie n t o f  v aria tio n  (CK[X]) o f  th e  
e q u ilib riu m  d is tr ib u tio n . As th e  m ean  o f  th e  eq u i
lib riu m  n u m b e r  th a t  fail to learn  increases, th e  m ean 
o f  th e  n u m b e r  th a t  le a rn  d ecreases. A n in c rease  in 
th e  v a rian ce  o f  th e  n u m b e r  o f  th o se  th a t h a v e  n o t  
l e a rn e d  is m ir ro r e d  in  th e  v ariance  o f  th e  n u m b e r  
th a t  hav e  le a rn e d :

V [G  -  X]  =  V[G]  +  V[X] -  2 COV[G,X]. (7)

B u t G is a  c o n s ta n t , so  V[G  -  X] =  F[X ].
T h e  c o e ff ic ie n t o f  v aria tio n  in  th e  n u m b e r  o f  

th o se  th a t  hav e  n o t  le a rn e d  is \ / V [ X } / E [ X ) .  T h e  
e q u iv a le n t  q u a n tity  fo r  th e  n u m b e r  th a t  have 
le a r n e d  is:

CV [G  -  X] =  V V [ G  -  X ] / E [ G  -  X]
=  V V \ X ] / ( G  -  E[X]).  (8)

A n  in c re a se  in  C V[X]  may im ply  an in c rease  o r  
a  d e c re a s e  in  C V [G  — X] fo r  each  p(X).

T a b le  1 lists E [X ] ,  V[X],  CV[X] a n d  CV(G -  X)  
f o r  G =  5  a t  n in e  d if fe re n t co m b in a tio n s o f  task  
co m p lex ity  ( ß / ß ) a n d  a ,  th e  c o n seq u en ces  o f  le a rn 
in g  o n  p ro d u c in g  ra te . T ab le  2 show s paralle l re -

T able 2
Ind iv idua l learn ing  only fo r group size (G) of 10 (7  =  
G -  X)

a

(ß/ß) 2 5 10

E[X) 0.01 1.5 2.66 3.74
0.1 5.82 6.71 7.41
1.0 9.15 9.24 9.32

v i x ) 0,01 1.2 1.63 1.76
0.1 1.92 1.76 1.22
1.0 0.74 0.59 0.42

CV[X) 0.01 0,73 0.48 0.35
0.1 0.24 0.2 0.15
1.0 0.09 0.08 0.07

CV[Y) 0.01 0.13 0.17 0.21
0.1 0.33 0.4 0.43
1.0 1.01 1.01 0.96
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F ig u re  1
T h e  proportion  o f  group 
m em bers (m) th a t fail to learn 
a  food-finding skill as a  
function  o f  g roup  size (G), 
w hen  behavioral complexity 
o f  the skill is (A) low (ß/ß  =  
0 ,01), (B) interm ediate (ß/ß = 
0.1), and (C) high (ß/ß  =  1.0). 
D ashed line, a  -  2; solid line, 
a  =  5; dotted  line, a  =  10.

Table 3
Ind iv idua l lea rn in g  only fo r g ro u p  size (G) o f  15 (Y  
G -  X)

(ß/ß) 2 5 10

w 0.01 3.1 5.11 6.79
0.1 9.94 11.12 11.91
1.0 14.11 14.19 14.27

V(X] 0.01 2.27 2.69 2.67
0.1 2.89 2.09 1.59
1.0 0.8 0.67 0.56

CV[X\ 0.01 0.49 0.32 0.24
0.1 0.17 0.13 0.11
1.0 0.06 0.06 0.05

CV[Y] 0 .0 1 0.18 0.17 0.2
0.1 0.34 0.37 0.41
1.0 1.0 1.01 1.03

su its  f o r  G -  10 , a n d  T a b le  3  sh o w s r e s u lts  f o r  G  
=  15. E x a m in a tio n  o f  th e  ta b le s  rev ea ls  p a t te r n s  
w ith in  a n d  a m o n g  levels o f  g r o u p  size.

F o r  a g iven  g r o u p  size, th e  e x p e c te d  e q u il ib r iu m  
n u m b e r  th a t  h a v e  n o t  le a rn e d  in c re a se s  as ta sk  c o m 
p le x ity  a n d  as th e  c o n s e q u e n c e  o f  le a rn in g  o n  p r o 
d u c in g  r a te  in c re a se . T h is  r e s u l t  fo llo w s d ire c t ly  
f ro m  th e  a s s u m p tio n  th a t  th e  p ro b a b il ity  a  slo w  
p r o d u c e r  d isc o v e rs  a  c lu m p  (a n d  p e rh a p s  le a rn s  
th e  task) d e c re a se s  as th e  c o n s e q u e n c e  o f  le a r n in g  
o n  p ro d u c in g  r a te  in c rease s!  N e i th e r  o f  th e s e  r e 
su lts  is s u rp r is in g .
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Group Size (G)

N o te  t h a t  th e  e x p e c te d  n u m b e r  o f  ind iv iduals 
th a t  h a v e  n o t  a c q u i r e d  th e  sk ill in  th e  g r o u p  exceeds 
th e  n u m b e r  e x p e c te d  i f  e a c h  in d iv id u a l  w e re  fo r
a g in g  as a  s o l i ta ry  in d iv id u a l .  W h e n  e a c h  o f  G in
d iv id u a ls  f o r a g e s  so li ta r i ly  (h e n c e  in d e p e n d e n tly ) , 
th e  a v e r a g e  n u m b e r  o f  s lo w  p r o d u c e r s  a t  equ ilib 
r iu m  is G ß / ( ß  +  ß) =  G  ( ß / ß ) / ( I  +  [ß /ß ] ) .  F o rg iv e n  
ß  a n d  ß ,  t h i s  q u a n t i ty  is less th a n  £ [X ]  in  o u r  m odel 
(e q u iv a le n tly , th e  n u m b e r  o f  in d iv id u a ls  h a v in g  ac
q u i r e d  th e  sk ill is s m a lle r  in  o u r  m o d e l)  because  
th e  o p p o r t u n i t y  f o r  in d iv id u a l  l e a r n in g  e x h ib its  fre 
q u e n c y  d e p e n d e n c e  in  a  so c ia l g r o u p .

