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A B S T R A C T

ECOLOGICAL, IN TE R A C T IO N S AM ONG THREE SP E C IE S  

O F  E U P H O R B IA  A N D  THEIR  

IN SE C T  VISITORS IN THE A M E R IC A N  SOUTHW EST

by

Joan  G. E h r e n fe ld

A d v is o r :  D r .  J e r o m e  G- R o z e n ,  J r .

The in t e r a c t io n s  o f  th r e e  s p e c i e s  of E uphorb ia  su b gen u s  

C h a m a e sy c e  and  the i n s e c t s ,  p a r t ic u la r ly  the b e e s ,  that v i s i t  th e ir  

cya th ia  have  b e e n  e x a m in e d ,  and the e x ten t  o f  b e e -p la n t  coad ap ta tion  

h a s  b e e n  e v a lu a te d .  The p lan ts  a r e  c o m m o n  e l e m e n t s  of the r u d e r a l  

v e g e ta t io n  in  s o u th e a s te r n  A r iz o n a  and a d ja c e n t  N ew  M e x ic o .  M o s t  

of the s p e c i e s  of b e e s  a r e  o l i g o l e c t i c  on E u p h o r b ia ; that i s ,  th ey  a r e  

d ep en dent on E u p h orb ia  fo r  a l l  o f  th e ir  food.

The p la n ts  - E . a lb o m a r g in a ta , E .  c a p ite l la ta  and E .  h y s s o p i -  

fo l ia  - w e r e  a l l  found to b e  p r o te r o g y n o u s  and s e l f - c o m p a t ib le ,  but 

w e r e  v a r ia b ly  ca p a b le  of p o l l in a t in g  t h e m s e l v e s .  E .  a lb o m a r g in a ta  is  

o b l ig a te ly  d ep en d en t on  in s e c t  v i s i t o r s  for  p o l l in a t io n ,  E . c a p ite l la ta  

r e q u ir e s  in s e c t  v is i ta t io n  fo r  m a x im u m  s e e d  s e t  but i s  ca p a b le  of  

l im ite d  s e l f - p o l l in a t io n ,  and E . h y s s o p i f o l ia  can  rep r o d u c e  w ithout  

an y  in s e c t  v i s i t a t io n .  T h e s e  d i f f e r e n c e s  in  p o ll in a t io n  b io lo g y  a r e  

p a r a l le le d  by  d i f f e r e n c e s  in  the ab u n d an ce 'an d  d iv e r s i t y  of in s e c t s



c o l l e c t e d  on the c y a th ia ,  and by d i f f e r e n c e s  in the s i z e  o f  the p e ta lo id  

a p p e n d a g e s ,  g la n d s ,  and a n th e r s .  Two hundred  tw en ty  s p e c i e s  of  

i n s e c t s ,  p r in c ip a l ly  b e e s ,  w a s p s  and f l i e s ,  w e r e  found fee d in g  on the  

c y a th ia  of the th r e e  s p e c i e s ;  the b e e s  a r e  the m o s t  e f f e c t iv e  p o l l in a to r s ,  

and , a t  m o s t  s i t e s ,  a r e  the m o s t  abundant v i s i t o r s .  H o w e v e r ,  the 

p la n ts  have  not e v o lv e d  s p e c i f i c  a d a p ta tio n s  to f o s t e r  b e e  v is i ta t io n ,  

nor a r e  th ey  d ep end ent on t h e s e  in s e c t s ;  th ey  a r e  e v id e n t ly  ad ap ted  to 

r e p r o d u c e  v ia  v i s i t s  f r o m  any  kind of in s e c t ,  or to do w ithout th e m  

e n t ir e ly .

The fo r a g in g  b e h a v io r  o f  the s e v e n  m o s t  c o m m o n  s p e c i e s  of  

b e e s  w a s  a n a ly z e d  in o r d e r  to d e te r m in e  th e ir  f l e x ib i l i t y  in  d ea l in g  

w ith  v a r ia t io n s  in  food  a v a i la b i l i t y  on d i f f e r e n t  fo o d -p la n ts .  F o r ty  

e le m e n t s  of fo ra g in g  b e h a v io r  w e r e  id e n t if ie d ,  and w e r e  c o m p a r e d  in  

th o se  b e e s  fo ra g in g  on E . a lb o m a r g in a ta  and E . c a p i t e l l a t a . I found  

that 1) the v a r ia t io n  in  fo r a g in g  b e h a v io r  a m o n g  the s p e c i e s  of b e e s  i s  

p r im a r i ly  b a s e d  on in tr in s ic  o r  s p e c i e s - s p e c i f i c  in f lu e n c e s ,  and not  

b e h a v io r a l  p la s t i c i t y  r e la t e d  to  fo o d -p la n t  b io lo g y ,  2) b e e s  o l ig o le c t i c  

on E u p horb ia  do not d if fe r  in th e ir  b e h a v io r a l  a d a p ta tio n s  to th e ir  

fo o d -p la n ts  f r o m  the p o ly le c t i c  b e e s  that fe e d  on a v a r ie t y  of p lant  

s p e c i e s ,  and 3) the e x t e n s iv e  d i f f e r e n c e s  in  a l l  a s p e c t s  of fo ra g in g  

b e h a v io r  a m o n g  the b e e  s p e c i e s  s u g g e s t s  that th e r e  i s  no " optim al  

fo r a g in g  s tr a te g y "  fo r  c o l le c t in g  p o l le n  and n e c ta r  f r o m  E u p h o r b ia .

T h u s,  a lth ou gh  s o m e  of the b e e s  have  e v o lv e d  p h y s io lo g ic a l  

t i e s  to th e ir  fo o d -p la n ts  ( i . e .  , o l ig o le c t y ) ,  th e ir  fo r a g in g  b e h a v io r

iv



r e v e a l s  no fu r th er  l e v e l s  o f  coad ap ta tion .  M o r e o v e r ,  the a d a p ta tio n s  

of E u phorbia  to b e e  v i s i t o r s  a r e ,  if  an yth in g , e v e n  w e a k e r .

The h y p o th e s is  that c o e x i s t in g  s p e c i e s  o f  b e e s  a r e  c o m p et in g  

for  l im it e d  food r e s o u r c e s  w a s  e x a m in e d  by co m p a r in g  the ra t io  of  

b ee  d e n s ity  to food  d e n s i ty  (m e a s u r e d  a s  the d e n s ity  of open , fu ll  

a n th e r s )  a t  four s i t e s  and a t  th r e e  t im e s  o f  day . The d e n s ity  of b e e s  

p e r  u n it  of food d e c l in e d  during the day, in d ica tin g  that th e r e  i s  

u n c o l le c te d  p o l le n  p r e s e n t  a t  the end of the fo ra g in g  p e r io d .  The data  

f r o m  the peak  fo ra g in g  p e r io d  (10 A .M .  - 2 P . M .  ) a t  e a c h  s i te  w e r e  

a d ju sted  fo r  the r e la t iv e  abundance of e a c h  b e e  s p e c i e s  and fo r  th e ir  

r e la t iv e  s i z e s  (that i s ,  p o l le n  g a th er in g  ca p a c ity );  a K r u s k a l-W a l l i s  

t e s t  d e m o n str a te d  that th r e e  o f  the four  s i t e s  had s t a t i s t i c a l l y  s im i l a r  

v a lu e s  o f  b e e  d e n s i t y / f o o d  d e n s ity .  T h e s e  r e s u l t s  im p ly  that c o m p e t i ­

t iv e  in te r a c t io n s  for  l im it in g  q u a n tit ie s  o f  food a r e  p r e s e n t ,  but a r e  

w e a k e r  in  e f f e c t  than the s e l e c t i v e  p r e s s u r e s  that prod u ce  an  e a r ly  

c e s s a t i o n  o f  fo r a g in g .
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C H A P T E R  1.

INTRODUCTIO N

The c o m m o n  s p e c i e s  o f  E u phorbia  su b gen u s  C h a m e s y c e  that  

g r o w  in  the d e s e r t  s c r u b  and g r a s s la n d  a s s o c ia t io n s  of s o u th e a s te r n  

A r iz o n a  a r e  n o tab le  for  the la r g e  n u m b er  of b e e  and o th er  in s e c t  

v i s i t o r s  a t tr a c te d  to th e ir  b l o s s o m s .  The A m e r ic a n  s o u th w e s t  i s  a l s o  

n otab le  for  the la r g e  n u m b er  of s p e c i e s  of b e e s  that a r e  h ig h ly  

r e s t r i c t e d  in  th e ir  c h o ic e  of p lan t  food. A n u m ber  of t h e s e  s p e c i e s  of  

b e e s  a r e  e n t ir e ly  dep en d en t fo r  th e ir  food su p p ly  on E u p h o r b ia . This  

p a p er  i s  an  in v e s t ig a t io n  of the n a tu re  of the e c o l o g ic a l  in te r a c t io n s  that  

o c c u r  b e tw e e n  t h e s e  two g ro u p s  of o r g a n is m s ,  and i s  an  a t te m p t  to 

d e te r m in e  the e x ten t  of in te r d e p e n d e n c e  b e tw e e n  th em .

The s p e c i f i c  p r o b le m s  that I h a v e  in v e s t ig a te d  can  be  grou p ed  

in to  two c a t e g o r ie s ,  e a c h  of w h ich  i s  d ir e c te d  to w a rd s  e lu c id a t in g  the  

e f f e c t  of one of the gro u p s  of o r g a n is m s  on the b io lo g y  o f  the o th er .

W ith r e s p e c t  to the p la n ts ,  I r e p o r t  the r e s u l t s  of a study  of the 

r e p r o d u c t iv e  b io lo g y  of th r e e  s p e c i e s  o f  E u p h o r b ia , in c lud ing  the 

a b i l i t y  of e a c h  p lan t s p e c i e s  to p o ll in a te  i t s e l f  and to p ro d u ce  s e e d  

w hen  s e l f - p o l l in a t e d ,  the r e la t iv e  im p o r ta n c e  of in s e c t s  and w ind a s  

p o l l in a t o r s ,  the id en t ity  of in s e c t  v i s i t o r s  and th e ir  m o v e m e n t s  and  

fee d in g  b e h a v io r  on the c y a th ia .  The h y p o th e s is  that the cy a th iu m  

(" flow er" ) of E up horbia  i s  an  ad ap ta tion  fo r  in s e c t  p o ll in a t io n  is  

e v a lu a te d .  With r e s p e c t  to the b e e s  and o th er  i n s e c t s ,  I e x a m in e  the
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w a y s  in w h ich  the E u p horb ia  food s o u r c e  i s  h a r v e s t e d  and sh a r e d  by  

the d if fe r e n t  taxa , p a r t ic u la r ly  the b e e s .  Data on the fo ra g in g  

p a t te r n s  of the b e e s  a r e  ex a m in e d  fo r  e v id e n c e  that d i f f e r e n c e s  in  

b e h a v io r  p e r m it  d i f f e r e n t ia l  u t i l i z a t io n  of r e s o u r c e s  and t h e r e fo r e  

r e d u c e  co m p etit io n ;  th e s e  data a r e  a l s o  c o n s id e r e d  in the l ig h t  of 

c u r r e n t  t h e o r ie s  of e n e r g e t ic  e f f ic ie n c y  in feed in g  b e h a v io r .  The  

r a t io  of fo r a g in g  b e e  d e n s ity  to food d e n s ity  i s  u s e d  to e v a lu a te  the  

im p o r ta n c e  of food a s  a l im it in g  fa c to r  for  b ee  p o p u la t io n s .  In 

c o n c lu s io n ,  I a s s e s s  the ex ten t  of in te r d e p e n d e n c e  and in te r a c t io n  

am o n g  the g r o u p s .

P o l l in a t io n  b io lo g y  h as  tr a d it io n a l ly  b e e n  an  a u t e c o lo g ic a l  

d is c ip l in e ,  e m p h a s iz in g  both the d e s c r ip t io n  of f lo r a l  m e c h a n is m s  

fo r  a t tr a c t in g  in s e c t s  ( e . g .  , F a e g r i  and van d er  P i l j ,  1971; M a c io r ,

1970; P r o c to r  and Y eo , 1973), and the d e s c r ip t io n  and e n u m e r a t io n  

of in s e c t  v i s i t o r s  to p a r t ic u la r  p lan ts  ( e . g . ,  B e a t t ie ,  1971; D od son  

and F r y m i r e ,  1961; L in s le y  and C a z ie r ,  1963; M u l le r ,  1883).

A t te n t io n  h a s  b e e n  m o s t  c o m m o n ly  d ir e c te d  to w a rd s  sh o w y ,  c o m p le x  

f lo w e r s  su ch  a s  m e m b e r s  o f  the S c r o p h u la r ia c e a e  and O r c h id a c e a e .  

Indeed , m u ch  of w hat i s  known of the p o ll in a t io n  b io lo g y  of s m a l l  

s im p le  f lo w e r s  w a s  ob ta in ed  by the f i r s t  c o m p r e h e n s iv e  w o r k e r s  in  

th is  f ie ld  - Knuth (1909), and M u lle r  (1883). R e c e n t ly ,  the a u t e c o lo g i ­

c a l  a p p ro a ch  h a s  b e e n  ex ten d ed  to in c lu d e  p h y s io lo g ic a l  in v e s t ig a t io n s  

(H e in r ich ,  1970), c h e m ic a l  a n a ly s e s  of p lant a t tr a c ta n ts  (D odson , 1970), 

and d e ta i le d  s tu d ie s  o f  p o l l in a to r  b e h a v io r  (C ruden, 1970; M a c io r ,  1967);
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t h e s e  r e c e n t  s tu d ie s  h ave  b e e n  r e v ie w e d  b y  B a k e r  and Hurd (1968).

T h e r e  h a s  b e e n ,  h o w e v e r ,  s o m e  e m p h a s i s  on s y n e c o lo g ic a l  

q u e s t io n s  in  the b o ta n ic a l  l i t e r a t u r e .  B o ta n is t s  have o ften  u s e d  

p o ll in a t io n  s tu d ie s  to h e lp  d e c ip h e r  the g e n e t ic  s t r u c tu r e  of p lan t  

p op u la tion s  (B a tem a n , 1947; L e v in  and K e r s t e r ,  1967; K iang , 1972), 

and p o ll in a to r  a c t iv i t y  h a s  b e e n  p a r t ic u la r ly  w e l l  s tu d ied  a s  a fa c to r  

in  the population  g e n e t ic s  o f  p lan t b r e e d in g  fo r  a g r ic u l tu r a l  p u r p o s e s  

( e . g .  , F r e e ,  1970). B o t a n is t s  h ave  a l s o  u s e d  p o ll in a t io n  in fo r m a t io n  

to s tudy  e v o lu t io n  in  p lan ts  ( e . g .  , B a k e r ,  I960; G rant,  1949; G rant  

and G rant, 1965). P la n t  c o m p e t i t io n  fo r  p o l l in a to r  a tten t io n  h a s  b e e n  

m a th e m a t ic a l ly  m o d e l le d  (L ev in  and A n d e r s o n ,  1970; S tra w , 1972) 

and stud ied  in  n a tu r a l  p o p u la t io n s  (M osquin , 1971). T h u s, a  p op u la tion  

a p p ro a ch  to the e f f e c t s  of p o l l in a to r s  on  p lan t e c o lo g y  and e v o lu t io n  

h as b e e n  w e l l  e s t a b l i s h e d .  H o w e v e r ,  the c o n v e r s e  e f f e c t s  of the  

p o lle n  and n e c ta r  food s o u r c e s  on  the e c o lo g y  and e v o lu t io n  of  

p o l l in a to r s  h ave  b een  stu d ied  m u c h  l e s s  e x t e n s iv e l y .  In p a r t ic u la r ,  

th ere  has b een  v e r y  l i t t l e  q u antita t ive  w o r k  on the im p o r ta n c e  of  

plant food a s  a l im it in g  r e s o u r c e  to p o l l in a to r s ,  and the c o n c o m m ita n t  

im p o r ta n c e  of c o m p e t i t io n  am on g  p o l l in a to r s  in d e te r m in in g  c o m m u n ity  

s tr u c tu r e  and ch a n g e .  F in a l ly ,  p r o b le m s  of the p o l l in a to r -p la n t  

s y s t e m  a s  a w ho le  a r e  ju s t  b eg in n in g  to be  p h r a s e d  and s tu d ied  in  

p a r t ic u la r  e c o s y s t e m s .  F o r  e x a m p le ,  a lth ou gh  the e f f e c t s  of p lant  

sp a c in g  on p o ll in a to r  b e h a v io r  h a v e  b e e n  s tu d ied  (L ev in  and K e r s t e r ,  

1969; M anning, 1956), and the e f f e c t s  o f  p o l l in a to r  b e h a v io r  on p lan t



d e n s i t y  have  b e e n  m o d e l le d  (L ev in  and K e r s t e r ,  1970), th e r e  h a s  b e e n  

l i t t l e  c o n s id e r a t io n  o f  the r e c ip r o c a l  e f f e c t s  w ith in  a s y s t e m .

U lt im a te ly ,  s tu d ie s  of e c o l o g ic a l  and e v o lu t io n a r y  in te r a c t io n  

b e tw e e n  p lan ts  and p o l l in a to r s  m u s t  a p p ro a ch  an  e s t im a t e  of the e x te n t  

of c o e v o lu t io n  a m o n g  the o r g a n is m s  in v o lv e d .  The d e g r e e  of co a d a p ta t io n  

s e e n  b e tw e e n  F ic u s  and B la s to p h a g a  ( R a m ir e z ,  1974) is  m u c h  g r e a t e r  than  

that s e e n  b e tw een  a p o m ic t i c  C o m p o s ita e  and the w id e  ra n g e  o f  in s e c t s  

that v i s i t  th em . R e la t io n s h ip s  can  ran ge  f r o m  the m u tu a l d e te r m in a t io n  

of d is tr ib u t io n  and s u r v iv a l ,  through  u n r e c ip r o c a te d  d ep en d en ce  of one  

grou p  on the o th e r ,  to in d ep en d en ce  of both g r o u p s .  B a k e r  and Hurd (1968) 

h ave  id en t if ied  s o m e  of the p a t te r n s  of in te r a c t io n  and c o e v o lu t io n ,  and  

h a v e  s t r e s s e d  the n e e d  fo r  fu r th e r  study and d ef in it io n  o f  t h e s e  p a tte r n s .  

H o w e v e r ,  the e m p h a s i s  in the g e n e r a l  e c o lo g ic a l  l i t e r a tu r e  on s o c ia l  b e e s  

(A pis and B o m b u s)  and on c o m p le x  f lo w e r s  h a s  r e s u l t e d  in  a so m e w h a t  

lo p s id e d  im p r e s s io n  of the co a d a p ta t io n  of f lo w e r s  and p o l l in a to r s .  R e s ­

to r in g  the b a la n ce  m ig h t  m ak e  p o ll in a t io n  b io lo g y  a m a jo r  co n tr ib u to r  to 

e c o l o g i c a l  and e v o lu t io n a r y  th e o r y ,  ra th er  than an  e x te n s iv e  d e s c r ip t io n  

of an  e v o lu t io n a r y  p r in c ip le .

The P la n ts

E up horb ia  i s  one of t h e  l a r g e s t  g e n e r a  of a n g io s p e r m s ;  it  

c o n ta in s  about 1500 s p e c i e s  and i s  c o sm o p o l i ta n  in  d is tr ib u t io n  (Good,

1964). It i s  c h a r a c te r iz e d  by a unique f lo r a l  d e v ic e ,  t e r m e d  a c y a th iu m ,  

w h ich  i s  an  in f lo r e s c e n c e  c o m p o s e d  of m a n y  m a le  f lo w e r s  and one
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t e r m i n a l  f e m a le  f lo w e r .  E a c h  f lo w e r  c o n s i s t s  s im p ly  of the s e x u a l  

p a r ts  (in  the c a s e  of the m a le  f l o w e r s ,  a s in g le  s ta m e n ) ,  and la c k s  

c a ly x  and c o r o l la .  T h ey  a r e  t ig h t ly  c lu s t e r e d  w ith in  an in v o lu c r e  of  

f iv e  un ited  b r a c t s .  A t  e a c h  ju n ction  of the b r a c t s ,  th e r e  i s  a g land ,  

w h ic h  m a y  have  an  exp an d ed , p e t a l - l ik e  ap p en d a g e .  T h u s,  the c y a ­

th iu m  r e s e m b l e s  a f la t ,  s im p le  f lo w e r ,  w ith  the ty p ic a l ly  w hite  gland  

a p p e n d a g e s  su b st itu t in g  fo r  p e ta ls  and su rrou n d in g  the c e n tr a l  s ta m e n s  

and p i s t i l .  The c y a th iu m  r a n g e s  in  d ia m e te r  fr o m  l e s s  than 1 m m  to 

n e a r ly  a c e n t im e t e r .  The p lan ts  v a r y  in g ro w th  fo r m  fr o m  the w e l l -  

known c a c t u s - l ik e  s u c c u le n ts  found in A fr ic a  through  m e  s ic  sh ru b s  

and t r e e s  to p r o s t r a t e  h e r b a c e o u s  w e e d s  g ro w in g  in s id e w a lk  c r a c k s .  

A lth o u g h  th e r e  h a s  b e e n  m u ch  d i s c u s s i o n  of the n eed  to s e p a r a te  the 

g e n u s  in to  m o r e  m a n a g e a b le  u n its  ( e . g .  , R ichardson ,1968; W e b ste r ,

1967; W h e e le r ,  1941, 1943), the in te r g r a d a t io n  of c h a r a c t e r s  am on g  

the s p e c i e s  h a s  so  far  confounded a l l  a t te m p ts  a t  d ism a n t l in g  the  

grou p .

