
C H A P T E R  6

G E N E R A L  D IS C U S S IO N

T h is  th e s is  h a s  sh o w n  th a t  w o rk e r  s te rility  is  s tr ic t  in  A. d o rsa ta .  
W o rk e rs  ra re ly  o r  e v e r  h a v e  d e v e lo p e d  o v a rie s . I d e te c te d  n o  m a le s  th a t  w ere  
so n s  o f  w o rk e rs  u s in g  g e n e tic  m a rk e rs , in d ic a tin g  th a t  p o lic in g  b e h a v io u r  is 
w e ll  e x p re ss  in  th is  sp e c ie s . I fo u n d  th is  a so m e w h a t su rp r is in g  f in d in g , as  th e  
b io lo g y  o f  A. d o r s a ta  su g g e s ts  th a t  th e  co s ts  o f  an  e ff ic ie n t p o l ic in g  sy s tem  
b a s e d  o n  o o p h a g y  w o u ld  b e  h ig h  in  th is  sp ec ie s .

Costs o f  p o lic in g  v ia  oophagy

I f  w o rk e rs  e r ro n e o u s ly  re m o v e  q u e e n - la id  ra th e r  th a n  w o rk e r- la id  
e g g s , o r  e rro n e o u s ly  re a r  a  w o rk e r- la id  egg , th e n  th e se  e rro rs  im p o se s  a  c o s t o f  
w o rk e r  p o lic in g  o n  c o lo n y  f itn e ss . T h e  re la tiv e  im p o rta n c e  o f  th e se  e rro rs  w ill 
d e te rm in e  th e  o p tim a l s tim u lu s  th re s h o ld  at w h ic h  a  w o rk e r  w ill  d e c id e  to  
re m o v e  an  egg . F ig u re  6 .1 . a ) sh o w s  th e  s itu a tio n  w h e re  th e re  is n o  a m b ig u ity  
in  th e  q u e e n ’s s ig n a l. In  th is  c a se  w o rk e rs  w ill b e  se le c te d  to  se t a  th re s h o ld  
fo r  eg g  re m o v a l w h e re  n o  q u e e n - la id  eg g s  a re  re m o v e d  a n d  a ll w o rk e r- la id  
e g g s  a re  re m o v e d . T h e  m o re  in te re s tin g  (an d  p ro b a b ly  m o re  re a lis t ic )  s i tu a tio n  
o c c u rs  w h e n  n o t  a ll w o rk e r- la id  an d  q u e e n - la id  eg g s  can  b e  d is t in g u is h e d  
(F ig u re  6 .1 .b ))  i.e ., th e ir  te m p la te s  o v e rlap . T h is  s itu a tio n  is lik e ly  as  th e re  
w o u ld  b e  a se le c tiv e  p re s su re  o n  w o rk e rs  to  p ro d u c e  e g g s  th a t  a re  m o re  
‘q u e e n l ik e ’ (O ld ro y d  a n d  O sb o rn e , 1999; O ld ro y d  a n d  R a tn ie k s , 2 0 0 0 ; B a rro n  
e t ah , 2 0 0 1 ). In  th is  c a se  (F ig u re  6 .1 .b )), th e  o p tim a l th re s h o ld  fo r  th e  re m o v a l
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o f  an  e g g  (i.e . th e  m in im u m  lev e l o f  q u e e n -m a rk in g  p h e ro m o n e  th a t s to p s  egg  
re m o v a l)  w ill b e  d e te rm in e d  b y  th e  o v e ra ll c o s ts  o f  tw o  k in d s  o f  e rro rs . T h ese  
e rro rs  a re : 1) th e  p ro b a b il i ty  o f  re ta in in g  w o rk e r- la id  e g g s  (E w), a n d  2 ) th e  
p ro b a b il i ty  o f  re m o v in g  q u e e n - la id  eg g s  (E Q) a n d  th e  a sso c ia te d  c o s ts  c a n  b e  
d e f in e d  as  C w  a n d  c Q ,  re sp e c tiv e ly . T h e  c o s t o f  p o lic in g  e rro rs  ( พ )  can  
th e re fo re  b e  d e f in e d  as:

W h e re  : P q =  th e  p ro p o r tio n  o f  eg g s  th a t  a re  q u e e n - la id . E q a n d  Ew  are  
fu n c tio n s  f l ( T ) ,  f2 (T ) o f  th e  q u e e n  p h e ro m o n e  th re s h o ld  a t w h ic h  an  e g g  w ill 
b e  re je c te d  (T )  i.e . th e  te m p la te , w h ic h  is p re su m a b ly  c h e m ic a ls  th a t  s ig n a l 
q u e e n - la id ;  b u t  m a y  b e  so m e  q u e e n - la id  e g g s  a re  n o t  p ro p e r ly  m a rk e d  o r  so m e  
w o rk e r- la id  e g g s  a re  p a r tia lly  q u e e n - lik e .