W h e n  g r o u p  size is f ix e d , o u r  m o d e l ’s variance 
in  th e  n u m b e r  o f  in d iv id u a ls  th a t  h a v e  n o t  acq u ired  
th e  sk ill b e c o m e s  s m a lle r  w h e n  th e  m e a n  n u m b er 
th a t  h a v e  n o t  a c q u i r e d  th e  skill a p p r o a c h e s  ex
tr e m e s  o f  e i t h e r  0 o r  G, a n d  th e  v a r ia n c e  is larger 
w h e n  th e  m e a n  is in te r m e d ia te ,  n e a r  G /2 .  C onse
q u e n tly , t h e  v a r ia n c e  o f  t h e  n u m b e r  t h a t  hav e  no t 
a c q u i r e d  th e  skill d o e s  n o t  v a ry  m o n o to n ic a lly  with 
in c re a se s  in  e i t h e r  sk ill c o m p le x ity  o r  c o n s e q u e n c e  
o f  le a r n in g  o n  p r o d u c in g  r a te ,  B e c a u s e  th e  m ean 
n u m b e r  t h a t  h a v e  n o t  l e a r n e d  alw ays in c re a s e s  with 
e i t h e r  sk ill c o m p le x i ty  o r  c o n s e q u e n c e s  o f  lea rn in g  
o n  p r o d u c in g  r a te ,  p a t t e r n s  in  th e  c o e ff ic ie n ts  of 
v a r ia t io n  o f  in d iv id u a ls  t h a t  h a v e  a n d  h av e  not 
le a r n e d  d e p e n d  m o r e  o n  v a r ia t io n  in  th e  m e a n  than 
o n  v a r ia t io n  in  th e  v a r ia n c e .

F o r  a  g iv e n  g r o u p  s iz e , th e  c o e f f ic ie n t  o f  v aria tio n  
in  th e  e x p e c t e d  n u m b e r  o f  in d iv id u a ls  th a t  have 
n o t  le a r n e d  d e c l in e s  as e i t h e r  skill c o m p le x ity  o r 
c o n s e q u e n c e  o f  le a r n in g  o n  p r o d u c in g  r a te  increas
es. B e c a u se  th e s e  p a t t e r n s  r e f le c t  in c re a s e s  in  the 
m e a n  n u m b e r  th a t  h a v e  n o t  le a r n e d ,  th e  co effic ie n t 
o f  v a r ia t io n  o f  th e  n u m b e r  th a t  h a v e  le a r n e d  in 
c re a s e s  as e i t h e r  skill c o m p le x i ty  o r  c o n s e q u e n c e  
o f  l e a r n in g  o n  p r o d u c in g  r a te  in c re a se s . T h e  coef
f ic ie n t  o f  v a r ia t io n  in  t h e  n u m b e r  o f  g r o u p  m em 
b e rs  f a i l in g  to  e x h ib i t  th e  le a r n e d  t r a i t  s h o u ld  de
c re a s e  as e i t h e r  ta sk  c o m p le x i ty  o r  th e  c o n s e q u e n c e  
o f  l e a r n in g  o n  p r o d u c in g  r a t e  in c re a se s . T h e  coef
f ic ie n t  o f  v a r ia t io n  in  th e  n u m b e r  e x h ib i t in g  the 
t r a i t  s h o u ld  v a ry  in  th e  o p p o s i t e  d ir e c t io n .

T h e  a b o v e  c o n s id e r a t io n s  h e ld  g r o u p  size  fixed, 
w h ile  o t h e r  p a r a m e te r s  w e re  v a r ie d , A n  in te re s t in g  
p a t t e r n  e m e rg e s  w h e n  w e e x a m in e  c o e f f ic ie n ts  o f  
v a r ia t io n  a c ro s s  g r o u p  size . A s g r o u p  s iz e  in c reases, 
d ie  c o e f f ic ie n t  o f  v a r ia t io n  o f  th e  n u m b e r  t h a t  have 
n o t  le a r n e d  c le a r ly  d e c r e a s e s  w ith  all p a r a m e te r  
c o m b in a t io n s .  H o w e v e r , th e  c o e f f ic ie n t  o f  v a ria tio n  
o f  th e  n u m b e r  th a t  h a v e  le a r n e d  r e m a in s  ro u g h ly  
c o n s ta n t .

A t e q u i l ib r iu m , th e  a v e ra g e  p r o p o r t i o n  o f  indi
v id u a ls  in  th e  g r o u p  t h a t  h a v e  n o t  y e t  le a r n e d  is 
s im p ly  m  =  E [ X ] /G .  F ig u re  1 sh o w s th is  p r o p o r t io n  
p lo t t e d  a s  a  f u n c t io n  o f  g r o u p  size . T h e  f ig u re  in
d ic a te s  t h a t  th e  a v e ra g e  p r o p o r t i o n  o f  in d iv id u a ls  
fa i l in g  to  p e r f o r m  th e  l e a r n e d  t r a i t  s h o u ld  in c rease  
as ta sk  c o m p le x ity , c o n s e q u e n c e  o f  le a r n in g  o n  p ro 
d u c in g  r a t e ,  o r  g r o u p  s iz e  in c re a s e s . C o n se q u e n tly , 
th e  e x p e c te d  p r o p o r t i o n  o f  th e  le a r n e d  task  de
c lin es  in  la r g e r  g ro u p s .

T h e  p r e c e d in g  m o d e l r e s t r i c t s  l e a r n in g  to  a n  o u t
c o m e  o f  in d iv id u a l e x p e r ie n c e  in  p r o d u c in g  a  re
so u rc e . T h e  m o d e l ’s r e s u l t s  in c lu d e  th e  fo llow ing  
p re d ic t io n s :  (1) th e  p r o p o r t i o n  o f  in d iv id u a ls  ex
h ib i t in g  a  le a r n e d  t r a i t  s h o u ld  d e c r e a s e  as e ith e r  
ta sk  c o m p le x ity  ( ß /ß )  o r  t h e  c o n s e q u e n c e  o f  le a rn 
in g  o n  p r o d u c in g  r a te  (a)  in c re a s e s ;  (2) th e  p ro -
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p o r t io n  o f  in d iv id u a ls  e x h ib it in g  a  le a r n e d  tr a i t  
s h o u ld  d e c re a s e  as g r o u p  size  in c re a se s ; a n d  (3) th e  
c o e f f ic ie n t  o f  v a r ia tio n  o f  th e  n u m b e r  o f  in d iv id u a ls  
fa i l in g  to  e x h ib it  th e  t r a i t  s h o u ld  d e c lin e  w ith  in 
c r e a s in g  g r o u p  size, b u t  th e  c o e f f ic ie n t o f  v a ria tio n  
o f  th e  n u m b e r  e x h ib it in g  th e  t r a i t  s h o u ld  b e  in 
d e p e n d e n t  o f  g ro u p  size.