D e s p i te  the ub iqu ity  and d iv e r s i t y  of E u p h o r b ia , th e r e  h a s  b e e n  

l i t t l e  a t ten t io n  paid  to i t s  r e p r o d u c t iv e  b io lo g y ,  and e v en  l e s s  to the 

fu n ction in g  of i t s  u n u su a l f lo r a l  d e v ic e .  The fe w  s tu d ie s  o f  e m b r y o lo g y  

and  re p r o d u c t io n ,  con d u cted  on s p e c i e s  s c a t t e r e d  throughout the g en u s ,  

h a v e  d e m o n str a te d  a w id e  v a r ie ty  of s e x u a l  s y s t e m s  ranging fr o m  

o b lig a te  o u tc r o s s in g  in  E .  c y p a r i s s i a s  (M e u n sc h e r ,  1936) to a p o m ix is  

by  m e a n s  o f  a d v en t iv e  em b r y o n y  in  E .  d u lc is  and o th e r s  (C arano , 1926; 

D a v is ,  1966). The e a r ly  s tud en ts  of p o l l in a t io n  b io lo g y  (Knuth, 1909;
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M u l l e r ,  1883) o b s e r v e d  a d iv e r s e  g ro u p  o f  in s e c t s  v is i t in g  a few  

c o m m o n  s p e c i e s ,  but the im p o r ta n c e  o f  in s e c t s  to the re p r o d u c t iv e  

b io lo g y  of the p lan ts  h a s  r e m a in e d  o b s c u r e .  The o b s e r v a t io n s  of  

in s e c t  v is i t a t io n  in  con ju n ction  w ith  the c o n s p ic u o u s n e s s  o f  the p e ta lo id  

a p p en d a g e s  and g lan d s in s o m e  s p e c i e s ,  h ave  su pp orted  a g e n e r a l  

a s s u m p t io n  that the c y a th iu m  is  an  ad ap ta tion  to in s e c t  p o l l in a t io n  

( e . g . ,  C ro n q u is t ,  1968; S teb b in s ,  1950). H o w e v e r ,  the e x t r e m e ly  

s m a l l  s i z e  of the cya th ia  of m a n y  s p e c i e s ,  and the w e e d y  n a tu re  of  

m a n y  s p e c i e s  r a i s e s  the q u e s t io n  w h e th e r  in s e c t  p o ll in a t io n  i s  w i d e ­

s p r e a d  in  the group .

The s p e c i e s  s tu d ied  h e r e  b e lo n g  to the su bgenu s C h a m a e s y c e .  

T h is  s e c t io n  i s  d is t in g u is h e d  by the o p p o s i te ,  in e q u i la te r a l  l e a v e s ,  

and b y  the b ra n ch in g  h ab it  of the p lan ts:  the m a in  a x is  a b o r ts  a f te r  

the f i r s t  p a ir  of tru e  l e a v e s  a p p e a r ,  and a l l  su b seq u en t  g ro w th  is  

a ttr ib u ta b le  to a x i l la r y  b u d s .  The su b g en u s  in c lu d e s  about 250 s p e c i e s ,  

the m a jo r i ty  o f  w h ich  a r e  A m e r ic a n .  M any of the s p e c i e s  o c c u r  in  

w a s te  p la c e s ,  a lon g  r o a d s id e s ,  in p oor  san dy  s o i l ,  and thus can  

q u a lify  a s  r u d e r a ls  or w e e d s  (B ak er  and S teb b in s ,  1965). The th r e e  

s p e c i e s  in v e s t ig a te d  h e r e ,  E .  a lb o m a r g in a ta  T. & G. , JEh c a p ite l la ta  

E n g e lm .  and E . h y s s o p i f o l ia  L. a l l  g r o w  abundantly  a long  r o a d s id e s  

in the d e s e r t  g r a s s la n d  a s s o c ia t io n  in  the so u th w e s t .  E .  a lb o m a r g in a ta  

and E .  c a p ite l la ta  a r e  c o m m o n  throu ghout the so u th w es t ,  ex ten d in g  a s  

fa r  n orth  a s  n o r th e r n  A r iz o n a .  E .  h y s s o p i fo l ia  i s  abundant throughout  

C e n tr a l  A m e r i c a ,  and r e a c h e s  the n o r th e r n  l i m i t  of its  d is tr ib u t io n  in



s o u th e r n  A r iz o n a  (W h ee ler ,  1941). E .  a lb o m a r g in a ta  i s  a p r o s tr a te  

p lan t  that f o r m s  d e n s e ,  lo w  m a t s  a lo n g  r o a d s id e s ,  n e a r  c u lv e r t s ,  on  

road  and r a i lr o a d  em b a n k m e n ts  and o th er  lo w  h i l l s ,  and a lo n g  a r r o y o s  

and o th er  s o u r c e s  o f  in te r m it te n t  m o is t u r e .  E .  c a p ite l la ta  i s  an  

e r e c t  to d ecu m b en t  h erb , on w h ic h  the cy a th ia  a r e  t ig h t ly  p ack ed  in  

h e a d s .  It g r o w s  in the s a m e  h a b ita ts  a s  E . a lb o m a r g in a ta , and often  

the tw o s p e c i e s  fo r m  m ix e d  p o p u la t io n s .  T h e s e  two s p e c i e s  tend  to  

g r o w  in p a tc h e s  s e p a r a te  f r o m  su rro u n d in g  v e g e ta t io n .  Eh h y s s o p i - 

fo l ia  i s  an  e r e c t  s p e c i e s ,  and i s  m o s t  o ften  found in te r m ix e d  w ith  

g r a s s e s  and o th er  h e r b s  a lo n g  r o a d s id e s .  Its cya th ia  a r e  c o n s id e r a b ly  

s m a l l e r  than in  the tw o p r e c e e d in g  s p e c i e s ,  and a r e  l o o s e l y  c lu m p ed  

in  g ro u p s  of th r e e  to e ig h t  c y a th ia .  A l l  th r e e  s p e c i e s  a r e  o v e r w in t e r ­

ing to p e r e n n ia l ,  and a l l  f lo w e r  in the f i r s t  s e a s o n .

The B e e s

The feed in g  e c o lo g y  of m a n y  n o n - s o c i a l  b e e s  i s  r e m a r k a b le  

fo r  the s m a l l  n u m b er  of fo o d -p la n t  s p e c i e s  on w h ich  e a c h  b e e  s p e c i e s  

d e p e n d s .  B e e s  that throughout th e ir  g e o g r a p h ic a l  ran ge  r e l y  on one  

or a  fe w  c l o s e l y  r e la te d  s p e c i e s  o f  p lan ts  for  the p o l le n  on w h ich  both  

the la r v a e  and the a d u lts  fe e d  a r e  t e r m e d  o l i g o l e c t i c  (L in s le y ,  1958). 

The t e r m  " p o ly lec t ic"  is  a p p lie d  to  b ee  s p e c i e s  w h o s e  m e m b e r s  m ak e  

u s e  of a  v a r ie t y  of p lants  fo r  p o llen ;  the b rea d th  of th e ir  ta s te  p r e ­

f e r e n c e s  r a n g e s  f r o m  s p e c i e s  that v i s i t  on ly  a s m a l l  p r o p o r t io n  o f  the  

p la n ts  in  b lo o m  to th o se  that fo r a g e  on v ir tu a l ly  any  p lan t s p e c i e s  that
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i s  p r e s e n t in g  p o l le n .  L in s le y  (1958) s ta t e s  that the m a jo r i ty  o f  b ee  

s p e c i e s  a r e  o l i g o l e c t i c ,  and th is  i s  p a r t ic u la r ly  true  of m e m b e r s  o f  

c e r t a in  f a m i l i e s  o f  b e e s .  The g e n e r a  A n d ren a  and P e r d i t a , in  the 

A n d r e n id a e ,  co n ta in  o v e r  1200 and 7 00 s p e c i e s  r e s p e c t i v e ly ,  m o s t  of  

w h ic h  a r e  o l i g o l e c t i c .  The o th er  g e n e r a  of the fa m ily  a r e  m u c h  

s m a l l e r ,  but a l s o  co n ta in  a la r g e  p e r c e n ta g e  of o l i g o le c t i c  s p e c i e s .

In c o n tr a d is t in c t io n  to the A n d r e n id a e ,  the H a l ic t id a e  con ta in  s e v e r a l  

g e n e r a  (H a l ic t u s , D ia l i c t u s , L a s i o g l o s s u m ) w ith  v e r y  la r g e  n u m b e r s  

of s p e c i e s ,  few  o f w h ic h  a r e  o l i g o le c t i c .  O l ig o le c ty  i s  a l s o  c o m m o n  

am o n g  the C o l le t id a e  and A nth o p h o r id a e .  R e s t r ic t io n  in the d iv e r s i t y  

of p lan ts  v i s i t e d  fo r  n e c ta r  i s  m u c h  l e s s  com m on ; b e e s  that v i s i t  few  

p lan t  s p e c i e s  fo r  p o l le n  m a y  v i s i t  a w id e r  v a r ie ty  of p lan ts  for  

n e c ta r .

T his  s tudy  is  c o n c e r n e d  w ith  the b e h a v io r a l  e c o lo g y  of the  

s e v e n  m o s t  c o m m o n  s p e c i e s  of b e e s  that v i s i t  E uphorbia  in  s o u th ­

e a s t e r n  A r iz o n a .  F iv e  of th e s e  a r e  o l i g o le g e s  of E u p h o r b ia , and two  

u t i l i z e  o th er  p la n ts  a s  w e l l .  T able  1 l i s t s  a l l  the b e e  s p e c i e s  that have  

b e e n  found fo ra g in g  on E u phorb ia  during th is  study , and id e n t i f i e s  the  

c o m m o n  s p e c i e s  d e s c r ib e d  in  d e ta i l  b e lo w .  The c o m m o n  s p e c i e s  a r e  

i l lu s tr a te d  in F ig u r e  1.

The feed in g  e c o lo g y  o f  m o s t  s o l i t a r y  b e e s  i s  in t r ic a te ly  

r e la te d  to o th er  a s p e c t s  of th e ir  l i f e - h i s t o r i e s .  N e s t in g  s i t e s  of the 

s m a l l e r  s o l i ta r y  b e e s  a r e  o ften  d o se  Id  ar in te r m ix e d  w ith  p op u la tion s  

o f  the food -p lan ts;  th is  i s  true  o f  H e te r o s a r u s  n an u lu s,  N o m a d o p s is
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h e l ia n t h i , P e r d i ta  m in im a , P e r d i ta  o b s c u r e l l a , and C a l l io p s i s  

s q u a m ife r a .  M o s t  of the p an urgine  b e e s  n e s t  g r e g a r io u s ly  (R ozen ,  

1967) and thus the p lant pop ula tion  m a y  c o v e r  c o n s id e r a b ly  m o r e  a r e a  

than the n e s t in g  s i t e .  The la r g e ,  p o ly le c t ic  s p e c i e s ,  h o w e v e r ,  o ften  

n e s t  a t  a g r e a t e r  d is ta n c e  fr o m  the food  p lant, and th is  i s  p rob ab ly  

the c a s e  fo r  E .  sp . A . M any b ee  s p e c i e s  u s e  the p o l le n  p lant f lo w e r s  

a s  the s i t e  of m atin g;  tw o of the s p e c i e s  s tu d ied  h e r e  (H. nanulus and  

P .  o b s c u r e l la )  do th is .  O th ers  m a te  on  the ground  a t  the n e s t in g  s i t e ,  

s o  that n ew ly  e m e r g e d  f e m a le s  a r e  m a ted  a s  they  le a v e  th e ir  b u r r o w s .  

The r e la t io n s h ip  b e tw e e n  m a tin g  s i t e  lo c a t io n ,  o l ig o le c t y ,  and  

s p e c ia t io n  h a s  b e e n  m o r e  e x t e n s iv e ly  d i s c u s s e d  in R o z e n  (1958). The 

s e a s o n a l  a c t iv i t y  of o l i g o le c t i c  b e e s  u s u a l ly  c o in c id e s  w ith  the 

p e r io d  of b lo o m  of the h o s t  p lant ( L in s le y ,  1958); h o w e v e r ,  c a s e s  a r e  

o c c a s io n a l ly  r e p o r te d  in w h ich  o l i g o l e g e s  r e l y  on p lan ts  a t  the end  

of th e ir  b lo o m in g  s e a s o n  or a t  the end of the p o l le n  d e h is c e n c e  p h ase  

of  the h o s t  f lo w e r  (L in s le y  e t  a l .  , 1964). A lth ou gh  the p lan ts  s tu d ied  

h e r e  p ro b a b ly  b lo o m  co n t in u o u s ly  through out the sp r in g  and s u m m e r ,  

the p e r io d  of m a x im u m  b lo o m  and m a x im u m  p lant d e n s i ty  (A ugust to 

S e p te m b e r )  c o in c id e s  w ith  the p e r io d  of b ee  a c t iv i t y ,  and th is  p er io d  

of b io lo g ic a l  a c t iv i ty  i s  t ied  to the o c c u r r e n c e  of the s u m m e r  r a in s  

in  Ju ly .

The n u m b er  of g e n e r a t io n s  p ro d u ced  e a c h  s e a s o n  v a r i e s  am ong  

the s p e c i e s .  B a s e d  on e v id e n c e  f r o m  in te n s iv e  f ie ld  s tu d ie s  (R ozen ,  

1958; Shinn, 1967), it  s e e m s  l ik e ly  that C. s q u a m ife r a  and N. h e l ia n th i
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h a v e  two g e n e r a t io n s  p e r  s e a s o n .  I have  o b s e r v e d  P .  o b s c u r e l la  

m a tin g  fr o m  e a r l y  A u g u s t  to e a r ly  O ctob er;  b e e s  m a tin g  la te  in  the 

s e a s o n  a r e  p ro b a b ly  a s e c o n d  g e n e r a t io n .  P .  m in im a  h a s  b e e n  

c o l l e c t e d  in s o u th e a s te r n  A r iz o n a  on ly  in  A u g u s t  and the f i r s t  w e e k  

in S e p te m b e r ,  and thus it i s  l ik e ly  to b e  u n iv o lt in e .  No in fo r m a t io n  

on v o l t in i s m  i s  a v a i la b le  fo r  D. p er  p a rv u s  o r  E . sp .  A .  L a r v a e  

o v e r w in te r  in th e ir  c e l l s  in a q u ie s c e n t  or  d ia p a u se  con d it ion .

The p r e v a le n c e  of o l i g o le c t y  am on g  b e e s  h as  p ro v o k ed  so m e  

s p e c u la t io n  c o n c e r n in g  the s e l e c t iv e  f o r c e s  in v o lv e d  in the e v o lu t io n  

of the t r a it .  M o s t  in v e s t ig a t o r s  b e l i e v e  that c o m p e t i t io n  fo r  l im ite d  

food  r e s o u r c e s  h a s  g e n e r a te d  the te n d e n c y  to w a rd s  h ig h ly  s p e c ia l i z e d  

fe e d in g  b e h a v io r  ( e . g . ,  C ru den , 1972; Hurd and L in s le y ,  1967; 

M ic h e n e r ,  1954; R o b e r t s o n ,  1914; T horp , 1969). L o v e l l  (1914), h o w e v e r ,  

s u g g e s t e d  that th e r e  is  a su r p lu s  of f lo w e r  food , and that b e e s  

s p e c i a l i z e  so  a s  to a v o id  w a st in g  t im e  and la b o r .  A lth o u g h  the l im it in g  

n a tu re  of food  r e s o u r c e s  h as  thus b e e n  q u es t io n ed  s in c e  1914, l i t t le  of  

the w o r k  on the fe e d in g  e c o lo g y  of b e e s  h a s  h e lp ed  to r e s o l v e  the  

m a tte r .

A lth ou gh  the b e h a v io r  o f  b e e s  h as  b e c o m e  an  im p o rta n t  ad junct  

to c l a s s i c a l  ta x o n o m ic  s tu d ie s  ( e . g . ,  M ic h e n e r ,  1974; S a k a g a m i and  

M ic h e n e r ,  1962), the a c t io n s  of a fo ra g in g  b e e ,  on and off f l o w e r s ,  h as  

r a r e ly  b e e n  c o n s id e r e d  fr o m  an e th o lo g ic a l  p e r s p e c t iv e .  F o r a g in g  

b e h a v io r  o f  b e e s  on f lo w e r s  h as  u s u a l ly  b e e n  tr e a te d  b r ie f ly ,  and h as  

often  b e e n  r e s t r i c t e d  to  d e s c r ip t io n  of the food  p la n ts ,  d a i ly  and
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s e a s o n a l  p h e n o lo g y ,  and the le n g th  of fo ra g in g  t r ip s .  The w o r k  done  

to date h o w e v e r ,  i s  thus in s u f f ic ie n t  to p e r m it  c o m p a r is o n s  a m o n g  

ta x a .  A n a l y s i s  and c o m p a r is o n s  of the m o t io n s  that c o m p r is e  

fo r a g in g  in a  n u m b e r  of s p e c i e s  of b e e s  feed in g  on the s a m e  p lan ts  

a r e  l ik e ly  to y ie ld  in fo r m a t io n  u s e f u l  fo r  e v a lu a t in g  the r e la t iv e  

co n tr ib u t io n s  o f  l e a r n e d  p la s t ic  r e s p o n s e s  to f lo r a l  m o r p h o lo g y  and of  

in h e r i te d ,  s t e r e o ty p e d  m o v e m e n ts  to the o v e r a l l  fo r a g in g  b e h a v io r  o f  

e a c h  s p e c i e s .

V o u c h e r  s p e c im e n s  of a l l  b e e  s p e c i e s  have  b e e n  d e p o s ite d  in  

the c o l l e c t io n  o f  the A m e r ic a n  M u s e u m  of N a tu r a l  H is to r y .

Study S i t e s

Study s i t e s  w e r e  lo c a te d  a lon g  U . S .  R oute 80 and in te r s e c t in g  

d ir t  r o a d s  in  s o u th e a s t e r n  A r iz o n a  and s o u th w e s te r n  N ew  M e x ic o  

(F ig .  2). The s i t e s  a t  A p a c h e ,  11, 13 and 18 m i l e s  s o u th w e s t  of  

A p a c h e  (A, 11 SWA, 13SWA, and 18SWA in F ig .  2) c o n s i s t e d  of p lant  

p o p u la t io n s  s i tu a te d  on l e v e l  o r  s l ig h t ly  s lo p in g  ground in  the a r e a  

b e tw e e n  the s id e  o f  the road  and a p a r a l l e l  r a i lr o a d  e m b a n k m e n t  about  

50 m  a w a y  (F ig .  3). A t  the s i t e  1 m i l e  e a s t  of A p a c h e  (1EA), E .  a l b o - 

m a r g in a ta  b o r d e r e d  the edge  o f  a f la t  d ir t  road  ex ten d in g  a c r o s s  the  

v a l l e y  f lo o r .  The p lan t  pop u la tion  stud ied  a t  12 m i l e s  n o rth  of R odeo  

(12NR) g r e w  in  a s t r ip  about 2 m  w id e  b e tw e e n  the s id e  of R oute  80 

and  the b o r d e r in g  L a r r e a  sc r u b  co m m u n ity .  Only a t  the 9WSWA s i te  

(9 m i l e s  w e s t - s o u t h w e s t  o f  A p a c h e )  w a s  the p lant pop u la tion  d is ta n t
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f r o m  the road; in th is  c a s e  the p la n ts  w e r e  g ro w in g  on the s id e  of an  

a n c ie n t  c in d e r  cone (peak e le v a t io n  about 100 f e e t  ab o v e  the s u r r o u n d ­

ing d e s e r t  f lo o r ) .

The b io t ic  and p h y s ic a l  c h a r a c t e r i s t i c s  of e a c h  s i t e  a r e  l i s t e d  

in  T ab le  2. The s o i l s  a t  a l l  s i t e s  e x c e p t  9WSWA a r e  a l lu v ia l  d e p o s i t s  

of  sand , s i l t  and g r a v e l ,  and a r e  in  g e n e r a l  h ard  p ack ed  b e lo w  the  

s u r fa c e  dust.  A t  9WSWA, the s o i l  i s  of b a s a l t ic  o r ig in .  The s i t e s  a t  

and sou th  of A p a c h e ,  A r iz o n a ,  a r e  in  the San B e r n a r d in o  v a l le y ;  they  

a r e  in g e n e r a l  c o o l  d e s e r t ,  w ith  an  a v e r a g e  annual te m p e r a tu r e  

b e tw e e n  4 7 ° F .  and 5 9 ° F .  , (B uol, 1966) and b e lo n g  to the g r a s s la n d  

b io m e  in  the lo w e r  S on o ra n  L ife  Z on e . R a in fa l l  f r o m  Ju ly  to S e p te m b e r  

a v e r a g e s  9.15 in c h e s  (data f r o m  U. S. W eath er  B u r e a u  s t a t i s t i c s  f r o m  

A p a c h e  and D o u g la s ,  A r iz o n a ) .  The s i t e  a t  12NR is  lo c a te d  in the San  

S im o n  v a l le y ,  w h ich  i s  c l a s s i f i e d  by B u o l (1966) a s  a t h e r m ic  r e g io n  

(a v e r a g e  annual t e m p e r a tu r e  g r e a t e r  than 5 9 ° F .  ), and i s  su rrou n d ed  

by. a L a r r e a  a s s o c ia t io n  type o f  d e s e r t  scru b  b io m e .  R a in fa l l  in  th is  

r e g io n  a v e r a g e s  5. 31 in c h e s  fo r  th is  p e r io d  (data f r o m  U. S. W eather  

B u r e a u  s t a t i s t i c s  for  R o d e o , N . M .  and San S im o n , A r iz o n a ) .

A c c o r d in g  to L ow e (1964), the v e g e ta t io n  of th is  p a r t  of A r iz o n a  is  

c h a r a c t e r iz e d  by a m o s a i c  of d e s e r t s c r u b  and g r a s s la n d  a s s o c i a t i o n s ,  

w ith  ch a n g es  b e tw e e n  a s s o c ia t io n s  o c c u r r in g  o v e r  v e r y  s h o r t  s p a c e s .

A s  ca n  be s e e n  in  T ab le  2, m o s t  of the b ee  s p e c i e s  o c c u r r e d  in at  

l e a s t  two s o i l  or b io m e  ty p e s .  A lth ou gh  the o c c u r r e n c e  o f  p r e c ip ita t io n  

during the s u m m e r  i s  p r e d ic ta b le ,  it  can  v a r y  w id e ly  in  am o u n t  and



13

lo c a t io n ,  b e c a u s e  it  o c c u r s  in  th u n d e r s to r m s .  One a r e a  c a n  r e c e i v e  

s e v e r a l  in c h e s  during a few  d a y s ,  w h i le  a  s i t e  a m i l e  a w a y  r e m a in s  

d ry . In th is  s e n s e ,  the r a in fa l l  on a p a r t ic u la r  p op u la tion  i s  h ig h ly  

u n p r ed ic ta b le  and v a r ia b le  f r o m  y e a r  to y e a r .