พ  =  P q C q E q +  ( 1 -P q) C w E w E q n . 1

พ  =  P Q C Q f i ( T )  +  ( l - P Q) C w f 2(T ) E q n . 2

D if fe re n t ia t in g  w ith  re s p e c t  to  พ  :

d w = P q C q / / ( T )  +  (1 - P q) c  พ / ' 2(T)dT E q n . 3
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S e le c tio n  w ill  a c t to  m in im iz e  พ .  T h is  o c c u rs  w h en  th e  d if fe re n tia l  o f  พ  is 
e q u a l to  z e ro . T h u s :

P q c  Q =  - / า ' (T)
( l - P Q ) C w  / , ' (  T ) E q n .4

I f  P Q, th e  p ro p o r t io n  e g g s  th a t  a re  q u e e n - la id , is re d u c e d  th e n  e ith e r  / 2 X T) (th e  
s lo p e  o f  E w) m u s t re d u c e  in  a b so lu te  v a lu e  o r  / เ  '(T )  (th e  s lo p e  o f  E q) m u s t 

in c re a se . I t  is  a p p a re n t fro m  F ig u re  6 .1 .c ) th a t in  su ch  a  c a se , th e  a c c e p ta n c e  
th re s h o ld  m u s t  in c re a se . T h a t is, w h e n  P q is lo w e re d , le s s  w o rk e r- la id  e g g s  are  
re ta in e d .

O n e  w a y  in  w h ic h  th is  re d u c tio n  in  P q c an  b e  a c h ie v e d  is b y  th e  u se  o f  a  
sp e c ia l c e ll s iz e  to  d is t in g u is h  c e lls  u se d  fo r  re a r in g  m a le  a n d  fe m a le  eg g s . 
D ip lo id  e g g s , w h ic h  a re  a ll q u e e n - la id , a re  s e p a ra te d  fro m  th e  h a p lo id  m a le -  
p ro d u c in g  e g g s . P o lic in g  a tte n tio n  is d ire c te d  to w a rd s  e g g s  in  d ro n e  c e lls . S o  
th e  p ro p o r tio n  o f  q u e e n - la id  eg g s  th a t  a re  c h e c k e d  b y  p o lic in g  w o rk e rs  ( P q )  is 
lo w e r  th a n  i f  d ip lo id  a n d  h a p lo id  eg g s  w e re  la id  h a p h a z a rd ly . T h e  d if fe re n c e  
in  d ro n e  c e lls  o c c u rs  in  m a n y  sp e c ie s  o f  th e  h o n e y  b ee s ; A. m e llife ra , A. f lo r e a  
an d  A. c e ra n a  w ith  th e  e x c e p tio n  in  A. d o rsa ta .
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Increasing similarity to template

b)
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of eggs

Increasing similarity to template

F ig u re  6.1 M o d e l re p e s e n te d  th e  ra te  o f  eg g  m is id e n tif ic a tio n . พ  =  w o rk e r , Q  
=  q u e e n , E W  =  th e  p ro b a b il i ty  o f  re ta in in g  w o rk e r- la id  eg g s , E Q  =  th e  
p ro b a b il i ty  o f  re m o v in g  q u e e n - la id  eg g s.

a ) A  s i tu a tio n  w h e re  a ll w o rk e r- la id  eg g s  a re  d is tin g u ish a b le  fro m  q u e e n - 
la id  eg g s .

b ) A  s i tu a tio n  w h e re  so m e  w o rk e r  an d  q u e e n - la id  eg g s  a re  
in d is tin g u ish a b le .