I f  n o  f o rg e t t in g  o c c u rs ,  e a c h  in d iv id u a l e v e n tu 
ally  l e a r n s  th e  sa m e  r e s o u r c e - p ro d u c in g  t ra i t. O u r  
d ic h o to m o u s  c h a ra c te r iz a t io n  o f  p h e n o ty p e s  says 
l i t t le  a b o u t  w ith in -g ro u p  d iv ersity  u n le s s  in d iv id u 
a ls  s o m e tim e s  fo rg e t  th e  task . S u p p o s e  w e elim i
n a te d  fo rg e t t in g  in th e  a b o v e  m o d e l by  l e t t in g  p  =  
0, F o r  th is  case , in s te a d  o f  an a ly z in g  th e  n u m b e r  
o f  in d iv id u a ls  th a t  h a v e  n o t  le a rn e d  a t  e q u ilib riu m , 
w e ta k e  th e  tim e e la p s in g  u n t i l  X { t)  =  0 , i .e ., th e  
tim e  u n t i l  all g ro u p  m e m b e rs  h av e  l e a r n e d  th e  tra it, 
as a n  in d e x  o f  p h e n o ty p ic  d iv ersity . A  lo n g e r  d u 
r a t io n  o f  th e  le a rn in g  p ro c e s s  p ro m o te s  th e  c h an ce  
o f  o b s e rv in g  w ith in -g ro u p  v a r ia tio n .

A t t im e  L — 0 , w e s e t  X ( t )  =  C, so  th a t  n o  g ro u p  
m e m b e r  e x h ib its  th e  t r a i t  f o r  fa s t  r e s o u r c e  p r o 
d u c t io n .  T h e  v a r ia b le  T  r e p re s e n ts  th e  to ta l tim e 
f o r  a ll g r o u p  m e m b e rs  to  le a rn  th e  t ra i t. ( In  A p 
p e n d ix  B w e d e r iv e  th e  a p p ro x im a te  m e a n  a n d  v a r i
a n c e  o f  T, ) T h e  a p p ro x im a te  e x p e c te d  v a lu e  o f  T

E \ T \  «  (G /ß )  [I -  a  +  a  l n ( G + l ) ] .  

T h e  a p p ro x im a te  v a r ia n c e  o f  T  is:

(9)

V [ T ]  =  (G //32) «
1

G  +  1

-  2 (a  -  1 )[1 +  a  ln (G  +  1)] j .

(10)

B o th  th e  m e a n  a n d  v a r ia n c e  o f  th e  to ta l  tim e  in 
c r e a s e  as g r o u p  size in c re a se s  a n d  d e c re a s e s  as task 
c o m p le x i ty  d e c re a se s  (ß in c re a se s) . T h e  m e a n  al
w ays in c re a se s  as th e  c o n s e q u e n c e  o f  le a rn in g  o n  
p r o d u c in g  r a te  in c re a se s  fo r  G i  2 , b u t  th e  v ari
a n c e  o f  T  d e c lin e s  as th e  c o n s e q u e n c e  o f  le a rn in g  
o n  p r o d u c in g  r a te  in c re a se s . T h e s e  r e s u l ts  a re  co n 
s is te n t  w ith  th e  p r e d ic t io n s  c o n c e r n in g  th e  f r e 
q u e n c y  o f  th e  le a rn e d  t r a i t  in  th e  m o d e l w ith  fo r
g e tt in g .

In d iv id u a l and soc ia l learning: 
lon g-term  equilibrium

T h e  f i r s t  m o d e l sh o w ed  h o w  a n  in c r e a s e d  f re q u e n c y  
o f  th e  t r a i t  f o r  g r e a te r  r e s o u rc e  p r o d u c t io n  sh o u ld  
im p e d e  in d iv id u a l le a r n in g  in  n a iv e  in d iv id u a ls . 
H o w e v e r , a n  in c re a se d  n u m b e r  o f  fa s t p ro d u c e r s  
c o u ld  p ro v id e  a d d it io n a l  o p p o r tu n i t ie s  f o r  social 
tr a n s m is s io n  o f  th e  t r a i t  th ro u g h  so c ia l f a c ili ta tio n , 
lo c a l a n d  s tim u lu s  e n h a n c e m e n t,  o r  im ita t io n , ev en  
th o u g h  s c ro u n g in g  m av e  h av e  so m e  in te r f e r in g  e f
f e c t  o n  so c ia l le a rn in g  (see G ira ld e a u  a n d  T e m p le 
to n ,  1 9 9 1 ) . T h e  fo llo w in g  m o d e l o p p o s e s  th e  e f 
fe c ts  t h a t  a  t r a i t ’s f re q u e n c y  h a s  o n  in d iv id u a l 
le a r n in g  w ith  th e  e f fe c t it  h as  o n  its  c u l tu r a l  t r a n s 
m iss io n .

A s a b o v e , X (t)  is a  s ta tio n a ry , s to c h a s tic  p ro c e ss  
c o u n t in g  th e  n u m b e r  o f  g r o u p  m e m b e r s  n o t  ex 

h ib it in g  th e  le a rn e d  tra it  a t tim e  t, a n d  s., =  a  .v,, 
as in th e  p re c e d in g  m odel. I f  X{ t )  in c re a se s  fro m  r  
to  (?• +  1), a fast p ro d u c e r  fo rg e ts  th e  p r o d u c t io n  
skill. T h e  p ro b a b ilis tic  tra n s itio n  ra te , q(r, r +  1),
ag a in  is p ( G  -  r) f o r  r =  0 , 1  G — 1. I f  X( t )
d e c re a se s  fro m  r  to  (r  — 1), a  slow  p r o d u c e r  le a rn s  
to  d isc o v e r re so u rc e  c lum ps a t  th e  h ig h e r  ra te . W e 
a ssu m e  in d iv idual le a rn in g  p ro c e e d s  ex ac tly  as in 
th e  firs t m o d el; th e  p ro b ab ilis tic  ra te  o f  t r a n s it io n  
d u e  to  ind iv idual le a rn in g  is q*(r, r  — 1) =  ß r / \ r  
+  a(G  — r)] f o r  r  =  1 , 2 , . . . ,  G.