T h e s e  t e m p o r a l  and s p a t ia l  f lu c tu a t io n s  in e n v ir o n m e n ta l  

co n d it io n s  a r e  m ir r o r e d  in the in s ta b i l i t y  of the v e g e ta t io n  f r o m  y e a r  

to y e a r .  The s i t e s  l i s t e d  in T ab le  2, and o th e r s  in the v ic in i ty  that  

w e r e  o b s e r v e d  c a s u a l ly  fr o m  1971 to 1973 a l l  u n d erw en t  f a r - r e a c h in g  

c h a n g es  in  the c o m p o s i t io n  and s i z e  of the h e r b a c e o u s  p lan t  p op u la tion s  

f r o m  y e a r  to y e a r .  F o r  e x a m p le ,  in 1971, a t  13SWA, the th r e e  s p e c i e s  

of E u p h orb ia  w e r e  abundant, and c o v e r e d  m o s t  of the ground  b e tw e e n  

t u s s o c k s  of g r a s s .  In 1972, E .  h y s s o p i f o l ia  w a s  r a r e ,  and the o th er  

two s p e c i e s  o f  E uphorbia  w e r e  m ix e d  w ith  d e n s e  s ta n d s  o f  L e p id iu m  

and E r io g o n u m . In 1973, L ep id iu m  and E r io g o n u m  w e r e  r a r e ,  

E u p horb ia  w a s  l a r g e ly  dy ing , and the m o s t  c o m m o n  p lant w a s  H e t e r o - 

th eca  sp .  A g a in ,  a t  11SWA, during 1972 a pop u la tion  of E .  c a p ite l la ta  

w a s  found in  w h ich  the p lan ts  w e r e  la r g e  and v ig o r o u s ,  and had  

p ro b a b ly  s u r v iv e d  th e r e  fo r  s e v e r a l  y e a r s .  In 1973, I cou ld  not find  

a s in g le  in d iv idu a l of th is  s p e c ie s ;  the groun d  that had b e e n  c o v e r e d  

w ith  it  w a s  b a re  of v e g e ta t io n .  H o w e v e r ,  the co n t ig u o u s  p op u la tion  of  

E . h y s s o p i fo l ia  that w a s  s tu d ied  th e r e  in  1972 w a s  s t i l l  v ig o r o u s  in  

1973. T h u s,  the on ly  a s p e c t  o f  the lo c a l  v e g e ta t io n  in  an  a r e a  that is  

c e r ta in  i s  the u n p r e d ic ta b il i ty  of it s  c o m p o s i t io n .



T A B L E  1. B e e s  c o l le c t e d  a t  a l l  study s i t e s  on th r e e  s p e c i e s  of E u p h o rb ia . C om m on  = m a n y  in d iv id u a ls  

s e e n  a t  m in im u m  of two s i t e s ;  O c c a s io n a l  = so m e  in d iv idu a ls  s e e n  a t  on ly  one s i t e  a n d /o r  

during on ly  one se a so n ;  R a r e  = s m a l l  n u m b e rs  s e e n  on only  one o c c a s io n .

F a m i ly ,  S p e c ie s  D ep en dence  on A bundance

S u b fam ily  Euphorbia

C o lle t id a e

C o lle t in a e

A n d re n id a e ,

P an u rg in ae

C o l le te s  sp . unknown

C a l l io p s i s  (P e r i s s a n d e r ) a n o m o p te ra  M ic h en er  o l ig o le c t i c

(C a l l io p s is )  sq u a m ife r a  T im b e r la k e *  o l ig o le c t i c

( P e r i s s a n d e r ) r o g e r i  Shinn o l ig o le c t i c

H e te r o s a r u s  nanulus (T im b er la k e )*  o l ig o le c t i c

N o m a d o p s is  (M ic r o n o m a d o p s is ) h e lia n th i o l ig o le c t i c
Sw enk and C o c k e r e l l*

P e r d ita  (E p im a c r o te r a ) b iguttata  T im b e r la k e  o l ig o le c t i c

(P erd ita )  chihuahua T im b e r la k e  o l ig o le c t i c

(P er d ita )  co n fu sa  T im b e r la k e  p o ly le c t ic

o c c a s io n a l

o c c a s io n a l

c o m m o n

o c c a s io n a l

c o m m o n

co m m o n

r a r e

o c c a s io n a l

o c c a s io n a l



T A B L E  1. C ontinued.  

F a m i ly ,  S p e c ie s

Subfam ily

H a lic t id a e ,

H a lic t in ae

(M a c r o t e r e l la ) m e l l e a  T im b er la k e  

(P e r d i te l la )  m in im a  C o c k e r e l l*  

(P erd ita )  o b s c u r e l la  T im b e r la k e *

D ia l ic tu s  c l a r i s s i m u s  (E l l is )  

c l e m a t i s e l l u s  (C o c k e r e l l )  

h u d so n ie l lu s  (C o ck ere l l )  

h u n ter i  (C raw ford)  

p erp a r v u s  (E ll is )*  

p r u in o s i fo r m is  (C raw ford)  

t e g u la r i fo r m is  (C raw ford)  

sp . 4 

sp . 7

D ep en dence  on A bundance

Euphorbia

o l ig o le c t i c

o l ig o le c t i c

o l ig o le c t i c

p o ly le c t ic

polyLectic

p o ly le c t ic

p o ly le c t ic

p o ly le c t ic

p o ly le c t ic

p o ly le c t ic

p o ly le c t ic

p o ly le c t ic

r a r e

co m m o n

co m m o n

r a r e

o c c a s io n a l

r a r e

r a r e

co m m o n

r a r e

o c c a s io n a l

r a r e

o c c a s io n a l



T A B L E  1. C ontinued.  

F a m i ly ,  S p e c ie s

S u b fam ily

D ep en dence  on A bundance

Euphorbia

A n th op h orid ae ,

A nthophorin ae

X y locop in ae

sp . 1 0 p o ly le c t ic r a r e

H alic tu s  l ig a tu s  Say p o ly le c t ic r a r e

tr ip a r t i tu s  C o c k e r e l l p o ly le c t ic r a r e

E v y la e u s  p e c to r a lo id e s  (C o ck ere l l) p o ly le c t ic r a r e

A g a p o s te m o n  sp. p o ly le c t ic r a r e

E x o m a lo p s is  (A nth op h orisca )  sp . A *  + p o ly le c t ic  ? co m m o n

(P h a n o m a lo p s is )  sp . B + p o ly le c t ic  ? o c c a s io n a l

(P h a n o m a lo p s is )  so la n i  C o c k e r e l l p o ly le c t ic  ? r a r e

C era t in a  sp . unknown o c c a s io n a l

* C o m m o n  s p e c i e s  in c luded  in  b e h a v io r a l  s tu d ie s .  

+ D e s c r ip t io n s  in  p r e p a r a t io n  by P .  T im b e r la k e .



T A B L E

Site

12NR

A p a ch e

1EA

2. B io t ic  and p h y s ic a l  c h a r a c t e r i s t i c s  of the study  s i t e s .

P la n ts  B e e s  Y e a r s  E le v a t io n  D om in an t V eg e ta t io n
Studied (ft)

E . a lb o m a rg in a ta  N. h e lia n th i* 1973 3980 L a r r e a , G u tt ie r e z ia

P .  m in im a

D. p e r p a r v u s *

D. h u d so n ie l lu s

E . a lb o m a rg in a ta  P .  m in im a *  1972 4382  A c a c i a , L e p id iu m

P . o b s c u r e l la

E . a lb o m a rg in a ta  P .  m in im a * 1973 4340  L e p id iu m , Y u c c a , g r a s s e s

P . o b s c u r e l la *

N. h e lian th i

D. p er p a r v u s*  

C o lle te s  sp .  

C eratin a  sp .



T A B L E  2. C ontinued.

S ite

9WSWA

11SWA

13SWA

P la n ts B e e s Y e a r s  E le v a t io n  
Studied  (ft. )

D om inant V eg e ta t io n

E .  ca p ite l la ta H. nanulus*

E . co n a o b r in a *

N. h e lian th i

C. sq u a m ife r a  

C o lle te s  sp .

E .  h y s so p ifo l ia  H. n anulus* 1972

E . c a p ite l la ta  D. p er p a r v u s*  1973

E .  a lb o m a rg in a ta  E . c o n so b r in a *

P . o b s c u r e l la

E . a lb o m a r g in a ta  H. nanulus*

E . ca p ite l la ta  C. s q u a m ife r a  

E .  h y s s o p ifo l ia  N. h e lian th i

P .  m in im a

1973 4840 A p lo p a p p u s , A s t e r ,  g r a s s e s

4620  A s t e r ,  H e te r o th e c a ,  E r io g o n u m , g r a s s e s

1972 4580 L ep id iu m , E r io g o n u m , A c a c ia ,  Applopappus,

g r a s s e s

P .  o b s c u r e l la *



T A B L E  2. C ontinued

S ite  P la n ts  B e e s  Y e a r s  E le v a t io n  D om inant V eg e ta t io n
Studied  (ft. )

D. p erp a rv u s

E . c o n s o b r in a *

18SWA E .  a lb o m a rg in a ta  H. nan ulus*  1973 4500  A p p lop ap p u s , A s t e r , C r o ta la r ia , A m a r a n -

E .  c a p ite l la ta  C. sq u a m ife r a *  th u s , F r a n s e r ia ,  g r a s s e s

E .  h y s s o p ifo l ia  P .  m in im a

P . o b s c u r e l la *

E . co n so b r in a *

C. r o g e r i  

C o lie te s  sp .

* M o s t  abundant s p e c i e s  a t  e a c h  s i t e .



F ig u r e  C aptions  

C hap ter  1

S p e c ie s  o£ b e e s  c o m m o n ly  v is i t in g  E up horb ia  s p p . in  

s o u th e a s te r n  A r iz o n a .  P m  = P e r d i ta  m in im a ;  P o  = 

P e r d ita  o b s c u r e l l a ; Hn -  H e te r o s a r u s  n a n u lu s ; Dp = 

D ia l ic tu s  p erp a .rvu s; C s = C a l l io p s i s  s q u a m ife r a ; N h = 

N o m a d o p s is  h e l ia n th i ; E a  = E . sp . A .

L o c a t io n  o f  study s i t e s  in  so u th er n  A r iz o n a  and N ew  

M e x ic o .  S e e  te x t  for  d e f in it io n s  of s i t e  n a m e s .

T y p ic a l  a s p e c t  of d e s e r t  g r a s s la n d  a t  s i t e s  lo c a te d  sou th  

of A p a c h e ,  A r iz o n a .
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F I G U R E  2



10 MILES
LORDSBURG

ARIZONA

NEW MEXICO

PORTAL

SOUTHW ESTERN 
RESEARCH STATION

RODE'



80

I2NR

NEW MEXICO

PORTAL

SOUTHW ESTERN 
RESEARCH STATION

RODEO

IEAAPACHE

9WSW/

/ I I  SW A  
I3SWA

I8SW A

666

DOUGLAS

M EXICO
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C H A PT E R  2 

M ETH O D S

R e p r o d u c t iv e  B io lo g y  of T h ree  S p e c ie s  o f  E uphorbia  

su b gen u s  C h a m a e sy c e

The p lan ts  w e r e  s tud ied  a t  the s i t e s  d e s c r ib e d  in  T ab le  2, and  

a l s o  in  an  in s e c t - p r o o f  g r e e n h o u s e  on the g rou n d s  o f  the S o u th w e s te r n  

R e s e a r c h  S ta tion  n ea r  P o r ta l ,A r iz o n a .

D uring A u g u s t  and S e p te m b e r  1972, I p la c e d  in s e c t - p r o o f  

c a g e s  of m u s l in  o v e r  p lan ts  in the f ie ld .  T h is  m eth od  p ro v ed  i m p r a c ­

t i c a l  w ith  two of the s p e c i e s  (E. a lb o m a r g in a ta  and E . c a p i t e l la ta ) 

b e c a u s e  the p lan ts  p ro d u ced  on ly  v e g e ta t iv e  g row th  and few  f lo w e r s ,  

and b e c a u s e  m an y  of the c a g e s  (and p la n ts )  w e r e  d e s tr o y e d  b y  c a t t le .  

The th ird  s p e c i e s  (E. h y s s o p i f o l ia ) f lo w e r e d  s a t i s f a c t o r i ly ,  and  

r e su lt in g  s e e d  s e t  in  the a b s e n c e  of p o llin a tin g  a g e n ts  i s  r e p o r te d  

b e lo w .

B e c a u s e  o f  the p a r t ia l  fa i lu r e  of the m u s l in  c a g e s ,  an  i n s e c t -  

f r e e  g r e e n h o u se  w a s  u s e d  to s tud y  the b r e e d in g  s y s t e m  and r e l ia n c e  

on in s e c t s  of a l l  th r e e  s p e c i e s .  H ealth y , f lo w e r in g  p lan ts  fr o m  e a c h  

l o c a l i t y  w e r e  tra n sp la n ted  in p o ts  in  th e ir  own s o i l  during the b eg in n in g  

of A u g u s t ,  1973, and m a in ta in ed  in the g r e e n h o u s e .  Indiv idual buds  

w e r e  m a rk ed  on e a c h  p lant a s  they  a p p e a r e d ,  and th e ir  d e v e lo p m e n t  

w a s  fo l lo w e d  d a ily  u n til  the c a p s u le s  w e r e  m a tu r e .  B e tw e e n  ten  and  

tw enty  cya th ia  on e a c h  p lant w e r e  s tu d ied . B e c a u s e  o f  the rapid
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t r a n s i t io n  b e tw e e n  the d ec u m b e n t  c a p s u le  s ta g e  and d e h i s c e n c e ,  it  

w a s  n ot  p o s s i b l e  to h a r v e s t  a l l  c a p s u le s  p ro d u ced  by  m a r k e d  f lo w e r s .  

H a r v e s t e d  c a p s u le s  w e r e  p la c e d  in  g la s s in e  e n v e lo p e s  and la t e r  

e x a m in e d  fo r  the n u m ber  o f  s e e d s  p rod u ced  p er  c a p s u le .  Thus the 

m e a s u r e  of s e e d  s e t  a s  p e r c e n t  of m a x im u m  p o s s ib l e  s e e d  s e t  ( th ree  

s e e d s  p e r  c a p s u le  fo r  a l l  c a p s u le s )  i s  an  e s t im a t e  of the r e p r o d u ct iv e  

p e r f o r m a n c e  of m a r k e d  f lo w e r s .

In p r e l im in a r y  s tu d ie s ,  I found that s e e d s  w ith  la r g e  e m b r y o s  

and co p io u s  e n d o s p e r m  w e r e  1 0 0 % v ia b le  w hen  te s te d  by  the m eth od  

of P o r t e r  e t  a l .  (1947), and s e e d s  w ith  s h r iv e l e d  e m b r y o s ,  or la c k in g  

in e n d o s p e r m ,  w e r e  in v ia b le .  I th e r e fo r e  counted  a s  good  s e e d  on ly  

th o se  s e e d s  w ith  la r g e  e m b r y o s  and e n d o s p e r m  in m e a s u r e s  of s e e d  

s e t .

The fo l lo w in g  t r e a tm e n t s  w e r e  a p p lied  to cy a th ia  on the g r e e n ­

h o u se  p lants:  th ey  w e r e  not touched  throu gh out th e ir  d ev e lo p m en t;  

th ey  w e r e  s e l f - p o l l in a t e d  by hand; th ey  w e r e  c r o s s e d  m a n u a lly  w ith  

p o l le n  f r o m  in d iv id u a ls  of the s a m e  s p e c i e s  taken  fr o m  d if fe r e n t  

l o c a l i t i e s ;  they  w e r e  p o ll in a ted  m a n u a lly  w ith  p o lle n  f r o m  o th er  

s p e c i e s .  I d i s c o v e r e d ,  s h o r t ly  a f te r  b eg in n in g  the g r e e n h o u s e  s tu d ie s ,  

that in E .  h y s s o p ifo l ia  the f e m a l e - s t a g e  cy a th ia  w e r e  so  s m a l l  and  

c o n c e a le d  and the n u m b er  of s ta m e n s  p e r  m a le  c y a th iu m  s o  lo w  that  

m a n u a l p o ll in a t io n  w a s  h ig h ly  im p r a c t ic a l .  I th e r e fo r e  s tu d ied  on ly  

u n tr e a te d  cy a th ia  of th is  s p e c i e s .  C a p su le  s e t  w a s  m e a s u r e d  fr o m  

cy a th ia  that r e a c h e d  the f e m a le  s ta g e  a f t e r  a t  l e a s t  1 w e e k  in the
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g r e e n h o u s e ,  p r e v e n t in g  in c lu s io n  in  the s a m p le  of cyath ia  p o l l in a ted  

b y  a g e n ts  o u ts id e  the g r e e n h o u s e .

P o l l e n  tube g row th  w a s  s tu d ied  u s in g  the tech n iq u e  of D ionne  

and S p ic e r  (1958). T im e  b e tw e e n  p o ll in a t io n  and f ix a t io n  in  the  

g r e e n h o u s e  w a s  v a r ie d  f r o m  30 m in  to  24 h r ,  h y d r o ly s i s  t im e  w a s  

v a r ie d  f r o m  5 m in  to 2 h r ,  and s ta in in g  t im e  w a s  v a r ie d  f r o m  1 m in  

to 30 m in .  S t ig m a s  w e r e  c o l l e c t e d  f r o m  fe m a le  cya th ia  in  the f ie ld ,  

and e x a m in e d  for  the p r e s e n c e  of both  p o l le n  and p o lle n  tu b e s .  In 

1974, s t ig m a s  of cy a th ia  c o l le c t e d  in  the f ie ld  in  1973 and p r e s e r v e d  

in  FAA w e r e  w a sh ed  in  d i s t i l l e d  w a te r ,  s ta in ed  w ith  a n i l in e  b lue  in  

0 .1  M K 3 P O 4 , and e x a m in e d  u nder  a f lu o r e s c e n t  m ic r o s c o p e  for  

e v id e n c e  of p o l le n  tu b es .

S l id e s  co a ted  w ith  m e t h y l - g r e e n  s ta in e d  g ly c e r in  j e l l y  w e r e  

s e t  out n e a r  the p lan ts  in the g r e e n h o u s e  in o r d e r  to e s t im a t e  the 

a m o u n t  of wind and v ib r a t io n - in d u c e d  p o l le n  d i s p e r s a l .

M e a s u r e m e n t s  of c y a th ia l  s i z e  w e r e  m ad e  through  a d i s s e c t in g  

m ic r o s c o p e  on FA A  p r e s e r v e d  m a t e r i a l .  The data in T ab le  3 w e r e  

c o l l e c t e d  fo r  E . a lb o m a r g in a ta  and E . c a p ite l la ta  in the f ie ld  a s  p art  

o f  the s tu d ie s  r e p o r te d  in C hapter  7; the in fo r m a t io n  fo r  E .  h y s s o p i ­

fo l ia  w a s  ob ta in ed  fr o m  FAA p r e s e r v e d  m a t e r ia l .

I n s e c t  V i s i t o r s  to E u p horb ia  

The o b je c t iv e s  o f  m y  study  o f  in s e c t  v i s i t o r s  to E u p horb ia  w e r e  

to  r e c o r d  the d iv e r s i t y  of in s e c t  v i s i t o r s  to e a c h  plant s p e c i e s ,  and to
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a s s e s s  th e ir  e f f e c t iv e n e s s  a s  p o l l in a to r s .  I n s e c t  abundance w a s

c a t e g o r iz e d  fo r  m a jo r  g ro u p s  a s  "com m on", " o c c a s io n a l" ,  o r  " rare" .

I n s e c t  s a m p lin g  w a s  con ducted  p r in c ip a l ly  during 1973 a t  the f iv e  s i t e s

in d ica te d  in  T able 2. S a m p le s  w e r e  tak en  throughout the day in o r d e r

that the d iu rn a l se q u e n c e  o f  e a c h  v i s i t o r  c l a s s  cou ld  b e  e s t a b l is h e d .

A l l  in s e c t s  c o m in g  to Euphorbia  f lo w e r s  in a s e r i e s  o f  ra n d o m ly  

2
c h o s e n  1 m  qu adrats  (s itu a ted  a s  d e s c r ib e d  b e lo w ) ,  w e r e  o b s e r v e d  

during  10 m in  p e r io d s .  A p p r o x im a te ly  40 su c h  s a m p le s  w e r e  taken  

a t  ea ch  s i t e .  D uring h a lf  the s a m p l e s ,  the p r e s e n c e  and n u m b er  of 

e a c h  kind of v i s i to r  w e r e  noted; during the a l te r n a te  s a m p l e s ,  a l l  

in s e c t s  s e e n  feed in g  on the f lo w e r s  w e r e  c o l l e c t e d  e i th e r  w ith  a n e t  

(w a sp s ,  f l i e s ) ,  in a s m a l l  p la s t ic  v ia l  (bugs, s m a l l  b e e t l e s ,  m inute  

w a s p s  and f l i e s ) ,  or w ith  an  a s p ir a to r  (an ts) .  The c a tc h  f r o m  e a c h  

s a m p le  w a s  kept se p a r a te ly ;  s p e c im e n t s  w e r e  handled  so  a s  to  

m in im iz e  l o s s  or tr a n s fe r  of p o l le n .  T h ey  w e r e  e x a m in e d  a t  the end  

of the day  for  the p r e s e n c e  and lo c a t io n  of E up horb ia  p o l le n  on the body.  