c) P ro b a b il i ty  o f  m is id e n tify in g  eg g  m a te rn ity  a s su m in g  th e  s i tu a tio n  in  b). 
T h e  ’’a c c e p ta n c e  th re s h o ld ” is th e  p o in t  w h e re  eg g s  a re  a c c e p te d  as 
q u e e n - la id  e g g s  a n d  a re  n o t rem o v ed .
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In  A. d o rsa ta ,  m a le s  a re  re a re d  in c e lls  id e n tic a l in  sh a p e  an d  s iz e  to  
th o s e  u se d  fo r re a r in g  w o rk e rs . T h is  b e h a v io r  is e x p e c te d  to  in c re a se  th e  c o s ts  
o f  p o lic in g  a n d  h ig h e r  re te n tio n  o f  w o rk e r- la id  eg g s  is p re d ic te d . H o w e v e r , th e  
f in d in g  in  th is  th e s is  in d ic a te s  th a t  m o s t, i f  n o t  all o f  A. d o rs a ta  d ro n e s  a re  
so n s  o f  q u e e n s . T h e  a b se n c e  o f  w o rk e rs  w ith  d e v e lo p e d  o v a rie s  m a y  m e a n  
th a t  p o lic in g  m e c h a n is m  in  th is  sp e c ie s  is d ire c te d  a t w o rk e rs  w ith  d e v e lo p e d  
o v a r ie s  (V is s c h e r  a n d  D u k a s , 1995), re d u c in g  th e  n e e d  fo r p o lic in g  v ia  
o o p h a g y , a n d  sp e c ia l c e lls  fo r th e  re a r in g  o f  m a les . H o w e v e r , i f  th e re  a re  an y  
o f  la y in g  w o rk e rs  th a t  c a n  e scap e  fro m  th is  p o lic in g , o th e r  w o rk e rs  c o u ld  o n ly  
u se  p h e ro m o n a l s ig n a l as d isc r im in a tin g  cu e  to  e lim in a te  th o se  w o rk e r  eg g s .

B e c a u se  w o rk e r  p o lic in g  is d e m o n s tra te d  in  th re e  o th e r  sp e c ie s  o f  
h o n e y  b e e s , th e re  is s tro n g  c irc u m s ta n tia l  e v id e n c e  th a t  w o rk e r  s te r i li ty  in  A. 
d o r s a ta  is  e n fo rc e d  b y  w o rk e r  p o lic in g . A d d itio n a l s tu d ie s  c o u ld  fo c u s  o n  th e  
m e c h a n is m s  o f  p o lic in g  in  A. d o rsa ta . U n d e r  so m e  c irc u m s ta n c e s , A. d o r s a ta  
c o lo n ie s  c a n  b e  n o n -d e fe n s iv e  an d  it  is  p o s s ib le  to  m a n ip u la te  th e m , so  d ire c t  
b io -a s s a y s  o f  th e  su rv iv a l o f  w o rk e r- la id  e g g s  re la t iv e  to  q u e e n - la id  e g g s  
m ig h t  b e  p o s s ib le . O n  th e  o th e r  h an d , o b ta in in g  a p p ro p r ia te  q u e e n - la id  an d  
w o rk e r- la id  e g g s  m ay  b e  an  in su rm o u n ta b le  p ro b le m .

Polyandry

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

g e n u s .  T h e  h y p o t h e s i s  t h a t  t h e  q u e e n s  m a t e  w i t h  m a n y  m a l e s  d u e  t o  t h e

g r e a t e r  a v a i l a b i l i t y  m a l e s  a t  t h e  D C A s  d u e  t o  c o l o n y  a g g r e g a t i o n s  w a s
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re je c te d . A lso , th e  h y p o th e s is  th a t  in b re e d in g  a v o id a n ce  is in su ff ic ie n t  to  
e x p la in  th e  e x tre m e ly  h ig h  lev e l o f  p o ly a n d ry  as n o  s ig n if ic a n t d if fe re n c e  w as  
fo u n d  b e tw e e n  q u e e n  m a tin g  f re q u e n c y  o f  a g g re g a tio n  a n d  s in g ly  n e s tin g  
c o lo n ie s  (s e c tio n  5 .3 ).