W c m ake a  s ta n d a rd  a s su m p tio n  a b o u t  c u ltu ra l 
tran sm iss io n : p ro b ab ilis tic  tra n s itio n  ra te s  will b e  
p ro p o r tio n a l  to  th e  p ro d u c t  o f  th e  n u m b e rs  o f  sto w  
a n d  fast p ro d u c e rs . T h a t  is, th e  to ta l ra te  o f  social 
le a rn in g  sh o u ld  b e  p ro p o rtio n a l  to  th e  n u m b e r  o f  
d e m o n s tra to r s  m u ltip lie d  by th e  n u m b e r  o f  in d i
v iduals th a t  m ig h t le a rn  (e.g., B a rth o lo m ew , 1983 ; 
C avalli-S forza a n d  F eldm an , 1981; b u t  see  L e
fe b v re  a n d  G ira ld e a u , in p ress). S o  th e  p ro b a b ilis tic  
r a te  o f  tra n s itio n  d u e  to social le a rn in g  is q{r, r  -  
1), w here :

q{r, ? • - ! ) = =  Qr(G -  r ) ;  r  =  1, 2 , . . . ,  G,  (11)

a n d  fi is th e  c o n ta g io n  p a ra m e te r  re p re se n tin g  th e  
c o m b in e d  e ffec tiveness o f  th e  fast p ro d u c e rs ’ d e m 
o n s tra tio n s  a n d  th e  slow  p ro d u c e rs ’ social le a rn in g  
ability . T h e  to ta l t ra n s itio n  ra te  d u e  to  social le a rn 
in g  in crease s w ith  r, th e  n u m b e r  o f  naive ind iv id
u als , u n til th a t n u m b e r  exceeds o n e -h a lf  th e  g ro u p  
size, a f te r  w hich th e  to ta l ra te  d ec lin es as th e  n u m 
b e r  o f  naive in d iv id u a ls  c o n tin u e s  to increase . T h e  
tr a n s itio n  ra te  o f  soc ia l le a rn in g  p e r  naive ind iv id 
u a l, q(r, r  -  1 ) /r ,  decreases as r  increases. H e n c e  
th e  p ro b ab ility  o f  c u ltu ra l tran sm iss io n  p e r  n a iv e  
ind iv idual in c rease s as th e  f re q u e n c y  o f  th e  t r a i t  
[(G -  r ) / G ] in c reases, o p p o site  to  th e  freq u e n cy - 
d e p e n d e n t  e ffe c t assu m ed  fo r  ind iv idual lea rn in g .

A ssu m in g  th a t  ind iv idual a n d  social lea rn in g  a re  
p ro b ab ilis tica lly  in d e p e n d e n t, th e  to tal tra n s itio n  
ra te  fro m  r  to  (r -  1) is th e  su m  o f  q* and  q\

q[r, r  — 1) =  r
r  +  a{G  -  r)

+  fi(G -  r) ( 1 2 )

f o r  r  =  1, 2, . . .  , G. E q u a tio n s  3 an d  12 d e fin e  a  
b ir th - d c a th  p ro cess  w ith  a n  e q u ilib riu m  d is tr ib u 
t io n  p(X ) ,  sa tisfy ing  E q u a tio n s  A 2 a  an d  A2b.

In  te rm s o f  th e  tran s itio n  ra te s , p (X )  is:

P W  =  P W  I I  [m(G -  r  +  l ) / r ]  

ß
r  +  a{G -  r)

+ Q(G -  r)

n r ( l  — a)  +  aG

«Q(G -  r )2 +  f lr(G  -  r) + j 3 '

W e can  sim plify th e  m u ltip lican d  as in  A ppend ix  A 
a n d  use  E q u a tio n  A 2 b  to  find  th e  exp ression  fo r  
p ( 0). F o r  s im plic ity  w e d efin e  M {X )  as:

X

m (x ) = n  aü(-G - r)2 + n,'(c  ~ r) + ß-
r"!

T h e n  th e  e q u ilib riu m  p ro b a b ility  fu n c tio n  is:

G ira ldeau  c t al. • Ind iv idual an d  social le a rn in g
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T ab le  4
Ind ividua! and social lea rn in g  fo r  g ro u p  size (G) o f  5 
a n d  ß  o f  0.6 ( f  — G — X)

a

Q 2 10

ß  =  0.2
E[X] 0.3 0.83 0.89

0.9 0.28 0.28

V[X] 0.3 0.88 0.97
0.9 0.29 0.29

CV[X] 0.3 1.13 1.11
0.9 1.92 1.91

CV[Y] 0.3 0.22 0.24
0.9 0.11 0.11

ß =  1.2
E[X] 0.3 3.99 4.1

0.9 2.24 2.32

V[X) 0.3 1.44 1.28
0.9 2.74 2.8

CV[X] 0.3 0.3 0.28
0.9 0.74 0.72

CV[Y] 0.3 1.19 1.26
0.9 0.6 0.62

[ n ia  -  l)]x[T(C)/r(C -  X )M (X )]

c

2
/ ■ » o

(13)

f o r  X  =  0 , 1, . . . .  G; C  =  a G / ( a  -  1).
W c  ag a in  a n a ly z e d  n u m e r ic a lly  t h e  e q u il ib r iu m  

n u m b e r  o f  in d iv id u a ls  w h o  h a v e  n o t  le a rn e d . W e 
fix ed  th e  v a lu e  o f  ta sk  c o m p le x ity  a n d  v a r ie d  g r o u p  
size, f o rg e t t in g  r a te ,  c o n s e q u e n c e s  o f  le a rn in g  o n  
p ro d u c in g  r a te ,  a n d  th e  c o n ta g io u s n e s s  o f  th e  skill.

l ) '[ r ( C ) /T ( C  -  ¿)M(¿)]

T ab le  5
Ind iv id u a l and  soc ial le a rn in g  fo r  g ro u p  size (G) o f  
10 and  ß  o f  0.6 {Y = G — X)

a

n 2 10

0.2
E[X] 0.3 0.74 0.73

0.9 0.25 0.25
V[X] 0.3 0.75 0.69

0.9 0.25 0.25
CV[X] 0.3 1.17 1.15

0.9 2.02 2.01
CV[Y] 0,3 0.01 0.01

0.9 0.01 0.01

M -  1.2
E[X) 0.3 6.26 5.35

0.9 1.51 1.58
n x ] 0.3 3.43 6.72

0.9 1,57 1.87
CV[X\ 0.3 0.3 0.48

0.9 0.83 0.87
CV[Y] 0.3 0.5 0.48

0.9 0.15 0.16

T a b le s  4  a n d  5  p r e s e n t  r e s u l t s  f o r  g r o u p s  o f  5  and 
10 in d iv id u a ls ,  re sp e c tiv e ly . B e c a u se  t h e  n u m b e r  
o f  p a r a m e t e r s  in  E q u a t io n  1 3  is re la tiv e ly  la rg e , we 
m ig h t  a s s e m b le  a  l o n g  l is t  o f  in te r a c t iv e  effects. 
I n s te a d ,  w e  fo c u s  o n  p a t t e r n s  th a t  e x a m in e  the 
g e n e ra l i ty  o f  t h e  r e s u lts  o b t a in e d  f ro m  t h e  p rev io u s  
m o d e l.