B o d y  p o lle n  w a s  c l a s s i f i e d  a s  " rare"  ( l e s s  than ten  g r a in s ) ,  " o cca s io n a l"  

(b etw een  10 and 50 g r a in s ) ,  and " dense"  (m o re  than 100 g r a in s ) ,  and  

the p ro p o r t io n  of s p e c im e n s  w ith  no body  p o lle n  w a s  r e c o r d e d .  D uring  

the o b s e r v a t io n  s a m p le s ,  the m o d e  of lo c o m o t io n  b e tw e e n  f lo w e r s  w as  

r e c o r d e d  a s  "fly ing", "walking", or " sta t io n a r y " .  T en  or  fe w e r  

s p e c im e n s  of e a c h  s p e c i e s  w e r e  e x a m in e d  fo r  gut p o lle n .  T hey  w e r e  

p r e s e r v e d  in K a h le 's  f lu id  in the f ie ld ,  and la t e r  d i s s e c t e d  in a n il in e  

b lu e  in la c to p h en o l.
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I com b in ed  th e s e  data to g iv e  an  in d ex  of the a b i l i ty  of the  

in s e c t s  to p o ll in a te  the f lo w e r s .  The in s e c t  f a m i l i e s  w e r e  grou p ed  

on the b a s i s  of th e ir  s i z e  and im p o rta n ce  am ong the v i s i t o r s ,  and for  

e a c h  group  a " pollinator  index"  w a s  c a lc u la te d .  I a s s ig n e d  v a lu e s  of  

3, 2, and 1 to the body p o l le n  d e s ig n a t io n s  d e n se ,  o c c a s io n a l  and r a r e  

r e s p e c t i v e ly ,  to the abundance c a t e g o r ie s  c o m m o n ,  m o d e r a te  and  

r a r e ,  and l ik e w is e  to the m o v e m e n t  c a t e g o r ie s  w a lk in g ,  f ly in g ,  and  

s ta t io n a r y .  In the c a s e s  w h e r e  two m o d e s  of lo c o m o t io n  w e r e  f r e ­

quently  o b s e r v e d ,  the h ig h er  in d ex  n u m ber  w a s  u s e d .  I l e t  the v a lu e s  

-3 ,  -2 ,  and -1 r e p r e s e n t  the p r o p o r t io n  o f  s p e c im e n s  w ith in  e a c h  

group  that had no body p o l le n  (high p ro p o r t io n  s c o r e d  a s  -3 ) .  The  

body p o l le n  c l a s s e s  "head", " ven ter" , th o r a c ic  p leu ra " ,  and " leg s"  

w e r e  in c lud ed , s in c e  p o l le n  on th e s e  p a r ts  of the body a r e  e f f e c t iv e  

in p o ll in a tin g  f lo w e r s .  The p o l l in a to r  in d ex , then, w as the s u m  of  

th e s e  v a lu e s ,  the m a x im u m  va lu e  of 17 r e s u lt in g  fr o m  a d e s ig n a t io n  

of "3" in e a c h  p o s i t iv e  c a te g o r y  and "-1" in the n e g a t iv e  c a te g o r y .

It i s  prob ab ly  o v e r  s im p l i s t i c  to a s s u m e  that a l l  the e l e m e n t s  of th is  

in d ex  have equal w e ig h t  in d e te r m in in g  the p o ll in a tin g  p o te n t ia l  of an  

in s e c t .  H o w ev er ,  th is  a p p ro a ch  fa c i l i t a t e s  an  e s t im a t io n ,  b a s e d  on  

q u a lita t ive  data fo r  s e v e r a l  t r a i t s ,  of the in s e c t s '  im p a ct  on the p lant  

p o p u la t io n s .  A s im i l a r  m eth o d  fo r  co m p a r in g  the p o llin a tin g  a b i l i t y  

of grou p s of in s e c t s  has b e e n  u se d  by B o h a r t  et  a l .  (1970) and B o h a r t  

and N ye (I960).

S in ce  the id en tity  of e a c h  v i s i t o r  a t  the s p e c i e s  l e v e l  w a s  not  

d e e m e d  of c r u c ia l  im p o r ta n c e  to the r e s u l t s ,  no a t tem p t  w a s  m a d e  to
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h a v e  the s p e c im e n s  id en t if ied  by  e x p e r t s .  I id en t if ied  a l l  m ounted  

s p e c im e n s  to the f a m i ly  l e v e l ,  a s  c l a s s i f i e d  in B o r r o r  and D eL ong  

(1971), and then  d iv id ed  the s p e c im e n s  w ith in  e a c h  f a m i ly  into s p e c i e s  

g r o u p s  on the b a s i s  of v i s u a l  in s p e c t io n .  T hus, the n u m b er  of s p e c i e s  

l i s t e d  for  e a c h  fa m i ly  m a y  not b e  p r e c i s e .  I w a s  c o n s e r v a t iv e  in  

a s s ig n in g  in d iv id u a ls  to d if fe r e n t  g r o u p s ,  and thus e r r o r s  a r e  l ik e ly  

to be on the s id e  o f  u n d e r e s t im a t e s .

The p o s s i b i l i t y  of w ind d i s p e r s a l  of p o l le n  w a s  in v e s t ig a te d  

by s a m p l in g  on g ly c e r in  j e l l y - c o a t e d  s l id e s  the w in d -b o r n e  p o l le n  in  

the v ic in i ty  of the p la n ts .  T w o - th ir d s  o f  the s u r fa c e  of a m ic r o s c o p e  

s l id e  w a s  co a ted  w ith  m e th y l  g r e e n - s t a in e d  j e l l y  e a c h  day, and p la ce d  

in a s h e l t e r  n ea r  the p la n ts .  The s h e l t e r  w a s  c o n s tr u c te d  fr o m  a 

l a r g e  h o r iz o n ta l  can  con ta in in g  a s l id e  h o ld e r .  Two su ch  d e v ic e s  w e r e  

p la c e d  n e a r  p lan ts  and a t  r igh t  a n g le s  to e a c h  o th er  a t  e a c h  s i t e  during  

1972 and 197 3, and the s l id e s  r e p la c e d  d a ily .  The s l id e s  w e r e  then  

in s p e c te d  m ic r o s c o p i c a l l y  for  the p r e s e n c e  and abundance of  

E u p horb ia  p o l le n .

D uring the n ight of S e p te m b e r  10-11, 1973, I v i s i t e d  e a c h  of  

the s i t e s  sou th  o f  A p a c h e  s e v e r a l  t im e s  during the p e r io d  f r o m  9:00  

P . M .  to 6:30 A .M .  in o r d e r  to c h e c k  fo r  n o c tu rn a l and m a t in a l  v i s i t o r s .  

P la n ts  w e r e  in s p e c te d  by f la s h l ig h t  and l ig h t  fr o m  the fu l l  m o o n  for  

in s e c t  p r e s e n c e  and b e h a v io r .

T e m p e r a tu r e  w a s  r e c o r d e d  a t  h a lf -h o u r  in t e r v a l s  during e a c h  

day  o f  f ie ld  w o rk . The th e r m o m e te r  w a s  p la c e d  w ith in  a  p lan t in  the
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s u n ,  in  o r d e r  to r e c o r d  the t e m p e r a tu r e  e x p e r ie n c e d  b y  fo ra g in g  b e e s .

B e e  B e h a v io r  on E u p horb ia  

The fo ra g in g  b e h a v io r  of the s e v e n  c o m m o n  s p e c i e s  o f  b e e s  

w a s  e x a m in e d  in o r d e r  to d o cu m en t  the d i f f e r e n c e s  and s i m i l a r i t i e s  

of the s p e c i e s  in th e ir  u t i l i z a t io n  o f  a c o m m o n  r e s o u r c e .  O b s e r v a t io n s  

w e r e  m a d e  of b e e s  fo ra g in g  on E . a lb o m a r g in a ta  and E .  c a p ite l la ta  

a t  a l l  of the s i t e s  l i s t e d  in T ab le  2. Ind iv idual b e e s  w e r e  o b s e r v e d  

for  a s  long a s  p o s s ib le  w h ile  fo r a g in g ,  and a con tin u ou s  v e r b a l  

d e s c r ip t io n  of th e ir  b e h a v io r  w a s  r e c o r d e d  w ith  a p o rta b le  tape  

r e c o r d e r .  O b s e r v a t io n  d is ta n c e s  v a r ie d  s l ig h t ly  w ith  s p e c i e s ,  f r o m  a 

d is ta n c e  of a p p r o x im a te ly  two f e e t  to a s  c l o s e  a s  th r e e  in c h e s .  I 

o b s e r v e d  no change in  the b e h a v io r  of a b ee  a s  I a p p ro a ch ed  fr o m  a 

d is ta n c e  of s e v e r a l  f e e t  to s e v e r a l  in c h e s  a w a y ,  and so  I a m  con fid en t  

that m y  p r e s e n c e  did not a l t e r  the b e h a v io r  of the b e e s .  In form ation  

r e c o r d e d  in c luded  the s e q u e n c e  of a r r i v a l s  and d e p a r tu r e s  f r o m  

f lo w e r s  and the fo ra g in g  b e h a v io r  during f lo w e r  v i s i t s .  O b se r v e d  

co m p o n e n ts  of fo ra g in g  b e h a v io r  included: p o s tu r e  and m o v e m e n ts  

on f lo w e r s ,  n e c ta r  c o l le c t io n ,  p o l le n -e a t in g ,  p o l le n  c o l l e c t io n ,  s c o p a l  

p ack in g , and in t r a - s p e c i f i c  in t e r a c t io n s .  In the c a s e  o f  E . c a p i t e l la ta , 

w h o se  f lo w e r s  a r e  c lu s t e r e d  into t igh t h ea d s  ( s e e  C hap ter  3), the h ead s  

w e r e  tr e a te d  a s  s in g le  f lo w e r s  during r e c o r d in g .  D uring the s u m m e r  

of 1972, s e v e n  or  e ig h t  b e e s  of e a c h  s p e c i e s  w e r e  cap tu red  a f te r  one  

m in u te  o f  o b s e r v a t io n  in o r d e r  to v e r i fy  the a c c u r a c y  o f  m y  id e n t i f ic a -
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tion  o f  f ly in g  b e e s .  D uring  1973, the p la c e s  on the p lan t(s )  a t  w h ich  

an o b s e r v a t io n  c o m m e n c e d  and f in is h e d  w e r e  noted , and the d is ta n c e  

b e tw e e n  th e m  m e a s u r e d  im m e d ia te ly  a f te r  the o b s e r v a t io n  en d ed . In 

ad d it io n ,  the sh ape of the a r e a  c o v e r e d  by the b e e  w a s  r e c o r d e d .

The b e h a v io r a l  e v e n ts  w e r e  t im e d  by a s to p w a tch  during  

t r a n s c r ip t io n  of the ta p e s .  E v e n ts  taking l e s s  than 0. 5 s e c  w e r e  too  

rap id  for  a c c u r a te  v e r b a l  d e s c r ip t io n ,  and so  th ey  w e r e  r e c o r d e d  a s  

5 s e c "  and a r b i t r a r i ly  in c lud ed  in the s t a t i s t i c a l  a n a ly s e s  a s  0. 4  

s e c .  The fo l lo w in g  data w e r e  c a lc u la te d  for  e a c h  o b s e r v a t io n ,  and  

su b je c te d  to s t a t i s t i c a l  a n a ly s i s :  m e a n  t im e  p er  f l ig h t  b e tw e e n  f lo w e r s ,  

m e a n  t im e  sp en t  p er  f lo w e r  v i s i t ,  p ro p o r t io n  of f lo w e r  v i s i t s  w ith in  

the s a m e  p lant, p e r c e n t  of to ta l  o b s e r v a t io n  t im e  sp en t  fo ra g in g  on  

f l o w e r s ,  e x tr a p o la te d  fo ra g in g  ra te  in f lo w e r s  p e r  m in u te ,  t e m p o r a l  

p attern in g  of f lo w e r  v i s i t s  and f l ig h t s ,  fr e q u e n c y  of e n c o u n te r s  of 

o b s e r v e d  b ee  w ith  c o n s p e c i f i c s , p red o m in a n t  m o v e m e n t  sh a p e ,  and  

a r e a  c o v e r e d .  The data for  e a c h  s p e c i e s  w e r e  grou p ed  a c c o r d in g  to 

the. p lant s p e c i e s  the b e e  w as  fo ra g in g  on; the fe w  o b s e r v a t io n s  in  

w h ich  a b ee  v i s i t e d  both  p lant s p e c i e s  w e r e  o m itted  fr o m  the q u a n tita ­

t iv e  a n a ly s e s .

The data on t im e  p er  f lo w e r  v i s i t ,  t im e  p er  f l ig h t  b e tw e e n  

f l o w e r s ,  p e r c e n ta g e  of o b s e r v a t io n  t im e  spent fo r a g in g ,  and e x t r a ­

p o la ted  ra te  of fo ra g in g  w e r e  lo g a r i th m ic a l ly  t r a n s fo r m e d ,  b e c a u s e  

the o r ig in a l  data w e r e  not n o r m a l ly  d is tr ib u te d .  T w o -w a y  a n a ly s e s  of  

v a r ia n c e  w e r e  u s e d  to d e te c t  the im p o r ta n c e  of the two fa c t o r s  (bee
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s p e c i e s  and p lan t  s p e c i e s )  in the p a ttern  of fo ra g in g  b eh a v io r ;  th e s e  

t e s t s  w e r e  fo l lo w e d  b y  m u lt ip le  t - t e s t s  b e tw e e n  a l l  p o s s ib l e  c o m b in a ­

t io n s  of b e e  and p lan t  s p e c i e s .  The v a r ia n c e  in h e r e n t  in the u s e  of  

a v e r a g e  v a lu e s  fo r  v a r ia t e s  in  the a n o v a s  w a s  c o n s id e r e d  to be  

in c lu d ed  in  the e r r o r  m e a n  sq u a r e  t e r m s .  T h is  m eth o d  of a n a ly s i s  

p e r m it te d  the c o m p a r is o n s  of e a c h  b ee  w ith  e a c h  of the o th e r s  and  

w ith  i t s e l f  on the d i f f e r e n t  p lant s p e c i e s .  B o th  s e t s  of a n a ly s e s  w e r e  

p e r fo r m e d  by c o m p u te r ,  u s in g  the SO U PA C  s t a t i s t i c a l  p r o g r a m  p ack age  

in the IBM 360 c o m p u te r  o f  the C ity  U n iv e r s i t y  o f  N ew  York.

The d e g r e e  o f  p o l le n  s p e c ia l iz a t io n  w a s  a s s e s s e d  by a n a ly s i s  

of  the s c o p a l  lo a d s  o f  s p e c im e n s  both  c o l le c t e d  during the c o u r s e  of  

th is  study  and s p e c im e n s  c o l le c t e d  o v e r  a w id e r  g e o g r a p h ic a l  a r e a  

in the c o l l e c t io n  of the A m e r ic a n  M u s e u m  of N a tu r a l H is to r y .  P o l l e n  

lo a d s  w e r e  s tu d ied  by s c r a p in g  the p o l le n  b a l l ,  or m o s t  of the p o l le n  

of the s c o p a e ,  onto  a s l id e ,  and c o v e r in g  the p o l le n  w ith  a drop  of 

m e th y l  g r e e n  a q u eo u s  so lu t io n .  F iv e  hundred  g r a in s  w e r e  cou nted  on  

e a c h  s l id e ,  and the p r o p o r t io n  of E uphorbia  p o l le n  c a lc u la te d .  It w a s  

not p o s s ib l e  to d is t in g u is h  the p o l le n  of the th r e e  s p e c i e s  of E u p h o r b ia .

B e e  P o p u la t io n s  in  R e la t io n  to T h e ir  F ood  

B e c a u s e  t h e s e  o r g a n is m s  cou ld  not be b rou gh t into the la b o r a ­

to r y  fo r  c r i t i c a l  e x p e r im e n t s  on c o m p e t it io n ,  and b e c a u s e  of the  

im p r a c t i c a l i t y  of cag in g  and c o n tr o l l in g  w ild  p o p u la t io n s ,  a n o th er  

a p p r o a c h  to the p r o b le m  of c o m p e t i t io n  am o n g  b e e s  for  p o l le n  w a s
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u n d e r ta k en .  E a c h  p op u la tion  o f  b e e s  and p la n ts  w a s  tr e a te d  a s  a 

s in g le  o b s e r v a t io n  o f  b e e  d e n s ity  a s  a  fu n ct io n  o f  food d e n s ity .  The  

food  d e n s i ty  v a r ie d  f r o m  s i t e  to  s i t e ,  m im ic k in g  the la b o r a to r y  or  

f ie ld  c a g e  s itu a t io n  in  w h ich  food  i s  p r e s e n te d  in v a r ia b le  am o u n ts  

b y  the e x p e r im e n t e r .  I a s s u m e d  that food  d e n s i ty  w a s  the in dependen t  

v a r ia b le ,  and b ee  d e n s i ty  w a s  the d ep en d en t v a r ia b le .  I th en  lo o k ed  

fo r  a r e la t io n s h ip  b e tw e e n  b ee  d e n s ity  and food  d e n s ity  in d ica t in g  that  

food  w a s  a l im it in g  fa c to r  for  b e e s .  A lth ou gh  su c h  a r e la t io n s h ip  

d o e s  not p r o v e  that c o m p e t it io n  i s  o c c u r r in g ,  it  d o es  e s t a b l i s h  the 

n e c e s s a r y  co n d it io n  fo r  c o m p e t it iv e  in te r a c t io n .

T h e s e  s tu d ie s  w e r e  con d u cted  during 1973 a t  the 1EA, 9WSWA, 

18SWA and 12NR s i t e s .  A t  e a c h  s i t e ,  a t r a n s e c t  w a s  e s ta b l i s h e d  

a c r o s s  the p lan t  pop ula tion . P o p u la t io n s  gro w in g  a lon g  a r o a d s id e  

w e r e  ju s t  s l ig h t ly  w id e r  than 1 m ,  and thus the lo c a t io n  o f  the t r a n s e c t  

w a s  c o m p le t e ly  d e te r m in e d  by the o n e - d im e n s io n a l  d is tr ib u t io n  of the  

p la n ts .  A t  the 9WSWA s i t e ,  i t  w a s  e v id e n t  that the p lan t p op u la tion  

c o n s i s t e d  of a p a tch w o r k  of d e n se  and s p a r s e  a r e a s ;  I t h e r e fo r e  s e t  

out four t r a n s e c t s  of te n  quadrats  e a c h ,  two in e a c h  kind of patch .

The b o u n d a r ie s  of the p a tc h e s  w e r e  e a s i l y  d e te r m in e d  by in s p e c t io n .  

F ou r  s e r i e s  o f  ran d om  n u m b e r s  w e r e  e s t a b l i s h e d  by throw ing  one d ie ,  

and the n u m b e r s  w e r e  u s e d  to m e a s u r e  the d is ta n c e  in f e e t  (units  of  

30. 5 c m )  b e tw e e n  s q u a r e  m e t e r  q u a d r a ts .  F o r ty  qu adrats  w e r e  

m a r k e d  in th is  m a n n e r  a long  e a c h  t r a n s e c t .
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F o o d  d e n s i ty  w a s  m e a s u r e d  a s  the p ro d u ct  o f  p lan t  d e n s ity ,

f lo w e r  d e n s i ty  p er  p lant and a n th er  n u m b er  p e r  f lo w e r .  The f lo w e r s

of th e s e  s p e c i e s  a r e  lo n g - l iv e d  (about a m on th  d uration ) ,  p rod u ce

n e c ta r  d a i ly  th rough out th is  p e r io d ,  and m a tu re  one to s e v e r a l  new

a n th e r s  e a c h  m o rn in g  (See C hapter  3), and n ew  f lo w e r s  a r e  co n t in u a lly

a p p e a r in g  on the p lan ts  throughout the f lo w e r in g  s e a s o n .  T hus, an

e s t im a t e  of the food  abundance  tak en  a t  one point in  t im e  i s  a good

m e a s u r e  of the food  a v a i la b le  e a c h  day th roughout the s e a s o n .

E u p horb ia  a lb om a r g ina ta p lan ts  w e r e  s a m p le d  by 1) counting  the n u m ber

of m a ts  p e r  quadrat,  2 ) m e a s u r in g  the m a x im u m  and m in im u m  d ia m e te r s

of  e a c h  m a t ,  and c a lc u la t in g  the a r e a  o f  the r e s u l t in g  e l l i p s e ,  a n d  3)

2 2taking th r e e  cou n ts  o f  the n u m b er  o f  cy a th ia  p e r  4 in  (25. 8  c m  ) p er  

m a t  if p o s s i b l e ,  and one su ch  count if  the m a t  w a s  s m a l l .  E uphorb ia  

c a p ite l la ta  p lan ts  w e r e  s a m p le d  by: 1 ) counting  the n u m b er  of p lan ts  

p e r  quadrat,  2) r e c o r d in g  the n u m b er  of ''heads" p er  p lant, and 3) 

d e te r m in in g  the n u m ber  of cya th ia  p e r  head  f r o m  two ra n d o m ly  

s e l e c t e d  h e a d s  p er  quadrat. In both  s p e c i e s ,  the a n th er  d e n s i ty  w a s  

e s t im a t e d  by ra n d o m ly  d iv id ing  the qu adrats  that co n ta in ed  a t  l e a s t  

one p lant in to  th r e e  grou p s;  a t  10:00 A .  M . , 12:30 P . M . ,  and 3:00 P . M . ,  

one su c h  group  w a s  e x a m in e d  by taking ten  f lo w e r s  fr o m  up to f ive  

p lan ts  p e r  quadrat. The n u m ber  of a n th e r s  that w e r e  fu l l  o f  p o l le n  

w a s  r e c o r d e d  for  e a c h  f lo w e r .  The s a m p lin g  r e g im e  w a s  r e p e a te d  

th r e e  t i m e s ,  so  that e a c h  group  of quadrats  w a s  s a m p le d  a t  e a c h  of  

the th r e e  t im e s  of day; in  th is  w a y  a t  l e a s t  6 0 0  f lo w e r s  f r o m  6 0  p lan ts
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w e r e  s a m p le d  fo r  e a c h  t im e  of day. B e e  d e n s ity  w a s  a s s e s s e d  

during the g e n e r a l  in s e c t  v i s i t o r  s u r v e y  d e s c r ib e d  a b o v e .  D uring  

the o b s e r v a t io n a l  s a m p l e s ,  the n u m b e r  of f e m a le  fo ra g in g  b e e s  

w a s  r e c o r d e d  by  s p e c i e s .  The m eth o d  fo l lo w s  th o se  u s e d  by L in s le y  

e t  a l .  (1963a,1964), and M a c io r  (1968) to study  b e e  p o p u la t io n s ,  and is  

b a s e d  on the c o n c e p t  of "num ber o b s e r v e d  p e r  un it  e f f o r t ” d i s c u s s e d  

b y  Southw ood (1966). It i s  thus a r e l a t iv e ,  ra th er  than an  a b s o lu te  

m e a s u r e  o f  b e e  d e n s i ty .  The s a m p le s  w e r e  tak en  in  s u b d iv is io n s  of  

the q u a d r a ts ,  b e c a u s e  one m e t e r  sq u a r e  p ro v ed  to b e  too  la r g e  an  

a r e a  to w a tch  c o n s i s t e n t ly  and a c c u r a t e ly .  B e e s  w e r e  s a m p le d  in  

o n e -e ig h th  m e t e r  sq u a r e  u n its  on E .  a lb o m a r g in a ta , and in o n e -  

s ix te e n th  m e t e r  sq u a r e  u n its  on E . c a p i t e l la t a . V a lu e s  ob ta in ed  on  

the la t t e r  s p e c i e s  w e r e  doubled  so  that a l l  m e a s u r e s  of b ee  d e n s ity  

w e r e  in the fo r m  of "num ber of b e e s  p er  1 0  m in  p er  1 / 8  m  . "

In a n a ly z in g  the data ob ta in ed  fr o m  th is  s tud y , I d e c id e d  it  

w ould  be u s e fu l  to in c lu d e  a fa c to r  that took  into  a c c o u n t  the d if fe r e n t  

p o l le n - c o l l e c t in g  c a p a b i l i t i e s  of the b e e s  that r e s u l t  f r o m  th e ir  

d if fe r e n t  s i z e s .  I u s e d  the s c o p a l  load  v o lu m e  to in d ex  the p o l le n -  

c a r r y in g  c a p a c i ty .  S in ce  a l l  s p e c i e s  but D. p e r p a r v u s  p ack  the p o l le n  

in to  a m a s s  that c l o s e l y  a p p r o x im a te s  an  ob la te  s p h e r o id ,  I m e a s u r e d  

the a x i s  of the s p h e r o id  and c a lc u la te d  the r e s u l t in g  v o lu m e .  F o r

D. p e r p a r v u s  I c a lc u la te d  the v o lu m e  a s  if  it  w e r e  a cone  su rrou n d in g  

the f e m o r a .  I then  c o m p a r e d  e a c h  s p e c i e s '  s c o p a l  vo lu m e w ith  the 

l a r g e s t  b ee  (E. sp .  A ) by  co m p u tin g  the ra t io  'rE x o m a lo p s i s  s c o p a l
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v o l u m e / s p e c i e s  a s c o p a l  v o lu m e .  " The b e e  d e n s i ty  f ig u r e s  w e r e  

d iv id ed  by th is  fa c to r  to p ro d u ce  the n u m b er  of "E x o m a lo p s is  

e q u iv a le n ts ,  ,r i.  e .  , a t r a n s la t io n  of the o b s e r v e d  b e e  d e n s i ty  into  

the d e n s i ty  of E x o m a lo p s is  that w ould  c o l l e c t  an  eq u iv a le n t  am ou n t  

of p o lle n .