T h e  se x  a lle le  h y p o th e s is  fo r th e  e v o lu tio n  o f  p o ly a n d ry  (P a g e , 1981) 
th a t  q u e e n s  sh o u ld  m a te  m a n y  tim e  in  o rd e r  to  re d u c e  th e  p ro b a b il i ty  th a t  a 
la rg e  p ro p o r tio n  o f  o ffsp r in g  w ill b e  d ip lo id  d ro n es , c a n n o t e x p la in  th e  
e x tre m e ly  h ig h  n u m b e r  o f  m a tin g  in  A. d o rsa ta  q u een s , a s  th e  b e n e f i ts  o f  
p o ly a n d ry  d o  n o t  c h a n g e  b e y o n d  s ix  m a tin g s .

S e a so n a l m ig ra tio n  in  th is  sp e c ie s  m a y  be o ne  o f  th e  m a jo r  c a u se s  o f  
th is  e x tre m e ly  h ig h  d e g re e  o f  p o ly a n d ry . D u rin g  th e  m ig ra to ry  flig h t, h o n e y  
b e e s  m u s t  e n c o u n te r  m a n y  risk s ; e n v iro n m e n ta l e x tre m e s , p re d a to rs  an d  
p a ra s ite s , in  fo u n d in g  a n e w  co lo n y . T h is  re q u ire s  a  b ro a d  ra n g e  o f  w o rk e r  
g e n o ty p e s  th a t  c a n  c o p e  w ith  a  b ro a d  ra n g e  o f  e n v iro n m e n ta l c o n d itio n s  
U n d e r  th e s e  p re s su re s , g e n o ty p ic  v a r ia t io n  o f  w o rk e rs  is  im p o r ta n t  fo r 
m a in ta in in g  th e  n e w  c o lo n y  (K o lm e s , W in s to n  and  F e rg u sso n , 1 98 9 ; P a g e  an d  
M itc h e ll ,  1998 ; R o b in s o n  a n d  P ag e , 1989 a). T h e re fo re , th e se  re a so n s  m a y  b e  
a p la u s ib le  e x p la n a tio n  o f  th e  e x tre m e ly  h ig h  lev e ls  o f  p o ly a n d ry  se e n  in  A. 
d o rs a ta .

E x tre m e ly  h ig h  d e g re e  o f  m a tin g  f req u en c y  in  A. d o rs a ta  q u e e n s  w a s  
a lso  re p o r te d  in  th is  th e s is . P o ly a n d ry  a ro se  a f te r  th e  d iv e rg en c e  o f  th e  g e n u s  
A p is  a n d  s in ce  w o rk e r  p o lic in g  is fa c ilita te d  b y  p o ly an d ry , h e n c e  w o rk e r
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p o l i c i n g  c o u l d  e v o l v e  s h o r t l y  a f t e r  p o l y a n d r y .  A d d i n g  w o r k e r  p o l i c i n g  a s  o n e

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

( F i g u r e  6 . 2 ) .

F ig u re  6 .2  R e c o n s tru c tio n  o f  c la d o g ra m  o f  th e  g e n u s  A p is  w ith  th e  a d d in g  o f  
w o rk e r  p o lic in g  b e h a v io u r .
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F u r th e r  research

In  o rd e r  to  g e t b e tte r  in s ig h ts  in to  th e  e v o lu tio n  o f  e x tre m e  m a tin g  
f re q u e n c ie s  in  th is  sp e c ie s , fu r th e r  re se a rc h  sh o u ld  b e  c a rr ie d  out.

1). T h e  c h a ra c te r is tic s  o f  A. d o rs a ta  D C  A s sh o u ld  b e  in v e s tig a te d  in

se v e ra l a sp e c ts ;  lo c a tio n , d is ta n ce  fro m  co lo n y , n u m b e r  o f  d ro n e s  a n d  n u m b e r  
o f  d ro n e ’s su b fa m ilie s  p a r tic ip a te  a t th e  D C  A s.

2 ). C o m p a ra tiv e  a n a ly s is  o n  m a tin g  f req u en c y  a c ro ss  th e  g e n u s  A p is  
c o u ld  e n a b le  an  a d d itio n a l e x p la n a tio n  in  ex trem e  m a tin g  f re q u e n c y  (P a lm e r  
a n d  O ld ro y d , 2 0 0 0 ).

3 ). W o rk e r  p o lic in g  in  A . d o rs a ta  o b v io u s ly  o c c u rs  v ia  p re v e n tin g  
o v a ry -d e v e lo p e d  w o rk e rs . B u t th e  m e c h a n is m  o f  p re v e n tin g  o v a rie s  fro m  
d e v e lo p in g  is n o t  k n o w n .
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