F o r  a  g iv e n  g r o u p  s iz e , th e  e x p e c te d  n u m b e r  o f  
in d iv id u a ls  t h a t  h a v e  n o t  a c q u i r e d  th e  sk ill d e c re a s 
es as t h e  c o n ta g io n  p a r a m e t e r  in c re a se s . G re a te r  
task  c o m p le x i ty ,  w h e th e r  i n t e r p r e t e d  as in c rease d  
(n /ß )  o r  a  d e c r e a s e d  c o n ta g io n  p a r a m e te r  (fi), re
su lts  in  g r e a t e r  n u m b e r s  o f  in d iv id u a ls  th a t  have 
n o t  l e a r n e d .  B u t  th e  a v e r a g e  n u m b e r  o f  g ro u p  
m e m b e r s  f a i l in g  to  p e r f o r m  th e  ta sk  is le ss  sensitive 
to  v a r ia t io n  i n  th e  c o n s e q u e n c e  o f  le a r n in g  o n  p ro 
d u c in g  r a t e  i n  c o m p a r is o n  t o  th e  f irs t  m o d e l .  G en 
e ra lly , th e  c o n s e q u e n c e  o f  l e a r n in g  o n  p ro d u c in g  
r a te  is le ss  in f lu e n tia l  w h e n  b o th  in d iv id u a l and  
so c ia l l e a r n i n g  o c c u r . W h e n  w e  c o n s id e re d  ind iv id
u a l l e a r n in g  o n ly , th e  f r e q u e n c y  o f  th e  fa s t-p ro 
d u c in g  t r a i t  w a s  lo w e r  in  a  g r o u p  o f  s ize  G  th an  
a m o n g  G i n d e p e n d e n t ,  so l i ta ry  f o ra g e rs .  Social 
le a r n in g  c a n  o v e rc o m e  th is  e f fe c t .  A  su ffic ien tly  
la rg e  c o n ta g io n  p a r a m e te r  in c re a s e s  t h e  p r o p o r 
tio n  o f  in d iv id u a ls  a c q u i r in g  th e  skill (eq u iv a len tly , 
d e c r e a s e s  2?[X ]) b e y o n d  th e  le v e l  e x p e c te d  am o n g  
s o li ta r ie s  t h a t  m ust. l e a r n  in d iv id u a lly  a n d  in d e p e n 
d e n tly .

W ith  g r o u p  size  h e ld  c o n s ta n t ,  th e  c o e f f ic ie n t  o f  
v a r ia t io n  o f  th e  n u m b e r  o f  in d iv id u a ls  th a t  have 
n o t  l e a r n e d  in c r e a s e s  as th e  c o n ta g io n  p a ra m e te r  
in c re a se s ;  th is  p a t t e r n  re f le c ts  th e  in v e r se  r e la t io n 
sh ip  b e tw e e n  ¿ [ X ]  a n d  0 .  T h e  c o e f f ic ie n t  o f  vari
a t io n  o f  t h e  n u m b e r  o f  in d iv id u a ls  t h a t  h a v e  le a rn e d  
c o r r e s p o n d in g ly  d e c re a s e s  as th e  c o n ta g io n  p a ra m 
e te r  in c r e a s e s ,  u n le s s  th e  p r o p o r t i o n  o f  in d iv id u a ls  
h a v in g  a c q u i r e d  th e  sk ill is  c lo s e  to  u n i ty  (see  T ab le  
5 w h e r e  ¿i ■= 0 .2 ) .

N e x t  w e  c o n s id e r  p a t t e r n s  b e tw e e n  g r o u p  sizes. 
I n  c o n t r a s t  to  t h e  f ir s t  m o d e l ,  in c r e a s in g  g r o u p  size 
so m e tim e s  r e s u l t s  in  a  r e d u c e d  e x p e c te d  n u m b e r  
o f  in d iv id u a ls  t h a t  d o  n o t  le a r n .  S o c ia l le a r n in g  may 
b e  m o r e  lik e ly  to  o v e rc o m e  th e  f r e q u e n c y -d e p e n 
d e n t  r e s t r a i n t  o n  in d iv id u a l  le a r n in g  w h e n  g ro u p s 
a re  l a r g e r  (see b e lo w ).

A s g r o u p  s iz e  in c r e a s e s , t h e  c o e f f ic ie n t  o f  vari
a t io n  o f  t h e  n u m b e r  o f  in d iv id u a ls  t h a t  h av e  no t 
le a r n e d  g e n e ra l ly  in c r e a s e s  o r  re m a in s  essen tia lly  
u n c h a n g e d .  T h is  c o n t r a s ts  t o  th e  p r e v io u s  m odel 
w h e re  t h e  c o e f f ic ie n t  o f  v a r ia t io n  in  th e  n u m b e r  
th a t  h a v e  n o t  l e a r n e d  a n d  g r o u p  size  w e r e  inverse ly  
r e la te d .  T h e  c o e f f ic ie n t  o f  v a r ia t io n  in  th e  n u m b e r  
th a t  h a v e  le a r n e d  d e c l in e s  w ith  g r o u p  size; this 
q u a n t i ty  w as i n d e p e n d e n t  o f  g r o u p  s iz e  in  th e  first 
m o d e l. T h e  e x p e c te d  p r o p o r t i o n  o f  g r o u p  m em 
b e r s  n o t  p e r f o r m in g  th e  ta sk  (m ) d e c re a s e s  as g ro u p  
size in c re a se s . T h a t  is , th e  le a r n e d  t r a i t  will b e  ex
h ib i te d  by  a  g r e a t e r  p r o p o r t i o n  o f  in d iv id u a ls  as 
g r o u p  size  in c re a se s  w h e n  b o th  ty p e s  o f  le a rn in g  
o c c u r . T h is  r e s u l t  c o n t r a s t s  to  th e  c o r re s p o n d in g  
r e s u l t  in  t h e  f irs t  m o d e l.