D e ta i l s  of the s t a t i s t i c a l  p r o c e d u r e s  e m p lo y e d  in  a n a ly z in g  

t h e s e  data a r e  g iv e n  in  C hap ter  7.
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C H A P T E R  3

R E P R O D U C T IV E  BIOLOGY O F  THREE SP E C IE S O F  

E U PH O R B IA  SUBG EN US CHAM AESYCE

C y a th ia l  D ev e lo p m e n t  

B e c a u s e  the d e v e lo p m e n t  and m a tu r a t io n  of the cyath ia  a r e  

quite s im i l a r  a m o n g  the th r e e  s p e c i e s  s tu d ied , a s in g le  d e s c r ip t io n  

w il l  be g iv e n .  The f iv e  b a s ic  s ta g e s  a r e  i l lu s tr a te d  in F ig .  4.

D uring the bud s ta g e ,  the p i s t i l  f i r s t  a p p e a r s  a b o v e  the r im  of the 

cy a th iu m . The p e ta lo id  a p p en d a g e s  and g la n d s  a r e  s m a l l ,  and a r e  

a p p r e s s e d  to the in v o lu c r e .  No n e c ta r  i s  p ro d u ced  by the g la n d s ,  and  

p o l le n  p la c e d  on  the s t ig m a  d o e s  not g e r m in a te .  The fe m a le  s ta g e  of 

the cy a th iu m  b e g in s  w hen  the p i s t i l  is  fu lly  e x s e r t e d  ab o v e  the cya th iu m .  

The s t ig m a  lo b e s  s e p a r a t e ,  and e v e n tu a lly  c o m e  to be s l ig h t ly  recu rv ed ;  

th is  grow th  m a r k s  the o n s e t  of s t ig m a  r e c e p t iv i ty .  T h ere  is  no  

ch an ge  in  m o r p h o lo g y  o f  the s t ig m a  tips that i s  o b s e r v a b le  during the 

m a tu r a t io n  p r o c e s s .  The a p p en d ages  a r e  now  p e r p e n d ic u la r  to the 

c e n tr a l  a x i s  o f  the cy a th iu m , and the g la n d s  b e g in  s e c r e t in g  n e c ta r .

A  tr a n s i t io n  s ta g e  then  o c c u r s  b e tw e e n  the f e m a le  and m a le  p h a s e s .

The p e d ic e l  of the f e m a le  f lo w e r  e lo n g a te s  so  that the o v a ry  i s  p ushed  

out of the cy a th iu m . P o l l e n  i s  a b le  to g e r m in a te  throughout th is  s ta g e ,  

and the s t ig m a  lo b e s  r e m a in  r e c u r v e d .  O c c a s io n a l ly  a n th e r s  (m ale  

f lo w e r s )  m a tu r e  during th is  s ta g e .  The c y a th iu m  a tta in s  i t s  m a tu re  

s i z e  by the end of th is  p e r io d .  The m a le  s ta g e  b e g in s  w hen the
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p e d ic e l  o f  the f e m a le  f lo w e r  r e f l e x e s  s o  that the o v a r y  r e s t s  on the  

o u ts id e  o f  the c y a th ia l  in v o lu c r e .  The s t ig m a  lo b e s  w ith e r ,  often  

b e c o m in g  s tr a ig h t  in  the p r o c e s s .  The o v a r y  c o m p le te s  it s  m a t u r a ­

t ion  during th is  s t a g e ,  w h ich  r a n g e s  f r o m  7 to 25 d a y s .  E a c h  day,  

a n u m b e r  of a n th e r s  m a tu r e  (T able  3). The p e d ic e l  of the m a le  

f lo w e r  e lo n g a te s  th roughout the m o r n in g ,  so  that the a n th er ,  the  

f i la m e n t ,  and e v e n tu a l ly  the p e d ic e l  a p p ea r  ab ove  the r im  of the  

cy a th iu m . The a n th er  b e g in s  to d e h is c e  w hen  the t e m p e r a tu r e  

r e a c h e s  about 3 4 °C . The an th er  w a l l s  m o v e  a p a r t  s lo w ly  throughout  

the m o r n in g  and e a r ly  a f te r n o o n ,  s o  that f r e s h  p o l le n  i s  s t i l l  b e ing  

ex tru d ed  a s  la te  a s  2:00 P . M .  (Standard T im e ) .  D uring m id a fte r n o o n  

(2:00 P . M .  to 4:00  P . M .  ) an  a b s c i s s i o n  la y e r  b e tw e e n  the p e d ic e l  and  

f i la m e n t  b e c o m e s  a c t iv e ;  the f i la m e n t  and a n th e r s  d e s ic c a t e  and fa l l  

off a t  the s l ig h t e s t  m o t io n  of the p lant. T h us, few  old  a n th e r s  w e r e  

s e e n  on cya th ia  a f t e r  4:00  P . M .  in the f ie ld ;  h o w e v e r ,  they  c o m m o n ly  

r e m a in e d  on the g r e e n h o u s e  p lan ts  u n til  the p lan ts  w e r e  handled .

The fru it  s ta g e  b e g in s  w hen the p e d ic e l  of the fe m a le  f lo w e r  

s tr a ig h te n s  so  that the o v a ry  is  h e ld  v e r t i c a l l y  ab ove  the cy a th iu m .  

A n th e r  p ro d u ct io n  h a s  u s u a l ly ,  but not a lw a y s ,  c e a s e d  by th is  s ta g e ;  

n e c ta r ,  h o w e v e r ,  co n t in u e s  to be p ro d u ced . The s e e d  c a p su le  d e s i c ­

c a t e s  during  the day , and then  d e h is c e s  e x p lo s iv e ly ,  s c a t te r in g  the  

s e e d s  fo r  s e v e r a l  f e e t .  The p r o c e s s  o f  d e h is c e n c e  h as  b een  d e s c r ib e d  

in  g r e a t e r  d e ta i l  by S ch n eck  (1887).

T h is  b a s ic  p a tte r n  of f lo r a l  b io lo g y  in t e r a c t s  w ith  the g row th
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an d  s tr u c tu r e  o f  e a c h  s p e c i e s  in w a y s  that a f f e c t  the r e p r o d u c t iv e  

b io lo g y  of the p la n ts ,  a s  fo l lo w s :

E . a lb o m a r g in a ta :  The g ro w th  fo r m  of th is  s p e c i e s  is  p r o s tr a te ;  a

ten d en cy  to b ra n c h  a t  m o s t  n o d es  p r o d u c e s  a so l id  m a t  that r a n g e s  

to o v e r  a m e t e r  in d ia m e te r .  C y a th ia l  buds a r i s e  in the le a f  a x i l s  at  

a l l  p o in ts  a lo n g  the s t e m s ,  in  con ju n ction  w ith  n ew  b r a n c h e s .  B uds  

and b r a n c h e s  u s u a l ly  a p p ea r  s in g ly  a t  the n o d e s ,  and th ey  a r i s e  a t  

e a c h  n od e, on the o p p o s i te  s id e ,  w hen  the f i r s t  c y a th iu m  is  in the 

m a le  s ta g e .  The n e t  r e s u l t  o f  th is  g ro w th  p a ttern  i s  a m a t  o f  cyath ia  

in  w h ich  young and o ld  cy a th ia  a r e  c l o s e l y  ju x ta p o sed  but l i e  in the 

s a m e  p lane  (F ig .  5). A n  a b i l i t y  to ro o t  a t  the n o d es  a l lo w s  in d iv idu a l  

p lan ts  to s p r e a d  e x t e n s iv e l y  by  v e g e ta t iv e  m e a n s .

In th is  s p e c i e s ,  cy a th ia  b e c o m e  e a s i l y  v i s ib l e  during the e a r ly  

f e m a le  s ta g e .  A n th er  m a tu r a t io n  during the tr a n s it io n  s ta g e  i s  u n ­

c o m m o n ,  and the s ta m e n s  g r o w  a t  an  a n g le  that l e a v e s  a sp a c e  at  

l e a s t  eq u a l to the a n th er  w id th  b e tw e e n  the ex tru d ed  p o l le n  and the 

s t ig m a .  T h u s, s e l f - p o l l in a t io n  i s  v e r y  u n lik e ly  in  the a b s e n c e  of an  

a g e n t  that k n ock s  the a n th e r s  a g a in s t  the s t ig m a .  The d u ra tion  of the  

f e m a le  and tr a n s i t io n  s t a g e s  co m b in ed  i s  dependent on the o c c u r r e n c e  

of p o llin a tion ;  in s e l f - p o l l in a t e d  cya th ia  5. 9 (n=53; s . e .  =0. 37) days  

e la p s e d  b e tw e e n  the s ta r t  of the f e m a le  s ta g e  and the end of the  

t r a n s i t io n  s ta g e ,  w h e r e a s  in  p la n ts  not p o ll in a ted  by hand, th is  p er io d  

took  8 .1  d a y s  (n=60; s . e .  = 0 .4 3 )  (P < \  001). P o l l in a t io n -d e p e n d e n t  

g row th  o f  the f e m a le  f l o w e r ' s  p e d ic e l  w a s  m e n t io n e d  b y  L yon  (1898)
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f o r  E .  c o r o l l a t a .

E .  ca p ite l la ta :  T h is  s p e c i e s  grows a s  a lo w  h erb  w ith  b r a n c h e s  e r e c t

to d ecu m b en t .  B o th  th is  s p e c i e s  and E . a lb o m a r g in a ta  tend to fo r m

d e n s e  p u re  s ta n d s  (on a v e r a g e  33 p lan ts  p er  m  fo r  E . c a p i t e l la t a )

and g r o w  s p a r s e l y  w hen  in te r m ix e d  w ith  o th er  v e g e ta t io n .  P la n t

2
d e n s i ty  can  r e a c h  100 p lan ts  p er  m  . T h ere  i s  no v e g e ta t iv e  p r o p a g a ­

tion . The cya th ia  a r e  b o rn e  in  d e n se  c y m o s e  g lo m e r u le s  w h ich  fo r m  

the a t t r a c t iv e  u n it  and in  w h ich  the cyath ia  a r e  s t r o n g ly  o v e r la p p in g  

(F ig .  6 ). The two s i t e s  a t  w h ich  th is  s p e c i e s  w a s  s tu d ied  a v e r a g e d  

12. 8  (n=76; s .  e .  =0. 64) cya th ia  p er  "head" and 20. 3 (n=55; s .  e .  =1.19) 

cy a th ia  p e r  "head"; a t  both  s i t e s  an  a v e r a g e  of 25% of the cy a th ia  of  

e a c h  h ead  w e r e  in  the f e m a le  s ta g e .  The d i f f e r e n c e  b e tw e e n  the s i t e s  

i s  p ro b a b ly  due to d r ie r ,  l e s s  fa v o r a b le  c o n d it io n s  a t  the s i t e  w ith  

s m a l l e r  h e a d s .  A n th e r s  g ro w  both  v e r t i c a l ly  a b o v e  the cy a th ia  and  

la t e r a l ly ,  p a r a l l e l  to or  p rotru d ing  b e tw e e n  and s l ig h t ly  b e lo w  the  

p eta lo id  a p p e n d a g e s .  The la t e r a l  a n th e r s  w e r e  s o m e t im e s  o b s e r v e d  

to p o ll in a te  f e m a l e - s t a g e  cya th ia  grow in g  d ir e c t ly  b en ea th  th em . In 

ad d it ion , a n th e r s  m a tu r e d  m o r e  often  during the t r a n s i t io n  s ta g e  in th is  

s p e c i e s  than in E .  a lb o m a r g in a ta . T hus, s e l f - p o l l in a t io n  can  m o r e  

e a s i l y  o c c u r  in  th is  s p e c i e s  than in E . a lb o m a r g in a ta .

E .  h y s s o p i f o l ia : T h is  s p e c i e s  g r o w s  a s  an e r e c t  p lan t,  m o s t  o ften

in te r m ix e d  w ith  g r a s s e s  and o th er  h e r b s .  The cy a th ia  d e v e lo p  in a 

com pound  d ic h a s iu m  a r r a n g e m e n t  in  w h ich  the s ta lk  su p p orting  e a c h  

t e r m in a l  cy a th iu m  g iv e s  r i s e  to two o p p o s ite  cy a th ia  w ith  subtending
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l e a v e s ,  e a c h  o f  w h ic h  in  tu rn  b e c o m e s  the t e r m in a l  c y a th iu m  of i t s  

s ta lk ,  w h ich  r e p e a t s  the p r o c e s s .  V a r ia b le  r a te s  of e lo n g a t io n  of  

the s ta lk s  p e r m it  the grou p in g  o f  cya th ia  in to  lo o s e  c l u s t e r s  o f  th r e e  

to s e v e n  o r  e ig h t  cya th ia  (F ig .  7). The cy a th ia  r e m a in  v e r y  s m a l l  

and t ig h t ly  e n c lo s e d  by the d ev e lo p in g  l e a v e s  during the bud and f e m a le  

s t a g e s ,  so  that they  a r e  not e a s i l y  o b s e r v e d  u n til  the t r a n s i t io n  s ta g e .  

The s t ig m a  lo b e s  b e c o m e  m o r e  s tr o n g ly  r e c u r v e d  than in  e i th e r  of 

the two p r e c e d in g  s p e c i e s .  A n th er  m a tu r a t io n  during the tr a n s it io n  

s ta g e  o c c u r s  m o r e  c o m m o n ly  than in the p r e c e e d in g  tw o s p e c i e s ,  and  

thus a n th er  co n ta c t  w ith  the s t ig m a  i s  m o r e  l ik e ly .

A l l  th r e e  s p e c i e s  a r e  o v e r w in te r in g  to p e r e n n ia l ,  and a l l  th r e e  

f lo w e r  in the f i r s t  s e a s o n .  E uphorb ia  a lb o m a r g in a ta  and E . c a p i t e l ­

la ta  b lo o m  fr o m  e a r ly  sp r in g  to la te  fa ll;  E .  h y s s o p i fo l ia  b lo o m s  fr o m  

A u g u s t  through  la te  fa l l  (K earn ey  and P e e b l e s ,  I960).

B r e e d in g  B io lo g y  

The r e s u l t s  of the g r e e n h o u s e  e x p e r im e n t s  on r e p r o d u c t iv e  

s y s t e m  a r e  g iv e n  in  T ab le  4 . A  cy a th iu m  w a s  c o n s id e r e d  to have  s e t  

s e e d  if a t  l e a s t  one v ia b le  s e e d  w a s  p ro d u ced .  B e c a u s e  in it ia l  o b s e r ­

v a t io n s  sh o w ed  that s e l f - p o l l in a t e d  p lan ts  p ro d u ced  la r g e  c a p s u le s  and  

b e c a u s e  p o l le n  tube grow th  of s e l f  p o l le n  and o u t c r o s s  p o l le n  w a s  not  

d is t in g u is h a b le ,  I d e c id e d  to  c o n c e n tr a te  the l im ite d  p lan t m a t e r i a l s  

and a v a i la b le  t im e  on the a b i l i ty -o f  the p la n ts  to p o l l in a te  t h e m s e lv e s  

u n a s s i s t e d  by p o l le n  v e c t o r s .  O c c a s io n a l ly ,  the f e m a le  f lo w e r
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w ith e r e d  and d ied  during the f e m a le  s t a g e ,  so  that no e x s e r t e d  

c a p s u le  w a s  produced; t h e s e  cy a th ia  s o m e t im e s  con tin u ed  through  

the m a le  s ta g e ,  and s o m e t im e s  d ied  a t  the end o f  the f e m a le  s ta g e .  

T h ey  a r e  in c lud ed  in  T able  4 in the c o lu m n  la b e l le d  "No. D ead  O vary".

E . a lb om a r g ina ta a p p e a r s  la r g e ly  in ca p a b le  of s e t t in g  s e e d  

w ithout a p o ll in a t in g  a g e n t ,  but p o ll in a t io n  w ith in  an  in d iv id u a l r e s u l t s  

in s e e d  p rod u ction . The d i f f e r e n c e  in p r o p o r t io n  of cya th ia  se t t in g  

s e e d  b e tw een  the " se lfed "  and "untouched" c a t e g o r ie s  i s  s ig n i f ic a n t  

at  P O  001. E . h y s s o p ifo l ia  c l e a r l y  r e q u ir e s  no e x t e r n a l  a g e n t  to  

e n s u r e  s e e d  s e t .  A lth ou gh  the d i f f e r e n c e  in s e e d  s e t  b e tw e e n  the  

" se lfe d "  and "untouched" c a t e g o r i e s  in E . c a p ite l la ta  p la n ts  w a s  

s ig n if ic a n t  (P<". 01), the p r o p o r t io n a te  s e e d  s e t  o f  untouched  p lan ts  

(31%) w a s  c o n s id e r a b ly  h ig h e r  than  the p r o p o r t io n  i n E .  a lb o m a r g in a ta  

(18%). I a t tr ib u te  the s e e d  s e t  b y  th e s e  u n trea ted  p lan ts  to be c a u se d  

by s e l f - p o l l in a t io n  r e s u l t in g  f r o m  the fa c t o r s  d e s c r ib e d  a b o v e ,  n am ely :  

1 ) p e r s i s t e n c e  of old a n th e r s  a f t e r  d e h i s c e n c e ,  2 ) the g r e a t e r  nu m ber  

of a n th e r s  p er  cy a th iu m  in th is  s p e c i e s ,  3) the c l o s e  p r o x im ity  of  

m a l e - s t a g e  and f e m a l e - s t a g e  c y a th ia ,  and 4) the la t e r a l  g ro w th  of  

s o m e  a n th e r s ,  w h ich  p e r m it s  c o n ta c t  w ith  s t ig m a s  of s m a l l e r  fe m a le  

cy a th ia .  The im p o r ta n c e  of the f i r s t  tw o  f a c t o r s  w a s  i l lu s tr a te d  by  

the n u m b er  o f  a n th e r s  o b s e r v e d  on  g ly c e r in  j e l l y  co a ted  s l id e s  p la c e d  

u n der  the p lan ts  in the g r e e n h o u s e .  S l id e s  b e n e a th  E . c a p ite l la ta  

p lan ts  had an  a v e r a g e  o f  1 1 . 8  a n th e r s  (n=1 2 ), a s  o p p o sed  to 2 . 8  u nder  

E . h y s s o p i fo l ia  (n=10) and 0. 3 a d ja c e n t  to E . a lb o m a r g in a ta  (n=ll).
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B e c a u s e  of the im p o r ta n c e  of t h e s e  old  a n th e r s ,  cyath ia  w e r e  c h o s e n  

fo r  study that w e r e  s o l i t a r y  in the le a f  a x i l s ,  or in h ea d s  of no m o r e  

than th r e e  b l o s s o m s .  M uch  of the v a r ia b i l i t y  of the o v e r a l l  r e s u l t s  

w a s  a cco u n ted  for  by  b e tw e e n -p la n t  e f fe c t s ;  on  one u n trea ted  p lant,  

on ly  th r e e  of tw en ty -tw o  o b s e r v e d  cya th ia  p ro d u ced  any s e e d ,  and  

on an o th er  u n trea ted  p lant, tw e lv e  of n in e te e n  o b s e r v e d  cya th ia  

p ro d u ced  s e e d .  No r e a s o n  fo r  th is  b e tw e e n -p la n t  v a r ia b i l i ty  is  

ap p a ren t .

The s ta in in g  m eth od  of D ionne and S p ic e r  (1958) s ta in ed  only  

the p o l le n  g r a in  and that p o r t io n  o f  the p o l le n  tube o u ts id e  the s t ig m a .  