In  su m m a ry , w ith  in d iv id u a l  le a r n in g  o n ly , the 
f r e q u e n c y  o f  th e  le a r n e d  t r a i t  d e c r e a s e d  w ith  b o th  
ta sk  c o m p le x ity  a n d  th e  c o n s e q u e n c e  o f  le a rn in g  
o n  p r o d u c in g  r a t e  a n d  d e c r e a s e d  as g r o u p  size in 
c re a s e d . W ith  b o th  in d iv id u a l  a n d  so c ia l le a rn in g , 
ta sk  c o m p le x ity  h a d  th e  s a m e  e ffe c t:  th e  co n se 
q u e n c e  o f  le a rn in g  o n  p r o d u c in g  r a te  f a i le d  to  af-
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fe e t  t h e  p r o p o r t io n  o f  in d iv id u a ls  h a v in g  a c q u ire d  
th e  sk ill, a n d  th e  e x p e c te d  p r o p o r t io n  o f  ind iv id u a ls  
u s in g  th e  skill in c r e a s e d  as g ro u p  size in c rease d . 
W ith  in d iv id u a l le a r n in g  o n ly , th e  c o e ff ic ie n t o f  
v a r ia t io n  o f  th e  n u m b e r  n o t  p e r fo r m in g  th e  task 
d e c l in e d  w ith  g r o u p  size , a n d  th e  c o e f f ic ie n t o f  
v a r ia t io n  o f  th e  n u m b e r  p e r fo r m in g  th e  tra it  was 
in d e p e n d e n t  o f  g r o u p  s iz e . W ith  b o th  in d iv id u a l 
a n d  so c ia l  le a rn in g , th e  f ir s t  c o e f f ic ie n t o f  v a ria tio n  
w as ro u g h ly  in d e p e n d e n t  o f  g ro u p  size , a n d  the 
s e c o n d  d e c lin e d  w ith  g r o u p  size. F re q u e n c y  d e
p e n d e n c e  o f  le a rn in g  p ro c e sse s  w ith in  soc ial g ro u p s 
r e q u i r e s  d o s e  a t te n t io n  t o  th e  re la tiv e  s t r e n g th s  o f  
in d iv id u a l a n d  so c ia l le a r n in g  b e fo re  an y  g e n e ra l
ities  c o n c e r n in g  th e i r  e f fe c ts  o n  p h e n o ty p ic  d iver
sity  c a n  b e  a t te m p te d .

D ISC U SSIO N

O u r  m o d e ls  d e v e lo p  th e  c o n s e q u e n c e s  o f  a llow ing  
th e  f r e q u e n c y  o f  a  le a r n e d  t r a i t  to  g o v e rn  a n  in
d iv id u a l’s o p p o r tu n it ie s  to  a c q u ire  th e  t r a i t  th ro u g h  
b o th  in d iv id u a l a n d  so c ia l le a rn in g . W e fo c u s  on  
th e  w ay  s c ro u n g in g  in f lu e n c e s  th e  s p r e a d  o f  fo r
a g in g  in n o v a tio n s  w ith in  g ro u p s . I f  th e  sp a tio - te m 
p o ra l  d is t r ib u t io n  o f  f o o d  allow s s c ro u n g in g , in 
d iv id u a l le a rn in g  is a n  in c re a s in g ly  in e ffic ien t 
m e c h a n is m  o f  skill a c q u is i tio n  as g r o u p  size (G), 
skill c o m p le x ity  ß / ß ) ,  o r  th e  e ffe c t o f  le a rn in g  o n  
p e r fo r m a n c e  (a) in c re a se s . S o c ia l le a rn in g  can 
o v e rc o m e  th is  in e ff ic ie n c y , esp ec ia lly  in  la rg e r  
g ro u p s .  A f te r  d e s c r ib in g  o u r  m o d e l’s r e la tio n sh ip  
to  o t h e r  an a ly ses o f  so c ia l  le a rn in g , w e d isc u ss o u r  
r e s u lts  in  l ig h t o f  th e  p o ss ib le  c o n s e q u e n c e s  fo r  
u n d e r s ta n d in g  th e  e v o lu t io n  o f  c u l tu r a l  tra n sm is
s io n .

I n  g e n e ra l ,  c u l tu ra l  tra n sm iss io n  m ay  o c c u r  w ith 
in  o r  b e tw e e n  g e n e ra t io n s . E m p ir ic a l d o c u m e n ta 
t io n  o f  t h e  d if fu s io n  o f  t r a i ts  s ig n if ic a n tly  a ffe c tin g  
fo r a g in g  su c c e ss  s u g g e s ts  t h a t  th e  w ith in -g e n o ra 
t io n  m o d e ls  a re  th e  m o r e  a p p r o p r ia te  d ev ice  (Le
fe b v re  a n d  P a la m e ta , 1 9 8 8 ) . O u r  m o d e ls  c o n s id e r  
o n ly  a  s in g le  g ro u p . A  lo g ic a l e x te n s io n  m ight, ex 
a m in e  a  p o p u la t io n  s t r a t i f ie d  in to  s e p a ra te  g ro u p s  
w h e re  in d iv id u a l le a r n in g  a n d  re la tiv e ly  s t r o n g  cu l
tu ra l  t r a n sm is s io n  o c c u r  w ith in  g ro u p s , a n d  w eak e r 
c u l tu r a l  tra n sm iss io n  o c c u r s  b e tw e e n  g r o u p s  (e.g., 
C o le m a n , 1 9 6 4 ). P re s u m a b ly , th e  n u m b e r  o f  r e 
s o u r c e - p r o d u c in g  t r a i ls  t h a t  m ig h t b e  le a rn e d ,  th e  
d e g re e  o f  s t r a t if ic a t io n  in  th e  d y n a m ic s  o f  social 
le a rn in g , a n d  f r e q u e n c y  d e p e n d e n c e  o f  le a rn in g  
o p p o r tu n i t i e s  will in te r a c t  w ith  th e  e c o n o m ic  c o n 
s e q u e n c e s  o f  p o ss e s s in g  p a r t ic u la r  t r a i ts  to  in flu 
e n c e  th e  o v e ra ll t r a i t  d iv e rs ity  a m o n g  in d iv id u a ls .

S te p h e n s  (1 9 9 1 ) sc a le s  te m p o r a l  v a r ia b ility  in  th e  
e n v i r o n m e n t  to  g e n e r a t io n  le n g th  a n d  suggests 
c o n d i t io n s  f a v o r in g  th e  e v o lu t io n  o f  le a r n in g  o v e r 
a  f ix e d  m a p p in g  o f  g e n o ty p e  o n  p h e n o ty p e . L ittle  
a t t e n t io n  h a s  b e e n  d i r e c te d  to  q u e s t io n s  o f  why 
a n im a ls  th a t  p o ssess  in d iv id u a l le a r n in g  m ech a 
n ism s s h o u ld  a lso  ev o lv e  th e  c a p a c ity  f o r  social 
le a rn in g . I t  d o e s  a p p e a r  th a t  in d iv id u a l a n d  social 
le a r n in g  a re  n o t  s im p ly  m a n ife s ta t io n s  o f  a  sing le  
" d o m a in -g e n e ra l”  m e c h a n ism  o f  c o g n itio n ; th ey  a re  
p r o b a b ly  d if fe r e n t  sp e c ia l -p u rp o s e  a d a p tiv e  m e c h 
a n ism s  (T o o b y a n d C o s m id e s ,  1 9 8 9 ). C o n s e q u e n tly , 
in d iv id u a l  a n d  soc ia l le a r n in g  c a n  b e  t r e a te d  as dis
t in c t ,  b u t  p e rh a p s  d e p e n d e n t ,  a t t r ib u te s  (B oyd and  
R ic h e rs o n , 1 9 8 8 ; L e fe b v re  a n d  P a la m e ta , 1988).

O f  c o u rse , in m a n y  s itu a tio n s  th e  two will in te ra c t ;  
so c ia l le a rn in g  m ay  in itia te  th e  acq u is itio n  o f  a skill 
th a t  is la te r  h o n e d  th ro u g h  ind iv idual e x p e r ie n c e .

M ost ideas c o n c e rn in g  th e  ev o lu tio n  o f  social 
le a rn in g  sim ply  a s su m e  th a t it is fa s te r  o r  le s s  costly  
th a n  indiv idual le a rn in g  (e.g ., Boyd an d  R ic h e rso n , 
1 9 8 5 ; Galei', 1976). B u t h y p o th es iz in g  a n  o vera ll 
s u p e r io r  effic iency  fo r  social le a rn in g  lacks a n  a p 
p re c ia tio n  o f  th e  rem ark ab ly  varied  eco lo g ica l c ir 
cu m s ta n c e s  w h e re  le a rn e d  tra its  m ay  e n h a n c e  su r 
vival a n d  r e p ro d u c tio n . L efeb v re  a n d  P a la m e ta  
(19 8 8 ) take  a n  eco lo g ica l p e rsp ec tiv e  o n  th e  e v o 
lu tio n  o f  social le a rn in g . T hey  sugg est th a t  a n  o p 
p o r tu n is tic , h igh ly  d iversified  d ie t sh o u ld  p ro m o te  
re lia n c e  o n  social lea rn in g , as c o p y in g  o th e r s  allow s 
th e  in d iv id u a l to  ex p lo it  new  fo o d  types a s  th ey  
b e c o m e  availab le  (G alef, 1988).

Boyd a n d  R ic h e rso n  (1988) deve lo p  a  m o d e l o f  
en v iro n m e n ta l tra c k in g  to  assess co n d itio n s  fav o r
in g  b e tw e e n -g e n e ra tio n  social lea rn in g . T h e y  as
su m e  th a t in c re a se d  social le a rn in g  im p lies a  d e 
c re a se  in  in d iv id u a l le a rn in g  a n d  th a t in d iv idual 
le a rn in g  is a  m o re  costly  m echan ism . T h ey  co n c lu d e  
th a t  social le a rn in g  (essentially , m im icry) sh o u ld  e i
th e r  b e  m o re  w id e sp re a d  th a n  is cu rre n tly  b elieved  
o r  th a t  it  is m o re  costly  th an  o f te n  assu m ed  (Boyd 
a n d  R ic h e rso n , 19 8 8 ).

Socia l le a rn in g  p ro b a b ly  is m o re  ra p id  th a n  in 
d iv id u a l le a rn in g , b u t  it m ust o f te n  im pose costs in  
te rm s  o f  tim e  b u d g e tin g . Im ita to rs  will n e e d  to  
sp e n d  tim e o b se rv in g  tu to rs  a n d  will n eed  to  invest 
so m e  tim e d isc rim in a tin g  b e tw een  re lev an t a n d  i r 
re le v a n t b eh av io ra l seq u en ces  o f  tu to rs . T im e  sp e n t 
w a tc h in g  tu to rs  c o u ld  d e tra c t  f ro m  a n tip re d a to r  
v ig ilan ce  o r  f ro m  se a rc h in g  f o r  reso u rces  th e  in 
d iv id u a l d o es k n o w  h o w  to  ex p lo it. T h e re fo re , s o 
cial le a rn in g  is n o t  necessa rily  less costly th a n  in 
d iv id u a l lea rn in g .

T h e  re la tiv e  co sts  o f  ind iv idual an d  social le a rn 
in g  m ay  b e  u n im p o r ta n t  if  th e  b e n e f it  o f  ac q u ir in g  
a  p a r t ic u la r  re so u rc e -p ro d u c in g  skill is large. O u r  
m o d e ls  a ssu m e n o  d iffe ren tia l cost b e tw een  th e  tw o 
le a rn in g  m o d es . W e  also  assum e th a t the p ro b a 
b ility  o f  f o rg e tt in g  is in d e p e n d e n t o f  th e  le a rn in g  
m ec h a n ism , b u t  th e  m ech an ism  o f  le a rn in g  govern s 
th e  lik e lih o o d  o f  fo rg e ttin g . L ittle  em pirica l in fo r 
m a tio n  is c u r re n tly  available c o n c e rn in g  th a t p o s 
sibility.