No co m b in a t io n  of f ix a t io n ,  h y d r o ly s i s  and s ta in in g  t im e s  or  g en t le  

sq u ash in g  of p r e p a r a t io n s  s u c c e e d e d  in m ak in g  p o lle n  tu b es  c l e a r ly  

v i s ib l e  w ith in  the s t y l e s .  The a p p e a r a n c e  of p o l le n  tub es s ta in ed  by  

th is  m eth o d  i s  show n in  F ig .  8 . The tu b es  w e r e  r e a d i ly  d i s c e r n ib le ,  

h o w e v e r ,  w ith  a n il in e  b lue under f lu o r e s c e n t  l ig h t ,  d e s p ite  the long  

p e r io d  of f ix a t io n  in FA A . The o c c u r r e n c e  o f  g e r m in a te d  p o lle n  g r a in s  

on v a r io u s ly  tr e a te d  cya th ia  i s  r e p o r te d  in T ab le  5. R e s u l t s  fr o m  

f lu o r e s c e n t  m ic r o s c o p y  in d ica te d  that p o l le n  tu b es  could  be  found in  

the s ty le  w h e n e v e r  g e r m in a te d  p o l le n  g r a in s  w e r e  s e e n  in the l igh t  

m ic r o s c o p e ;  th e r e fo r e  I f e e l  that the r e s u l t s  f r o m  the l ig h t  m ic r o s c o p y  

g iv e  an  a c c u r a te  p ic tu r e  o f  the p o ll in a t io n  b io lo g y  of the s p e c i e s .

A s  can  be s e e n  in  T ab le  5, the p r o p o r t io n  of s t ig m a s  w ith  no 

a d h er in g  p o l le n  is  r e m a r k a b le  la r g e .  The a b s e n c e  of g e r m in a te d  

g r a in s  on m a n u a lly  p o ll in a ted  cy a th ia  w a s  u n r e la te d  to the am ou n t of
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t im e  that e la p s e d  b e tw e e n  p o ll in a t io n  and f ix a t io n .  S a m p le s  f ix ed  

30 m in  a f te r  p o l l in a t io n  had the s a m e  p r o p o r t io n  o f  s t y l e s  w ithout  

g e r m in a te d  p o lle n  a s  did s a m p le s  f ix e d  24 hr a f te r  p o ll in a t io n .  

G e r m in a te d  p o l le n  and p o lle n  tu b es  w e r e  r e a d i ly  a p p a ren t ,  h o w e v e r ,  

in  t r a n s i t io n - s t a g e  cyath ia;  thus rap id  p o l le n  g r a in  and tube d e g e n e r a ­

t io n  is  not l ik e ly  to have  c a u se d  t h e s e  r e s u l t s .  In o r d e r  to c o n f ir m  

the o b s e r v e d  fr e q u e n c y  o f  u n p o ll in a ted  s t ig m a s  in  the f ie ld ,  I c h e c k e d  

th r e e  ra n d o m  s a m p le s  o f  E . a lb o m a r g in a ta  s t ig m a s  w ith  a 15X hand  

l e n s  and found the p r o p o r t io n  of u n p o ll in a ted  s t ig m a s  to be 37%, 50% 

and 58%.

The p o lle n  g e r m in a t io n  r e s u l t s  to g e th e r  w ith  the g r e e n h o u s e  

s tu d ie s  d e m o n str a te  that the E u p horb ia  s p e c i e s  s tu d ied  h e r e  a r e  a l l  

s e l f - c o m p a t ib le ,  but s e l f -p o l l in a t in g  to v a r io u s  d e g r e e s .  In E . a l b o - 

m a r g in a ta  and E . c a p i t e l la ta , the  lo w  p r o p o r t io n  o f  p o ll in a ted  s t ig m a s  

in  f ie ld  and g r e e n h o u s e  s a m p le s  c o r r e s p o n d s  w e l l  w ith  the low  p e r c e n ­

tage  s e e d  s e t  o b s e r v e d  in both  lo c a t io n s .  In E . h y s s o p i f o l ia ,  h o w e v e r ,  

th e r e  is  a la r g e  d is p a r i ty  b e tw e e n  the low  p o l l in a t io n  s u c c e s s  and the  

h ig h  p e r c e n ta g e  s e e d  s e t .  In a d d it io n ,  w h ile  stud ying  p o lle n  tube  

g ro w th  w ith  the f lu o r e s c e n t  m ic r o s c o p e ,  I o b s e r v e d  that s o m e  o f  the  

s t ig m a s  that had no p o l le n  or p o l le n  tub es c a m e  f r o m  f e m a le  s ta g e  

cya th ia  that a lr e a d y  had la r g e ,  w e l l -d e v e lo p e d  o v u le s .  T his  s u g g e s t s  

that E . h y s s o p ifo l ia  m a y  be a p o m ic t i c .  The e v id e n c e  for  th is  h y p o th e s i s  

i s  c ir c u m s ta n t ia l ,  and t h e r e fo r e  fu r th e r  e m b r y o lo g ic a l  in v e s t ig a t io n  of  

th is  s p e c i e s  i s  in d ica ted .



45

T able  6  g iv e s  the c y a th ia l  d im e n s io n s  of e a c h  s p e c i e s ,  fo r  

p u r p o s e s  of co m p a r in g  the p r o m in e n c e  of in s e c t  a t t r a c ta n ts  am on g  

the s p e c i e s .  N e c ta r  is  p rod u ced  c o n t in u o u s ly  during the day  in a l l  

s p e c i e s ,  and s o  g land s i z e  i s  u s e d  a s  a m e a s u r e  of n e c ta r  p rod u ction .  

The s p e c i e s  that i s  ca p a b le  of se t t in g  a n e a r - m a x im u m  n u m ber  of 

s e e d s  through  s e l f - m e d ia t e d  p o ll in a t io n  - E . h y s s o p i f o l ia  - h as  m u c h  

s m a l l e r  c y a th ia l  d im e n s io n s  than do the o th er  two s p e c i e s .  It p r o d u c e s  

l e s s  p o lle n  p er  a n th er ,  and o f f e r s  v is i t in g  in s e c t s  l e s s  n e c ta r ,  l e s s  

c o n s p ic u o u s  v i s u a l  c u e s ,  and l e s s  sp a c e  for  a l ig h t in g  and r e s t in g .

T hus, E .  h y s s o p ifo l ia  c l e a r ly  h a s  f e w e r  ad ap ta tion s  fo r  in s e c t  

v is i ta t io n  than do the s p e c i e s  that r e q u ir e  in s e c t  v i s i t o r s  fo r  p o ll in a t io n .

S u m m a r y

E . a lb o m a r g in a ta ,  E .  c a p ite l la ta  and E . h y s s o p i f o l ia  a l l  fo l lo w  

a p r o te r o g y n o u s  p a ttern  o f  d e v e lo p m e n t  in  w h ich  the f e m a le  f lo w e r  of 

the c y a th iu m  is  r e c e p t iv e  fo r  about a w e e k ,  and i s  then  e x s e r t e d  fr o m  

the in v o lu c r e .  A n th e r s  d e h is c e  during the fo llo w in g  two to  four w e e k s .  

N e c ta r  i s  p rod u ced  throu gh out both  s ta g e s  o f  c y a th ia l  d e v e lo p m e n t ,  and  

thus e a c h  c y a th iu m  p r o d u c e s  food  for  in s e c t  c o n su m p tio n  o v e r  a p e r io d  

of about a m onth .

A l l  th r e e  s p e c i e s  a r e  s e l f - c o m p a t ib le ,  but th e y  d if fe r  in  th e ir  

d ep en d en ce  on in s e c t s  fo r  rep ro d u ct io n .  E .  a lb o m a r g in a ta  i s  e n t ir e ly  

d ep en dent on  in s e c t  v e c t o r s  fo r  p o ll in a t io n ,  E .  c a p i t e l la ta  can  p ro d u ce  

a s m a l l  a m o u n t  of s e e d  v ia  s e l f - m e d ia t e d  p o ll in a t io n ,  and  r e p r o d u c t io n
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in  E . h y s s o p i f o l ia  i s  indepen dent of the p r e s e n c e  o f  p o lle n  v e c t o r s .
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T A B L E  3. N u m b er  o f  a n th e r s  m a tu r in g  e a c h  day p er  m a l e - s t a g e  

c y a th iu m  in  th r e e  s p e c i e s  of E u p h o r b ia .

S p e c ie s  N  A v e r a g e  P e r c e n t  of cya th ia  w ith  g iv e n  n u m ber
of a n th e r s

Nurhher 0 1 2 3 4 5+

a lb o m a r g in a ta  1119 0 . 6  64. 0  2 0 . 5 8 . 9  5 . 5  1.1 0 . 0

c a p ite l la ta  997 1.1 54. 2 16. 3 1 0 .4  8 . 5 6 . 0 4 . 6

h y s s o p i fo l ia  158 0 . 6  5 8 . 2  2 5 . 4  1 2 .6  3 . 8  0 . 0  0 . 0



T A B L E  4. B r e e d in g  b e h a v io r  o f  th ree  s p e c i e s  of E uphorbia . E x c e p t  a s  noted  tr e a tm e n ts  r e f e r  to

g r e e n h o u se  p la n ts .  S am p le  s i z e  for  % s e e d  s e t  of g r e e n h o u s e  p la n ts ,  a s  e x p la in e d  in the  

tex t ,  is  g iv e n  in  p a r e n th e s e s .

S p e c ie s T r e a tm e n t N o. C yathia No. Setting  No. D ead  
S eed  O vary

% S eed  S et

a lb o m a r g in a ta

c a p ite l la ta

s e lf e d  

untouched  

X c a p ite l la ta  

p o lle n  

f ie ld  c o l le c t e d  

c a p s u le s  

s e l fe d  

untouched  

X a lb o m a rg in a ta  

p o lle n

86

78

20

68

49

64

36

40

14

30

20

17

22

15

0

0

4 7 . 6  (14) 

5 8 . 3  (6 )

3 0 .0  (3)

68 . 6 

47. 0 (17)

3 0 .6  (25)

2 2 . 6  (28)



T A B L E  4 . C ontinued.

S p e c ie s  T r e a tm e n t  No. Cyathia

f i e l d - c o l l e c t e d

c a p s u le s  501

h y s so p ifo l ia  untouched 107

f ie ld - c a g e d  p lan ts  317

f ie l d - c o l l e c t e d

c a p s u le s  57

No. Setting  No. D ead % S eed  S et  
S eed  O vary

91

267

6 1 . 9

8 7 . 0  (46)

91. 8

v£>



T A B L E  5. P o l le n  tube d e v e lo p m e n t  on s t ig m a s  of th ree  s p e c i e s  of E u p h o rb ia . T r ia ls  under v a r io u s  

con d it ion s  of f ix ing  t im e s ,  e t c .  have  b e e n  lu m p ed  for  e a c h  c a te g o r y .

S p e c ie s  S t ig m a  T ota l No.
T r e a tm e n t  S t ig m a s

a lb o m a r g in a ta  m a n u a lly  s e l f e d  91

X c a p ite l la ta

p o l le n  20

f i e l d - c o l l e c t e d  2 2 6

c a p ite l la ta  m a n u a lly  s e l f e d  24

X a lb o m a rg in a ta

p o lle n  6

f ie ld  c o l le c t e d  204

h y s s o p ifo l ia  g r e e n h o u se ,

untouched  50

m a n u a lly  s e l f e d  1 0

f ie ld  c o l le c t e d  27

S t ig m a s  w ith  S t ig m a s  w ith  S t ig m a s  w ith
G e r m in a te d  U n g e rm in a ted  no P o l le n

P o l le n  P o l le n

47 13 31

17 2 1

107 2 117

19 3 2

4 0 2

9 9  16 8 8

27 22 21

9 0 1

7 0 20



T A B L E  6 . D im e n s io n s  (in m m . ) of c y a th ia l  s t r u c tu r e s  im p ortan t  to in s e c t  v is i ta t io n  for  th r e e  s p e c i e s  

of E u p horb ia . F ig u r e s  in  p a r e n th e s e s  g iv e  sa m p le  s i z e  and stand ard  e r r o r ,  r e s p e c t iv e ly .

S p e c ie s

a lb o m a r g in a ta

c a p ite l la ta

h y s s o p ifo l ia

A n th er  A nth er  Gland Gland P e ta l  P e t a l  C yath ia l
L ength  Width L ength  Width L en gth  W idth L ength

0 . 3 4  0 .3 1  0 .7 2  0 .3 8  1.18 0 . 6 0  1 .7

(40;0. 005) (40;0. 004) (15;0. 038) (15;0. 021) (15 ;0 .113) (15;0. 069) (15;0. 041)

0 .2 9  0 .2 6  0 .2 5  0 .2 9  1.13 0 . 6 8  1 .8

(40;0. 001) (40;0. 001) (15;0. 015) (15;0. 009) (15;0. 051) (15;0. 034) (15;0. 080)

0 .2 3  0 .2 0  0 . 2 4  0 .16  0 .4 8  0 .2 6  1.1

(42;0. 006) (42;0. 005) (14;0. 015) (14;0. 012) (14;0. 033) (14;0. 044) (15;0. 037)

un



F ig .  4

F ig .  5 

F ig .  6  

F ig .  7 

F ig .  8
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F ig u r e  C aption s  

C hapter 3

D e v e lo p m e n ta l  s t a g e s  of the E u p h orb ia  cy a th iu m . A ,  bud  

s tage;  B , f e m a le  s tage;  C, t r a n s i t io n  s ta g e ;  D, m a le  

s tage;  E , fr u it  s ta g e  a f te r  c a p s u le  d e h is c e n c e .

E . a lb o m a r g in a ta , s t e m .  X 3. 5.

E . c a p i t e l la t a , head . X 4. 8 .

E .  h y s s o p i f o l ia , in f lo r e s c e n c e .  X  4 .4 .

E . c a p ite l la ta ,  g e r m in a te d  p o l le n  g r a in s .  X 340.
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IN SE C T  VISITORS TO EU PH O R BIA

The p la n t -p o l l in a to r  r e la t io n s h ip s  of the th r e e  s p e c i e s  of 

E u p horb ia  s tud ied  h e r e  a r e  v a r ia t io n s  on the th e m e  of " p r o m iscu o u s"  

f lo w e r s  b e in g  p o ll in a ted  by m e a n s  of " m e s s  and s o i l"  b e h a v io r  of  

in s e c t s  (F a e g r i  and van  d er  P i j l ,  1971). The t e r m  " p ro m iscu o u s"  h as  

b e e n  u se d  by F a e g r i  and van  der P i j l  (1971) to d e s c r ib e  f lo w e r s  that a r e  

s e r v i c e d  by a w ide v a r ie ty  of p o l l in a t in g  a n im a ls ;  p o l l in a t io n  r e s u lt in g  

f r o m  n o n s p e c if ic  in s e c t  m o t io n  (as o p p o se d  to in s e c t  b e h a v io r  s p e c i f i c  

to a g iv e n  f lo w e r )  h a s  l ik e w is e  b een  te r m e d  " m e ss  and s o i l" .  A l l  th r e e  

s p e c i e s  ex p lo i t  a d i v e r s e ,  d iu r n a l ly  a c t iv e  in s e c t  fauna for  both  s e l f -  

and c r o s s - p o l l i n a t i o n .  N one of the s p e c i e s  r e l i e s  on a p a r t ic u la r  

in s e c t  taxon , and none r e q u ir e s  in s e c t  b e h a v io r  m o r e  c o m p le x  than  

lo c o m o t io n  and e x te n s io n  of the m o u th p a r ts .  N e v e r t h e l e s s ,  s u b s ta n ­

t ia l  d i f f e r e n c e s  e x i s t  a m o n g  the s p e c i e s  in  the c o m p o s i t io n  of the  

in s e c t  v i s i t o r  fauna and the r e l ia n c e  of the p lan ts  on the in s e c t s  for  

p o ll in a t io n .

C o m p o s it io n  of I n s e c t  Fauna  

The in s e c t  v i s i t o r s  a r e  l i s t e d  in T ab le  7. The to ta l  n u m b er  of  

in s e c t  s p e c i e s  found fo ra g in g  on t h e s e  th r e e  s p e c i e s  i s  im m e n s e ,  but  

the n u m b e r s  p e r  p lan t s p e c i e s  a r e  v e r y  u n eq u a lly  d is tr ib u te d .  M o re  

than th r e e  t im e s  a s  m a n y  k inds o f  in s e c t s  found E .  a lb o m a r g in a ta  to
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b e  an  a t t r a c t iv e  food  s o u r c e  a s  w e r e  a t tr a c te d  to E .  c a p ite l la ta  or  

E . h y s s o p i f o l ia . M o r e o v e r ,  the ta x o n o m ic  c o m p o s i t io n  of the v i s i t o r  

g r o u p s  to e a c h  s p e c i e s  d if fe r e d  d r a m a t ic a l ly ,  a s  i s  i l lu s tr a te d  in  

F ig .  9.

E .  a lb om a r g ina ta i s  v i s i t e d  by a w id e  v a r ie t y  of H ym en op tera ;  

a s  can  b e  s e e n  f r o m  T ab le  7, th e r e  w a s  o n ly  one f a m i ly  (E u ry to m id a e)  

in th is  o r d e r  in  the to ta l  c o l le c t io n  that w a s  u n r e p r e s e n te d  on th is  

p lant.  The a p te r o u s  g ro u p s  (an ts ,  m u t i l l id s )  w e r e  on ly  o b s e r v e d  on  

th is  plant; they  r a r e ly  c l im b e d  up the e r e c t  s p e c i e s .  T hey  a cco u n ted  

fo r  the e n t ir e  in s e c t  fauna s e e n  on E . a lb o m a r g in a ta  during the n ight.  

The D ip te r a ,  a lth ou gh  of lo w e r  d iv e r s i t y  than the H y m en o p tera  and  

of  a p p r o x im a te ly  e q u iv a le n t  im p o r ta n c e  to a l l  th r e e  s p e c i e s  (F ig .  9), 

w e r e  r e p r e s e n t e d  by m o r e  s p e c i e s  on E . a lb o m a r g in a ta  than on the  

o t h e r s .  In f a m i l i e s  r e p r e s e n te d  by n u m e r o u s  s p e c i e s  ( e . g . ,  S p h e c id a e ,  

T a ch in id a e ) ,  the m a jo r i ty  of the s p e c i e s  w e r e  c o l l e c t e d  on E . a lb o - 

m a r g in a t a . E v e n  am on g  the C o le o p te r a ,  a grou p  o f m in o r  im p o r ta n c e  

to E .  a lb o m a r g in a ta ,  th e r e  w e r e  m o r e  s p e c i e s  found than on e i th e r  of 

the o th er  two p la n ts .  U nlike the o th er  two p lan t  s p e c i e s ,  E . a lb o m a r g i - 

nata su ffe r e d  l i t t l e  p red a t io n  by b u gs .

E . c a p ite l la ta  a t tr a c te d  a m u c h  l e s s  d iv e r s e  fauna in w h ich  the  

v i s i t o r  gro u p s  w e r e  m o r e  e v e n ly  d is tr ib u te d .  H o w e v e r ,  a fe w  o f  the  

s p e c i e s  (four b ee  s p e c i e s  and f iv e  b e e t le  s p e c i e s )  a c c o u n te d  fo r  m o s t  

of the v i s i t o r  ab u n d an ce .  The p au c ity  of H y m e n o p te r a  i s  ra th er  

p u z z l in g .  The cy a th ia  of th is  s p e c i e s  and E .  a lb o m a r g in a ta  a r e  v e r y
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s i m i l a r  in s i z e  and shape (C hapter 3), and d if fer  o n ly  in  th e ir  

d is tr ib u t io n  on the p la n ts .  S in ce  w a s p s  w e r e  both m o r e  d iv e r s e  and  

r e l a t iv e l y  m o r e  im p o rta n t  on E .  h y s s o p i f o l ia  than onJC_. c a p i t e l la t a , 

it  s e e m s  u n lik e ly  that the e r e c t  habit o f  the plant a lo n e  cou ld  a cco u n t  

fo r  the fa i lu r e  o f  E . c a p ite l la ta  to a t t r a c t  t h e s e  i n s e c t s .  The d i f f e r e n ­

t ia l  b e h a v io r  o f  w a s p s  tow ard  E . a lb o m a r g in a ta  and_E. c a p ite l la ta  w a s  

o b s e r v e d  in  m ix e d  p op u la tion s  of the p la n ts ,  and thus the r e s u l t s  

can n ot be a ttr ib u ted  to p e c u l ia r i t i e s  o f  the in s e c t  fauna a t  the study  

s i t e s .  T h e r e fo r e ,  it  s e e m s  m o s t  l ik e ly  that th is  d i f f e r e n c e  in v i s i t o r s  

i s  r e la te d  to c y a th ia l  d is tr ib u t io n  and the s p a t ia l  r e la t io n s h ip s  of  

p e t a l s ,  n e c t a r i e s  and a n th e r s .  A  s p a t ia l  fa c to r  m a y  a l s o  a c c o u n t  for  

the g r e a t e r  abundance o f  b e e t l e s  on E . c a p ite l la ta  than on E .  a lb o m a r ­

g in a ta .  The b e e t l e s  m o s t ly  r e m a in  s ta t io n a r y  (T ab le  8 ), and can  

r e a c h ,  w ithout m o v in g ,  a m u c h  g r e a t e r  am ou n t o f  food  on E . c a p i t e l ­

la ta  than th ey  can  on E . a lb o m a r g in a ta .

On both  E .  c a p ite l la ta  and E . h y s s o p i f o l ia , H e m ip te r a  a c c o u n t  

fo r  25% of the in s e c t  v i s i t o r s .  T h e s e  i n s e c t s  a r e  not fe e d in g  fr o m  

n e c t a r i e s  or a n th e r s ,  but a r e  feed in g  f r o m  the sa p  in  the in v o lu c r e  

and fr o m  the d eve lop in g  s e e d s ,  and thus in d ir e c t ly  a f f e c t  the quantity  

of f lo r a l  food  a v a i la b le  to o th er  i n s e c t s .  H o w e v e r ,  th e ir  p r e s e n c e  on  

the f lo w e r s  m a k e s  th em  p o te n t ia l  p o l l in a to r s  and thus o f  im p o r ta n c e  

to the p r o c e s s  o f  p o ll in a t io n . T hey a r e  a l s o  the o n ly  i n s e c t s  to be 

found on th e s e  p lan ts  a t  n ight.



The o n ly  m a jo r  group  of in s e c t  v i s i t o r s  to f lo w e r s  not found  

on E up horb ia  w a s  L ep id o p te r a .  N e ith e r  d iu rn a l b u t t e r f l i e s  nor  

n o c tu r a l  m o th s  w e r e  e v e r  s e e n  v is i t in g  the f lo w e r s .