O u r  m o d els  show  th a t  w hen sc ro u n g in g  is p o s 
sib le , in d iv id u a l le a rn in g  beco m es increasingly  in 
e ffic ie n t fo r  skill acq u is itio n . M o reo v e r, th e  in e f 
fic iency  is g r e a te r  f o r  th o se  skills th a t  lead  to la rg e r  
in c re a se s  in  fo o d  d iscovery  ra te s . Even if  soc ial 
le a rn in g  is as cos tly  as ind iv idual le a rn in g , sc ro u n g 
in g  c a n  p ro m o te  th e  evo lu tio n  o f  social le a rn in g  as 
a  w ay o f  av o id in g  th is  inefficiency. I f  follows th a t  
eco lo g ica l c o n d it io n s  in creasin g  th e  o c c u rren ce  o f  
sc ro u n g in g , su c h  as la rg e r  g ro u p  size a n d  g r e a te r  
sp a tio - te m p o ra l c lu m p in g o f  re so u rc e s  (Caraco a n d  
G ira ld e a u , 1991 ; V ickery  e t  ah , 1991), also c a n  
d riv e  th e  e v o lu tio n  o f  social le a rn in g  and h e n c e  
c u ltu re .

APPENDIX A

Equilibrium  distribution: 
ind ividual learning only

W c w an t to  id e n tify  p{X),  th e  eq u ilib riu m  d is tr i
b u t io n  o f  th e  n u m b e r  o f  g ro u p  m e m b e rs  failing to

G ira ldeau  e t al. • Individual a n d  social le a rn in g

sub ito  e.V . licen sed  c u s to m e r  copy  su p p lied  an d  prin ted  for F la n d e rs  M arine Institu te  Library  (SL1O5X0Q225EL



e x h ib it  th e  le a r n e d  tr a i t .  B e cau se  X ( l )  is a  b i r t h -  
d c a th  p ro c e s s  w ith  th e  M a rk o v  p ro p e r ty ,  th e  e q u i
lib riu m  d is t r ib u t io n  m u s t  sa tisfy  th e  “ d e ta i le d ”  b a l
a n c e  c o n d i t io n s  (K elly, 1979):

p ( r ) / p ( r  -  1) =  q(r  -  1, r) /q{r ,  r  -  1). (A Í)

S ta r t in g  w ith  r  =  1, o n e  c a n  d e r iv e  a g e n e ra l  f o r 
m u la  f o r  th e  e q u i l ib r iu m  d is t r ib u t io n  f ro m  th e  b a l
a n c e  c o n d itio n s :

X

p{x)= p(o )  n  “ 1 * rw r> r~ w (A2a)

f o r  X  =  1, 2 , . . .  , G; a n d

p ( 0) = i - S  /* * ) • (A 2b)

A p p r o x im a t in g  th e  p a r t ia l  su m  o f  th e  h a rm o n ic  
s e r ie s  y ie ld s:

E [ T ]  «  (G//3)[ 1 -  a  +  a  ln(G +  1)]. (B4)

T h e  v a r ia n c e  o f  T  is V [T ] :

c

V Î T ]  =  2  ’• -  I ) ] " 2
r - 1 

G
=  2  [»• + “ (G -  r)]VG8r)*. (B5)

r - l

A f te r  e x p a n d in g ,  w e o b ta in :

V |T ] =  (1 -  a)(2G //32)
G

+  (1 -  a )(2aG //3z) 2  (1 /r)

D isc u ss io n  o f  b i r th - d e a t h  p ro c e sse s  as m o d e ls  f o r  
so c ia l o rg a n iz a t io n  c a n  b e  f o u n d  in  B osw ell e t al. 
(1 9 7 9 ), C a ra c o  (1 9 8 0 ), a n d  C o h e n  (19 7 2 ).

U s in g  E q u a tio n s  3 a n d  4  f ro m  th e  te x t , w e hav e  
q (r  -  1, r )  =  (U(G — r  +  1), a n d  q(r, r  — 1) =  ß r /  
[r +  a {G  -  r ) ] .  T h e n  E q u a tio n  A 2 a  b eco m es :

X
p ( X ) = p ( 0 ) U . ^ G - r +  1)

+ («G//3)2 2  OA8)- (B6)

S im p lif ic a tio n  y ields:

• r  +  a ( G  — r ) ] /ß r .  (A3)

p ( X )  -  (£ J ( / i/ 8)*/>(0) I l  fr + «(G -  r)].

T h e  m u ltip lic a n d  c a n  b e  w r it te n  as a  r a t io  o f  g a m m a  
fu n c tio n s  (C a ra c o , 1 9 7 9 ) , a n d  s u b s t i tu t in g  th e  la s t 
e x p re s s io n  in to  E q u a t io n  A 2 b  g ives a n  e x p re ss io n  
fo r  p{0) .

A P P E N D IX  B

M ean and variance o f  the tim e un til 
each group m em b er acquires th e  trait

W ith  in d iv id u a l le a r n in g  a n d  n o  f o rg e t t in g ,  th e  o n ly  
a llo w a b le  tr a n s i t io n s  d e c re a s e  X ( l )  f ro m  r  to  (r — 
1). T h e  a s so c ia te d  t r a n s i t io n  ra te s  q{r, r  — 1) a re  
g iv en  by  E q u a t io n  4 . W e  le t th e  r a n d o m  v a r ia b le  iT 
r e p r e s e n t  th e  d u r a t io n  o f  th e  p ro c e ss  in  th e  s ta te  
X ( l )  =  r. E a c h  lr h a s  a n  e x p o n e n t ia l  p ro b a b ility  
d e n s ity  w ith  m e a n  E [ Q  =  [q(r, r  — I ) ] - 1 , a n d  v a r i
a n c e  V[tr =  [q{r, r  — I ) ] “ 2. T h e  v a r ia b le  T  r e p r e 
se n ts  th e  to ta l t im e  f o r  a ll g r o u p  m e m b e rs  to  le a rn  
th e  t r a i t  a n d  t is a  s u m  o f  r a n d o m  v ariab le s :

G

T = 2  G- (B Í)
r - l

T h e  e x p e c te d  v a lu e  o f  T  is:

B I T ] -  2  [ j ( r , r -  1)-'
r - l

a
=  2  f r  +  ot(G -  r ) ] /ß r .  (B2)

r - l

T h is  e x p re s s io n  b e c o m e s :

E [ T ]  =  (G//3)(1 -  a )  +  (a G /ß )  2  O A )-  (B3)

A p p ly in g  s t a n d a r d  a p p r o x im a t io n s  f o r  th e  p a r tia l 
su m  y ie lds:

V [ T ]  «  (G //32)
6  G  +  1

-  2 ( a  -  1 )[1  +  a  l n (G  +  1)]J.

(B7)
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