S in ce  no a t tem p t  w a s  m a d e  to p r e c i s e l y  quantify  the abundance  

of  e a c h  kind o f  in s e c t ,  it  i s  not p o s s ib l e  to  com p u te  the r i c h n e s s  and  

e v e n n e s s  co m p o n en ts  of v i s i t o r  s p e c i e s  d iv e r s i t y  fo r  e a c h  p lant.  

N e v e r t h e l e s s ,  the r e la t iv e  d e te r m in a t io n s  of abundance ga in ed  during  

the 1 0 -m in u te  o b s e r v a t io n  s a m p le s  p e r m it  s o m e  c o m p a r is o n s  am on g  

the s p e c i e s .  F ig u r e  10 i l lu s t r a t e s  the r e la t iv e  ab u n d an ces  during  

the day  of e a c h  in s e c t  o r d e r  a t  the four s i t e s .  The n u m b e r s  of  

in d iv id u a ls  of e a c h  o r d e r  w e r e  p o o led  for  e a c h  hour of the day, and  

then  e x p r e s s e d  a s  the p e r c e n ta g e  of the to ta l  n u m b er  of in s e c t  v i s i t o r s  

during the h o u r .  The data a r e  p lo tted  a t  the m id p o in t  of the h ou r. It 

ca n  be  s e e n  by c o m p a r is o n  of F i g s .  9 and 10 that the b e e s ,  fo r  e x a m p le ,  

w e r e  far  m o r e  im p o rta n t  in  d e n s ity  than in s p e c i e s  r i c h n e s s .  U n e v e n ­

n e s s  in  s p e c i e s  abundance w a s  p a r t ic u la r ly  m a r k e d  on E . c a p i t e l la t a ; 

f iv e  s p e c i e s  of b e e t l e s  a cco u n ted  fo r  the h igh  p e r c e n ta g e  of C o le o p te r a  

a t  the 9WSWA s i t e ,  and the m o r e  n u m e r o u s  s p e c i e s  of w a s p s  and  

f l i e s  w e r e  in d iv id u a l ly  quite u n co m m o n . F ig .  10 a l s o  sh o w s  that the  

fa u n is i t ic  c o m p o s i t io n  d i f f e r s  fr o m  s i t e  to s i t e .  W a sp s  w e r e  m u ch  

l e s s  im p o rta n t  than f l i e s  a t  12NR but w e r e  s im i l a r  to the f l i e s  in  

abundance a t  1EA. S im i la r  in t e r s i t e  d i f f e r e n c e s  a r e  a p p a ren t  for  

b e e t l e s  and f l i e s  a t  18SWA and 9WSWA.
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I n se c t  v i s i t o r s  to E . h y s s o p i fo l ia  w e r e  q u a l i ta t iv e ly  and  

q u a n t i ta t iv e ly  d if fe r e n t  fr o m  th o se  to  the o th er  two s p e c i e s  o f  

E u p h o r b ia . On E . h y s s o p i f o l i a , b o th  the in s e c t  s p e c i e s  (F ig .  9) and  

in s e c t  in d iv id u a ls  (F ig .  10) a r e  m o r e  eq u itab ly  a p p o rt io n ed  a m o n g  the  

p r in c ip a l  g r o u p s .  A lth ou gh  b e e s  con tr ib u ted  a h igh  p r o p o r t io n  of the  

to ta l  v i s i t o r s  during the m id -m o r n in g ,  the n atu re  o f  th e ir  v i s i t s  to 

E . h y s s o p i f o l ia  w as  quite  d if fe r e n t  f r o m  th e ir  v i s i t s  to the o th er  two  

s p e c i e s  of E u p horb ia . On the la t t e r ,  the b e e s  fo r a g e d  fo r  s e v e r a l  

m in u te s  w ith in  the s m a l l  a r e a  u n der  o b s e r v a t io n ,  and then  m o v e d  to  

o th er  in d iv id u a ls  of E u p h o r b ia . On the f o r m e r ,  b e e s  a l ig h te d  b r ie f ly  

on one or  two cy a th ia ,  and th en  d is a p p e a r e d  f r o m  s ig h t .  O nly a t  a  

p a r t  o f  the A p a ch e  s i t e  (in 1972) w h e r e  no s p e c i e s  o f  E u p horb ia  o th er  

than E . h y s s o p ifo l ia  w e r e  g ro w in g  w e r e  b e e s  (m o s t ly  P .  m in im a ) s e e n  

to fo r a g e  e x t e n s iv e ly  on th is  p lant. A t  o th er  p la c e s  a t  A p a c h e ,  w h e r e  

E . a lb o m a r g in a ta  fo r m e d  la r g e  m a t s ,  no b e e s  cou ld  be found on  

E . h y s s o p i f o l ia .

C a su a l  o b s e r v a t io n  a t  a v a r ie ty  of o th er  p lan t  p o p u la t io n s  in  

the San S im o n  and San B e r n a r d in o  v a l l e y s  ex ten d  the i m p r e s s i o n  that  

the in s e c t  fauna s i z e  and c o m p o s i t io n  is  h ig h ly  v a r ia b le  a m o n g  s i t e s .

A t  s o m e  E . a lb o m a r g in a ta  p o p u la t io n s ,  v e r y  few  f ly in g  in s e c t s  w e r e  

s e e n  during s e v e r a l  d ays  of o b s e r v a t io n  in  good  w e a th e r ,  and an ts  

a c c o u n te d  fo r  the m a jo r i ty  of a l l  in s e c t  v i s i t o r s  o b s e r v e d .  O ther  

s i t e s  su pp orted  ju st  one s p e c i e s  o f  bee  in  ad d it ion  to the a n ts  and a



63

f e w  o th er  k in ds  o f  f ly in g  i n s e c t s .  S i t e s  of th is  type w e r e  found one  

m il e  f r o m  the s i t e  (1EA) w ith  the g r e a t e s t  d iv e r s i t y  o f  w a s p s  and  

f l i e s .  T hus, the r e l ia n c e  of the p lan ts  on d i f f e r e n t  k inds  of in s e c t s  

d ep en d s  in p a r t  on the c o m p o s i t io n  of the in s e c t  fauna a t  e a c h  s i t e .

I n s e c t  B e h a v io r  in  R e la t io n  to P o l l in a t io n  

T able  8  d e s c r i b e s  the fee d in g  h a b it s ,  a b i l i t y  to c a r r y  p o l le n  on 

the b od y, b e h a v io r  on the f lo w e r s ,  o v e r a l l  ab u nd an ce ,  and p o ll in a to r  

p o te n t ia l  of the in s e c t  v i s i t o r s .  I h ave  g ro u p ed  the f a m i l i e s  into  

c l a s s e s  on the b a s i s  of the o v e r a l l  s im i l a r i t y  in  s i z e  and b e h a v io r ,  in  

the in t e r e s t s  of c o n c i s e n e s s  and b e c a u s e  n ot  a l l  data w e r e  a v a i la b le  

fo r  e a c h  f a m ily .  The t e r m s  " la rg e"  and " sm a l l"  r e la t e  the s i z e  of  

the in s e c t  to that o f  the cyath iu m ; la r g e  i n s e c t s  a r e  a t  l e a s t  about  

6  m m  long  (b ig g er  than the d ia m e te r  of a cy a th iu m ) and s m a l l  in s e c t s  

a r e  l e s s  than 6  m m  lo n g ,  and can  stand on a  cy a th iu m  w ith  r o o m  to 

s p a r e .  The la r g e r  i n s e c t s ,  e x c e p t  fo r  a n ts ,  tend to be m o r e  e f f e c t iv e  

p o l l in a t o r s ,  p ro b a b ly  b e c a u s e  they  can n ot a v o id  c o n ta c t in g  both  

a n th e r s  and s t ig m a s  a s  th ey  m o v e .  The m in u te  f l i e s  and w a sp s  c a r r y  

v e r y  l i t t l e  body p o lle n ,  and thus can  ev id e n t ly  m o v e  a m o n g  the a n th e r s  

w ith ou t b ru sh in g  a g a in s t  th em . The a b i l i ty  of an  in s e c t  to c a r r y  

p o l le n  i s  a l s o  a f fe c te d  by  i t s  p u b e sc e n c e  and in te g u m e n ta l  s c u lp tu r in g .  

The sm o o th ,  g la b r o u s  a n ts  r a r e ly  c a r r ie d  p o l le n  u n le s s  th ey  w e r e  

ca p tu red  w h i le  feed in g  on a n th e r s .

The m o s t  c o m m o n  in s e c t s  a r e  a l s o  the m o s t  e f f e c t iv e  p o l l in a -
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t o r s .  In s o m e  c a s e s  ( s m a l l  F o r m ic id a e ,  C o r im e la e n id a e ,  la r g e  and  

s m a l l  B o m b y l i id a e ) ,  a h igh  p o ll in a to r  in d ex  i s  l a r g e ly  a t tr ib u ta b le  to  

the in s e c t s '  ab u ndance  r a th e r  than th e ir  a b i l i ty  to c a r r y  p o l le n .  Only  

a m o n g  the s m a l l  b e e t l e s  is  a  c a p a c i ty  to c a r r y  p o l le n  and co n ta c t  the  

s t ig m a  by a p p r o p r ia te  m o t io n s  cou p led  w ith  lo w  d e n s ity .  The la r g e  

i n s e c t s  a r e  u ndou b ted ly  ca p a b le  of feed in g  on  and p o ll in a t in g  a w ide  

v a r ie t y  of f lo w e r s  o th er  than  E u p h o r b ia . A s  F a e g r i  and van d er  P i j l  

(1 9 7 1 ) point out, the f l i e s  and w a s p s  a r e  ir r e g u la r  and u n r e l ia b le  

v i s i t o r s  to f l o w e r s ,  and ca n  be of g r e a t e s t  s ig n i f ic a n c e  a s  an  a l t e r n a te  

m e a n s  of p o l l in a t io n  w hen b e e s  or  o th er  s p e c ia l i z e d  v i s i t o r s  a r e  

a b s e n t .  F l i e s  and w a s p s ,  h o w e v e r ,  a r e  the m o s t  c o m m o n  v i s i t o r s  to 

E u p h orb ia ,  b oth  in  th is  s tudy  and in p r e v io u s  o b s e r v a t io n s  (K ugler ,  

1970; M u l le r ,  1883).

O v e r a l l  v i s i t o r  abundance fo l lo w ed  the d iu rn a l change in  

t e m p e r a tu r e  (F ig .  11). D uring  the n igh t and e a r ly  m o r n in g ,  no n e c ta r  

i s  p rod u ced , and no open  a n th e r s  a r e  a v a i la b le ,  and a lth ou gh  the  

f lo w e r s  a r e  in ca p a b le  of c lo s in g ,  the l e a v e s  b e c o m e  a p p r e s s e d  to the  

s t e m  and p a r t ia l ly  h ide the f lo w e r s .  The on ly  in s e c t s  s e e n  on the 

f lo w e r s  a t  n igh t  a r e  a n ts ,  c o r e id  b u g s ,  and o c c a s io n a l  t iph iid  w a sp s  

and p r e d a c io u s  b e e t l e s .  A s  the t e m p e r a tu r e  r i s e s ,  f ly in g  in s e c t s  

b e c o m e  m o r e  c o m m o n  and r e m a in  a c t iv e  u n til  the la te  a ftern o o n .

V e r y  few  f ly in g  in s e c t s  a r e  s e e n  a f te r  about 5:00 P . M .  T h ere  w as  

no e v id e n c e  th at  d if fe r e n t  groups, of in s e c t s  v i s i t  the f lo w e r s  a t  

d if fe r e n t  t im e s  of day, a s  h as  b e e n  r e p o r te d  for o th er  k inds o f  f lo w e r s
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(S c h l is in g ,  1970); the s a m e  s p e c i e s  a r e  c o l l e c t e d  in  the la te  a f te r n o o n  

a s  a t  the b eg in n in g  of the day . The f l ig h t  p e r io d  o f  the b e e s ,  h o w e v e r ,  

i s  n a r r o w e r  than the o th er  i n s e c t s  (F ig .  11); a lth o u g h  b e e  abundance  

p ea k s  a t  around  noon a s  do the abundance c u r v e s  fo r  a l l  i n s e c t s ,  it  

d e c l in e s  e a r l i e r  in the a f te r n o o n  and fa l l s  to lo w  l e v e l s  by  3:00 P .M .  

D if f e r e n c e s  in  the to ta l  in s e c t  abundance c u r v e s  b e tw e e n  lo c a l i t i e s  

r e f l e c t  the d if fer in g  in s e c t  fau n as  of e a c h  s i te ;  thus the p r e p o n d e r a n c e  

of bugs and  b e e t l e s  on  E . c a p ite l la ta  a t  9WSWA a c c o u n ts  fo r  the la c k  

of the p eak  in a c t iv i ty  that w a s  s e e n  w ith  the f l i e s  and w a s p s  a t  1EA.

T h is  d iu rn a l  a c t iv i t y  i s  g e a r e d  to the p ro d u ct io n  o f  food by the  

f l o w e r s .  A  f r e s h  s e t  of a n th e r s  m a tu r e  e a c h  day a s  the te m p e r a tu r e  

r e a c h e s  34 °C . to 35°C . ; the a n th e r s  w ith e r  and f a l l  off b y  la te  a f t e r ­

noon. I n s e c t  a c t iv i ty  s ta r t s  to in c r e a s e  arou nd  the t im e  that the  

a n th e r s  b eg in  to d e h is c e  and n e c ta r  s t a r t s  to f lo w . B e e  a c t iv i t y  s lo w s  

down b e fo r e  the a n th e r s  a r e  sh ed  ( d is c u s s e d  m o r e  e x t e n s iv e l y  b e lo w ),  

and o v e r a l l  in s e c t  a c t iv i ty  f a l l s  a s  both  p o l le n  and  n e c ta r  b e c o m e  

in c r e a s in g ly  u n a v a ila b le .  The d iu rn a l c y c le  of both  food  p r e s e n ta t io n  

and in s e c t  v i s i ta t io n  i s  g e a r e d  to the w e a th e r ;  on  o v e r c a s t  d a y s ,  the  

c y c l e  b e g in s  a t  w h a te v e r  t im e  of day the c lou d  c o v e r  b r e a k s  up. When  

the c lou d  c o v e r  la s t s  a l l  day , a fe w  a n th e r s  o p en  and a few  f ly ing  

in s e c t s  a r e  s e e n ,  but th e ir  d e n s ity  r e m a in s  u n ifo r m ly  lo w  throughout  

the day.

The in s e c t  v i s i t o r s  can  be d iv id ed  into four  feed in g  grou p s:  

the n e c ta r  f e e d e r s  (w a sp s ,  s o m e  f l i e s ) ,  p o l le n  f e e d e r s  (b e e t le s ) ,
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i n s e c t s  feed in g  on both  p o l le n  and n e c ta r  (b e e s ,  s o m e  f l i e s ) ,  and  

in s e c t s  feed in g  on p lan t sa p  fr o m  f lo r a l  t i s s u e s  (phytophagous b u gs) .

In T ab le  8 , th o se  g ro u p s  that in g e s t  m o d e r a te  to la r g e  q u a n tit ie s  of 

p o l le n  a r e  c o n s id e r e d  to be p o l le n  or  p o l le n  and n e c ta r  f e e d e r s .

F r o m  the data p r e s e n te d  a b o v e ,  it  i s  e v id e n t  that i f  E uphorbia  

n e c ta r  and p o l le n  c o n s t itu te  a l im it e d  and im p o rta n t  r e s o u r c e  for  

th e s e  i n s e c t s ,  th en  the r e s u l t in g  c o m p e t it io n  i s  a g e n e r a l  " sc r a m b le "  

w ith  no o b v io u s  m e c h a n is m s  fo r  red u c in g  the c o m p e t it io n .  In o th er  

w o r d s ,  th ere  i s  no kind of t e m p o r a l  s e p a r a t io n  that w ould  en ab le  the  

v a r io u s  s p e c i e s  to e x p lo i t  d if fe r e n t  s u b s e t s  of the r e s o u r c e .  F r o m  

the in fo r m a t io n  a v a i la b le  on the v a r ia b i l i ty  of v i s i t o r  c o m p o s i t io n  

a m o n g  s i t e s ,  it  s e e m s  l ik e ly  that the c o m m u n ity  of E up horb ia  - v is i t in g  

in s e c t s  h as  no s e t  s tr u c tu r e  or  lo n g - t e r m  s ta b i l i ty  of s p e c i e s  

m e m b e r s h ip s .  It i s  h ard  to s e e  how , u n der  su ch  c i r c u m s t a n c e s  of 

la b i l e  i n t e r - s p e c i e s  in t e r a c t io n s ,  c o m p e t i t io n -r e d u c in g  m e c h a n is m s  

cou ld  be e x p e c te d  to a r i s e ,  and t h e r e fo r e  th e ir  a b s e n c e  i s  not  

s u r p r is in g .

The o l i g o le c t i c  b e e s  c o m p r is e  the on ly  grou p  am on g  the in s e c t s  

that d e r iv e s  i t s  e n t ir e  food e c o n o m y  f r o m  t h e s e  p la n ts .  The o th er  

in s e c t s  m a y  a d ju s t  th e ir  r e l ia n c e  on food  fr o m  E u phorbia  to the 

r e la t iv e  ab u n d an ces  of a l l  a v a i la b le  food  s o u r c e s .  T h u s,  the o c c u r ­

r e n c e  of c o m p e t it io n  on E u p h orb ia  m a y  be a f fe c te d  by  the n ature  of  

the su rro u n d in g  v e g e ta t io n  a s  w e l l  a s  by the in s e c t  v i s i t o r  s p e c i e s  

c o m p o s i t io n  a t  e a c h  s i t e .  Indeed , the o b s e r v e d  v a r ia b i l i t y  in in s e c t
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a b u ndan ce a t  d if fe r e n t  s i t e s  s u g g e s t s  that the o c c u r r e n c e  of c o m p e t i ­

t io n  i s  p a tch y  in sp a c e  an d  t im e ,  if  it  o c c u r s  a t  a l l .

Wind D i s p e r s a l  of P o l le n  

The s tu d ie s  of w ind d i s p e r s a l  of p o l le n  d e m o n str a te  that s o m e  

E uphorb ia  p o lle n  i s  tr a n s p o r te d  by wind (T able  9). The n u m ber of 

g r a in s ,  h o w e v e r ,  i s  v e r y  low: th e r e  a r e  h u nd reds  of g r a in s  of

p o lle n  in  e a c h  a n th e r ,  and th ou san d s of a n th e r s  per  sq u a r e  m e t e r  

( s e e  C hap ter  7), and th e r e fo r e  the a v e r a g e  n u m b er  o f  p o l le n  g r a in s  

r ea c h in g  the s l id e  during a tw e n ty -fo u r  hour p er io d  r e p r e s e n t s  a 

m in u te  f r a c t io n  o f  the to ta l  am ou n t of p o l le n  r e l e a s e d  e a c h  day w ith in  

the p lan t p opula tion . T h is  w in d - d i s p e r s e d  p o lle n  is  p rob ab ly  u n im p o r ­

tant in  in te r -p la n t  p o llin a tion ;  f e m a l e - s t a g e  f lo w e r s  a r e  s m a l l ,  and  

o ften  p a r t ly  c o n c e a le d  by  the subtending l e a v e s  and a r e  not m o r p h o lo g i ­

c a l ly  su ited  to cap tu re  p o l le n  g r a in s  in a ir  c u r r e n t s .  H o w e v e r ,  wind  

m o v e m e n ts  of p o l le n  m a y  p lay  s o m e  r o le  in in tra -p la n tp o ll in a t io n ,  

p a r t ic u la r ly  b e tw e e n  a d ja c e n t  m a le  - and f e m a l e - s t a g e  f lo w e r s .  Thus,  

in s e c t  v i s i t o r s  a r e  the on ly  m e a n s  o f  c r o s s - p o l l i n a t i o n  a v a i la b le  to 

th e s e  p la n ts .

S u m m a r y

A  la r g e  n u m b er  o f  s p e c i e s  o f  in s e c t s  ob ta in  food  fr o m  the  

cya th ia  of the th r e e  s p e c i e s  of E u p h o r b ia , and in so  doing e f f e c t  both  

c r o s s  - and s e l f -p o l l in a t io n  o f  the p la n ts .  The in s e c t  s p e c i e s  d iv e r s i t y  

i s  m u ch  g r e a te r  on E . a lb o m a r g in a ta  (a s p e c i e s  e n t ir e ly  dependen t on
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i n s e c t  v i s i t o r s )  than it  is  on E . c a p ite l la ta  and E . h y s s o p ifo l ia  ( s p e c ie s  

that a r e  p a r t ia l ly  and c o m p le te ly  ca p a b le  of s e l f -p o l l in a t io n ,  r e s p e c ­

t iv e ly ) .  The b e e s  a r e  prob ab ly  the m o s t  im p o rta n t  a g e n ts  of both s e l f -  

and c r o s s - p o l l i n a t i o n  in a r e a s  w h e r e  th ey  a r e  abundant, b e c a u s e  of  

th e ir  feed in g  b e h a v io r  and b e c a u s e  o f  the la r g e  a m ou n ts  o f  p o l le n  on  

th e ir  b o d ie s .  N e v e r t h e l e s s ,  the f ly  and w a sp  faunas a r e  both  m o r e  

d i v e r s e ,  and , a t  s o m e  s i t e s ,  m o r e  n u m e r o u s .  The p red o m in a n t  

g r o u p s  of in s e c t s  v a r y  am on g  the s p e c i e s  of E u p h o r b ia . W asp s  a r e  

a t tr a c te d  to E . a lb o m a r g in a ta , but r a r e ly  v i s i t  E. c a p i t e l la ta ; b e e t le s  

and bugs a r e  o ften  found on E . c a p i t e l la t a , but a r e  found v e r y  i n f r e ­

qu en tly  on E . a lb o m a r g in a ta . I n s e c t s  v i s i t  the cya th ia  of a l l  th r e e  

s p e c i e s  during the day; on ly  a few  s e d e n ta r y  c o r e id  b u gs  a r e  found  

on the p lan ts  a t  n ight. A lth ou gh  s m a l l  a m o u n ts  of p o l le n  a r e  s p rea d  

by  w in d , it  i s  u n lik e ly  that w in d - d i s p e r s e d  p o l le n  a c c o u n ts  for m o r e  

than sp o r a d ic  p o l l in a t io n s  am o n g  a d ja c e n t  cya th ia .
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T ab le  7. I n s e c t  v i s i t o r s  to th r e e  s p e c i e s  of E u p h o r b ia ; ta x o n o m ic  

c o m p o s i t io n .

N o. s p e c i e s  N o. s p e c i e s  N o. s p e c i e s  T ota l  
on on on  Spp.

O r d e r  F a m i ly  a lb o m a r g in a ta  c a p ite l la ta  h y s s o p i f o l ia  F a m i ly

D ip tera

Ich n eu m on id ae 2 0 0 2

B r a c o n id a e 3 0 1 4

C h a lc id id a e 3 0 0 3

P te r o m a l id a e 2 1 1 3

E u c h a r it id a e 1 1 0 2

E u r y to m id a e 0 0 1 1

C h r y s id id a e 1 0 0 1

B e th y l id a e 1 0 1 2

T ip h iidae 3 0 1 3

M u til l id a e 5 0 0 5

P o m p il id a e 9 1 2 1 0

F o r m ic id a e 9 1 0 9

S p h ec id ae 41 5 3 47

C o lle t id a e 0 1 0 1

H a lic t id a e 13 6 3 14

A n d re n id a e 1 1 9 7 1 2

M e g a c h i l id a e 1 0 0 1

A nth op h orid ae 6 3 1 6

O titidae 1 0 0 1

C h a m a e m y id a e 1 0 0 1
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T A B L E  7.

O r d e r

C o le o p te r a

C ontinued .

N o. s p e c i e s  N o. s p e c i e s  N o s p e c ie s  T o ta l  
on on on Spp.

F a m i ly  a lb o m a r g in a ta  c a p ite l la ta  h y s s o p i fo l ia  F a m i ly

C h lo ro p id a e 7 3 2 9

P la  ty  s tom a tida e 1 0 0 1

S c ia r id a e 1 1 0 1

P ip u n cu lid a e 0 1 0 1

S e p s id a e 2 1 0 2

T h e r e v id a e 2 0 0 2

S yrph idae 3 1 0 4

B o m b y li id a e 9 5 3 14

S a rco p h a g id a e 4 0 0 4

T a ch in id a e 1 1 2 1 1 2

A n th ic id a e 1 0 0 1

A lle c u l id a e 0 1 0 1

C arab id ae 1 0 0 1

C antharid ae 1 3 1 3

C le r id a e 0 0 1 1

C h r y so m e l id a e 4 1 0 5

C o c c in e l l id a e 1 0 2 2

D e r m e s t id a e 0 2 1 3

B r u c h id a e 1 0 0 1

M o r d e l l id a e 0 1 0 1
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T A B L E  7. C ontinued .

No. s p e c i e s  N o. s p e c i e s  N o. s p e c i e s  T ota l  
on  on on Spp.

O r d e r  F a m i ly  a lb o m a r g in a ta  c a p ite l la ta  h y s s o p i fo l ia  F a m i ly

H e m ip te r a  M ir id a e  1 1 1 2

C o r im e la e n id a e  2 2 3 4

R ed u v iid a e  0 1 1 2

P h y m a tid a e  0  1  0  1

P e n ta to m id a e  0 1 1 1

L y g a e id a e  4 2 0 4

C o r e id a e  2 2 1 3

H o m o p tera  C ic a d e l l id a e  4 4 0 6

A c a n a lo m id a e  0 0 1 1

T o ta l  n u m b er  in s e c t  s p e c i e s

p er  p lant s p e c i e s  175 64 40



T A B L E  8 . C h a r a c t e r i s t i c s  a f fec t in g  the a b i l i ty  of v a r io u s  kinds of in s e c t s  to p o ll in a te  E u p h o r b ia .

Gut
G r oup Fbllena Head

B o d
Venter

y  P o l l e n 3,
H e u r a  Dorsum Legs None^

B:edorrinant
Movement0 Abundance^ Indexe

Sample
S ize

H Y M E N O PT E R A

S m a ll  F o r m ic id a e  ++ ++ + 0 0 + +++ W M 6 23

L a r g e  F o r m ic id a e  0 + + 0 0 + ++ W C 7 30

S m a ll  P a r a s i t i c
W a sp s  + ++ 0 + + + ++ W R 6 2 1

L a r g e  W asp s + +++ ++ ++ + + + W, F C 13 52

S m a l l  Sp hecid
W asp s  + + + + + + +++ W C 7 51

B e e s  +++ +++ ++ ++ + +++ + W, F C 15 19

D IPTER A

M i s c .  S m a l l  Flies + 0 0 + 0 + +++ W, F M 4 47

S yrphidae 0 + + 0 0 + + S M 5 6

L g e .  B o m b y li id a e  +++ + ++ + 0 ++ ++ F . S C 9 37

Sm . B o m b y li id a e  +++ 0 + 0 0 + ++ F , S C 5 2 2



TA B LE 8. C ontinue d .

L g e .  T ach in id ae ,
S arcop h ag id ae + ++ ++ ++ + ++ + w,  s c IB 31

S m l.  T ach in idae  

O LEO PTER A

0 ++ + 0 ++ ++ w c 1 1 54

Sm . B e e t l e s +++ 0 ++ ++ ++ + + w , s R 8 8

A lle c u l id a e +++ 0 + + 0 + + s M 5 1 1

C antharidae +++ + ++ 0 0 ++ + w , s M 9 16

L g e .  B e e t l e s 0 0 + 0 + 0 + w R 5 2

H E T E R O P T E R A

C o r im e la e n id a e 0 + ++ 0 0 ++ ++ s, w c 9 45

Sm . H em ip tera 0 + + 0 0 + ++ s M 4 2 2

C ic a d e l l id a e 0 0 0 0 0 0 +++ s M 0 24

C o re id a e 0 0 + 0 ++ + + s, w M 6 13

O th er  lg e .  bugs 0 + + 0 + + ++ w , s M 6 19

00



TAB LE 8. C ontinue d .

a 0 = none; + = 1 -10 g ra in s ;  ++ = 10 - 50 g ra in s ;  +++ = 50 g r a in s .

+++ = low , m o d e r a te ,  h ig h  p ro p o r t io n  of s p e c im e n s  w ith m o body p o lle n .

CW = W alking; F  = F ly in g;  S = S ta t ion ary .

= C om m on; M = M o d era te  D en sity ;  R = R are.

e S ee  C hapter 2 for  m eth od  of c a lc u la t io n .
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T A B L E  9. Wind d i s p e r s a l  o f  p o l le n  of th r e e  s p e c i e s  of E u p horb ia .

L o c a l i ty ,
Y e a r  P la n t  S p e c ie s

M ea n  N u m b er  M ea n  % of
E up horb ia  T o ta l  P o l l e n  No. S l id e s  

G r a in s  G ra in s  on  S lid e  E x a m in e d

13SWA, E . a lb o m a r g in a ta

1972 &

E . c a p ite l la ta

E . h y s s o p ifo l ia

18SWA, E .  c a p ite l la ta  
1973

9WSWA, E .  c a p ite l la ta
1973

1EA ,
1973

12NR,
1973

E . a lb o m a r g in a ta  

E .  a lb o m a r g in a ta

18. 8

42 . 6  

39. 3

63. 3

14. 5

41. 4

8.1

14. 2 

12.1

32. 4

15. 9 

35. 3

19

7

7
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C h ap ter  4

P e r c e n t a g e  o f  in s e c t  s p e c i e s  c o l l e c t e d  in  e a c h  m a jo r  grou p  

o f  in s e c t  v i s i t o r s  fo r  th r e e  s p e c i e s  of E u p h o r b ia .

I n s e c t  v i s i t o r  c o m p o s i t io n  during the day  a t  e a c h  s i t e .  The  

p e r c e n ta g e  of to ta l  in d iv id u a ls  b e lo n g in g  to e a c h  in s e c t  o r d e r  

i s  p lo tted  a t  the m id p o in t  of the t im e  in te r v a l .  The data  

c o l l e c t e d  for  E . h y s s o p i f o l ia  a t  d if fe r e n t  s i t e s  a r e  p oo led  

and p r e s e n te d  in  one grap h . T im e  of day i s  M ounta in  

Standard T im e .  P la n t  s p e c i e s  o b s e r v e d  a t  e a c h  s ite :

A  = E . a lb o m a r g in a ta ; C = E . c a p i t e l la t a ; H = E . h y s s o p i ­

f o l i a .

T o ta l  in s e c t  a c t iv i ty ,  b e e  a c t iv i ty  and te m p e r a tu r e  ch a n g e s  

during  the day a t  e a c h  s i t e .
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C H A PT E R  5

FO RAGING BEHAVIOR: Q U A LIT A TIV E A N D  SP A T IA L  A S P E C T S

In th is  ch ap ter  I p r e s e n t  an  e th o lo g ic a l  a n a ly s i s  of the fo ra g in g  

b e h a v io r  of the s e v e n  c o m m o n  s p e c i e s  of b e e s  that s u b s i s t  on E u p h o r b ia . 

The body m o v e m e n t s  and b e h a v io r  p a tte r n s  that u n d e r l ie  the c o l le c t io n  

and in g e s t io n  of p o l le n  and n e c t a r ,  and the e m p la c e m e n t  of p o l le n  in  

the sc o p a e  a r e  d e s c r ib e d ,  and the b e h a v io r s  of the s p e c i e s  a r e  c o m ­

p a red  w ith  e a c h  o th e r .  In th is  w a y , it  i s  p o s s ib l e  to id en t ify  e le m e n t s  

of b e h a v io r  that a r e  c o m m o n  to a l l  of the s p e c i e s ,  and to d e te r m in e  

i f  v a r ia t io n s  in  b e h a v io r  fo l lo w  the p a tte r n s  of ta x o n o m ic  a ff in ity  

a m on g  the b e e s .

T ab le  10 g iv e s  s a m p l in g  in fo r m a t io n  fo r  e a c h  b ee  s p e c i e s .  

Indiv idual o b s e r v a t io n s  of fo r a g in g  v a r ie d  fr o m  ten  s e c o n d s  to s ix  

m in u te s .  In a l l  c a s e s ,  the to ta l  o b s e r v a t io n  t im e  w a s  a m p le  to 

d i s c l o s e  the fu l l  r e p e to r y  o f  s p e c i e s  s p e c i f i c  fo r a g in g  b eh a v io r .  S in ce  

in d iv id u a l e l e m e n t s  of b e h a v io r  w e r e  g e n e r a l ly  o f  the o r d e r  of 1 s e c o n d  

d u ration , to ta l  o b s e r v a t io n  t im e s  fo r  e a c h  s p e c i e s  p ro v id ed  a  v e r y  

la r g e  s a m p le  s i z e  fo r  e v e r y  b e h a v io r a l  c a te g o r y .  C h a r a c t e r i s t i c s  of  

fo r a g in g  b e h a v io r  w e r e  r e m a r k a b ly  c o n s ta n t  f r o m  o b s e r v a t io n  to 

o b s e r v a t io n  w ith in  s p e c i e s .

T ab le  11 g i v e s  fctackground in fo r m a t io n  on  the b e e s  in th is  study.  

The le n g th  of the f e m a l e s ,  m e a s u r e d  fr o m  the v e r t e x  (d o r s a l  p a r t  of  

the h ead ) to  the t ip  of the p y g id iu m  (p o s te r io r  p o r t io n  of the la s t
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m e t a s o m a l  s e g m e n t)  g iv e s  a m e a s u r e  o f  the r e la t iv e  s i z e  of the  

v a r io u s  s p e c i e s .  The an d ren id  b e e s  a l l  m o i s t e n  th e ir  s c o p a l  p o l le n  

w ith  n e c ta r  a s  it  i s  p ack ed . The s tr u c tu r e  and d e n s ity  o f  the h a ir s  

that c o n s t itu te  the sco p a  a r e  r e la te d  to the m o i s t n e s s  of the p o llen ;  

s p e c i e s  that p ack  d ry  p o l le n  have  lon g , th in , p lu m o se  h a ir s ,  and  

th o se  that p ack  w e t  p o l le n  have s tou t ,  c u r v e d ,  h a ir s  w ith  on ly  a few ,  

s h o r t ,  b r a n c h e s .  The f e m a le s  o f  a l l  the s p e c i e s  s tu d ied  in g e s t  la r g e  

q u a n t it ie s  of p o l le n .

The data on fo ra g in g  b e h a v io r  i s  p r e s e n te d  in tw o p a r ts  in  the 

te x t ,  and in  two t a b le s .  In the f i r s t  s e c t io n  of the te x t ,  I d e s c r ib e  

the b e h a v io r a l  e l e m e n t s  that a r e  in v o lv e d  in fo ra g in g  fo r  p o l le n  and  

n e c t a r  on the f lo w e r s  o f  E u p h o r b ia . The m a n n er  in w h ic h  the e l e m e n t s  

a r e  e x p r e s s e d  in  e a c h  s p e c i e s  o f  b ee  i s  g iv e n  in T a b le s  12 and 13; the  

f o r m e r  l i s t s  th o se  b e h a v io r s  that w e r e  found to be in v a r ia n t  am on g  the  

s p e c i e s ,  and the la t te r  p r e s e n t s  the b e h a v io r  of e a c h  s p e c i e s  of b ee  

fo r  the e l e m e n t s  that w e r e  v a r ia b ly  e x p r e s s e d .  The s e c t io n  o f  te x t  

fo llo w in g  the g e n e r a l  d e s c r ip t io n  on ly  s u p p l ie s  in fo r m a t io n  not in c lu d ed  

in the ta b le s .

G e n e r a l  D e s c r ip t io n  of F o r a g in g  B e h a v io r  

A  fo r a g in g  f e m a le  b ee  t r a v e r s e s  an  a r e a  of v a r ia b le  s i z e  and  

sh a p e .  She a l ig h ts  on f lo w e r s  to feed ,  and m o v e s  to a d ja c e n t  f lo w e r s  

by w a lk in g ,  hopping, or  s im p ly  turn ing  in  p la c e .  She f l i e s  a f te r  

v is i t in g  one to s e v e r a l  f lo w e r s ,  e i th e r  to a l ig h t  a g a in  on  the s a m e  or
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c l o s e l y  a d ja c e n t  f lo w e r s  (P . m in im a ) or  to p r o c e e d  to a d if fe r e n t  

plan t  or  a  d is ta n t  p o r t io n  o f  the s a m e  p lant (N. h e l ia n th i ), (T able  13, 

" T en d en cy  to v i s i t  a d ja cen t  f lo w e r s " ) .  In s o m e  s p e c i e s  ( e . g .  ,

H. n a n u lu s) ,  the f e m a le  h o v e r s  b r ie f ly  in  fro n t  of e a c h  f lo w e r  b e fo r e  

lan d in g , o s c i l la t in g  s lo w ly  f r o m  s id e  to s id e  w h ile  h o v e r in g ,  and then  

e i th e r  la n d s  or f l i e s  to an oth er  f lo w e r  and r e p e a ts  the m o v e m e n t .

N one of the s p e c i e s  s tu d ied  h e r e  fo r a g e  on e n t ir e ly  o v e r c a s t  d a y s .

On m o s t  sunny d a y s ,  h o w e v e r ,  o c c a s io n a l  c u m u lu s  c lo u d s  h ide the 

su n  for  5 to 10 m in ,  and the s p e c i e s  v a r y  in th e ir  r e s p o n s e  (T able  13, 

" F o ra g in g  during t r a n s ie n t  c lo u d in e s s " ) .  S om e ( e . g . ,  C_. s q a m i f e r a ) 

s i t  m o t io n le s s  on v e g e ta t io n  on the ground, w h ile  o th e r s  ( e . g .  , P .  

m in im a )  contin ue  fo r a g in g .  T hroughout the day, v i s i t s  to f lo w e r s  a r e  

o c c a s io n a l ly  in terr u p ted  by b r ie f  s to p s  (T able  13, "G room ing pauses"),  

on r o c k s ,  l e a v e s ,  or  the ground. D uring t h e s e  s to p s ,  the b ee  can  

1) en g a g e  in g r o o m in g  b e h a v io r  of an y  p a r t  of the body, 2) p e r fo r m  the 

rubbing to g e th e r  o f  the h in d le g s  d e s c r ib e d  b e lo w , a n d /o r  3) r e m a in  

m o t io n le s s .  F e m a l e s  of a few  of the s p e c i e s ,  n otab ly  H. n a n u lu s , 

in freq u en t ly  e m b a r k  on lon g , n o n -fo r a g in g  f l ig h ts ,  during w h ich  they  

a l t e r n a te ly  f ly  fo r  s e v e r a l  f e e t  and a l ig h t  b r ie f ly  on the ground , r o c k s ,  

o r  v e g e ta t io n  fo r  p e r io d s  of 20 to 30 s e c  or  m o r e .  They o ften  then  

r e s u m e  fo r a g in g .  None of the b e e s  that took  su ch  f l ig h ts  en te r e d  

th e ir  n e s t s  su b se q u e n t ly ,  and b e e s  that I o b s e r v e d  en ter in g  n e s t s  

sh ow ed  no su c h  b eh a v io r .  Thus, a lthough  it i s  p o s s ib l e  that the  

in d iv id u a ls  I sa w  had " lost"  th e ir  n e s t s ,  the r e s u m p t io n  of fo ra g in g
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in d ic a te s  that th is  w a s  p ro b a b ly  not the c a s e .

A l l  f lo w e r s  that a r e  v i s i t e d  a r e  p rob ed  fo r  n e c ta r  w ith  the  

p r o b o s c i s ,  but p o l le n  in g e s t io n  and p o l le n  c o l l e c t io n  o c c u r  s p o r a d ic a l ­

ly .  A  s e r i e s  of c o n s e c u t iv e  f lo w e r  v i s i t s  durin g  w h ich  p o l le n  and  

n e c t a r  a r e  both g a th e r e d  w i l l  a l t e r n a te  w ith  a  s e r i e s  of v i s i t s  during  

w h ic h  n e c ta r  a lo n e  i s  ob ta in ed . The le n g th  of the e x c lu s iv e  n e c ta r  

g a th e r in g  p e r io d s  v a r i e s  f r o m  s e v e r a l  s e c o n d s  to s e v e r a l  m in u te s .

D uring the p r e d o m in a n t ly  p o l le n -g a th e r in g  p h a s e s  of fo r a g in g ,  

b e e s  of a l l  s p e c i e s  cou ld  be s e e n  to w a lk  o v e r  o r  p a s s  by  f lo w e r s  w ith  

c o n s p ic u o u s ly  fu l l  a n th e r s .  T h e r e  w a s  no ob v iou s  r e la t io n s h ip  

b e tw e e n  the am ou n t of ex tru d ed  p o l le n  v i s ib l e  and the b e h a v io r  of a 

b e e  p a s s in g  by  that f lo w e r .  On e a c h  v is i t e d  f lo w e r ,  p o l le n  in g e s t io n  

m a y  o c c u r  in d ep en d en tly  o f  p o l le n  c o l l e c t io n  fo r  s c o p a l  d e p o s it io n .

In ea t in g  p o l le n ,  the m a n d ib le s  a r e  a p p lied  to the p o l le n  exu ded  fr o m  

the a n th e r ,  and the p o l le n  i s  p u sh ed  into the hypopharynx .

The b e e s  can  a s s u m e  th r e e  d if fe r e n t  p o s tu r e s  on the f lo w e r s ,  

e a c h  p o s tu r e  having a s s o c ia t e d  w ith  it  c e r ta in  m o t io n s .  In the 

"angled"  p o s i t io n ,  the b e e  t i l t s  so  that the s id e  of the h ea d , m e s o s o m a  

(" thorax"  o f  a b e e ) ,  and m e t a s o m a  ("abdom en" of a b e e ) ,  a r e  touching  

the p e ta l ,  and the p r o b o s c i s  m a k e s  a 4 5 °  a n g le  w ith  both  p e ta l  and  

a n th e r  (F ig .  12). M ain ta in in g  th is  p o s i t io n ,  the b e e  w a lk s  in a  c i r c l e  

arou n d  the f lo w e r ,  p rob ing  e a c h  g land for  n e c ta r  (T ab le  13, " c ir c le "  

m o tio n ) .  In the " a str id e"  p o s i t io n ,  the b e e  s ta n d s  a c r o s s  the top of  

the f lo w e r ,  w ith  i t s  h ead  p o s i t io n e d  o v e r  a g land  (F ig .  13). In th is
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p o s tu r e  it  m a y  r o ta te ,  v is i t in g  e a c h  g land in turn. T h e s e  p o s tu r e s  

and m o t io n s  d e p o s it  la r g e  q u an tit ie s  of p o l le n  on the s t ig m a .  In the  

" v e r t ic a l"  p o s it io n ,  the b e e  s h if t s  s o  that sh e  i s  p e r p e n d ic u la r  to a 

p e ta l .  H er body  i s  c o n t in u o u s ly  su p p o rted  by the h in d le g s ,  and  

s o m e t im e s  by the m id le g s ,  and the m e t a s o m a  i s  b r a c e d  a g a in s t  the  

ed g e  of the p e ta l  (F ig .  14), and e i th e r  h an gs  v e r t i c a l l y  or  i s  c u r le d  

up u n der  it. The v e r t i c a l  p o s i t io n  e n a b le s  the b e e  to le a n  fo rw a rd  

and g a th e r  p o l le n  d ir e c t ly  f r o m  the a n th er  u s in g  i t s  f o r e t a r s i  and  

f o r e t ib ia e ,  and s o m e t im e s  i t s  m a n d ib le s .  In any  of the th r e e  p o s tu r e s ,  

the b ee  m a y  fe e d  a t  on ly  one n e c ta r y  or  a n th er ,  w ithout m o v in g  (Table  

13, " sta t io n a ry " ).  The f in a l  m o t io n  l i s t e d  in T ab le  13 i s  the "run", 

d e s c r ib e d  in d e ta i l  in the s e c t io n  on E .  sp . A .  The s p e c i e s  v a r y  in  

the e x te n t  to w h ich  they  a l t e r  th e ir  p o s tu r e  in sw itch in g  f r o m  n e c ta r  

to p o l le n  c o l le c t io n .  (T ab le  13, " D iffe ren ce :  in p o s tu r e ,  p o l le n  v s .  

n e c ta r  c o l lec t io n " );  for  e x a m p le ,  both  s p e c i e s  of P e r d i ta  c o l l e c t  

n e c ta r  in the an g led  and a s t r id e  p o s i t io n s ,  and c o l l e c t  p o l le n  p r i n c i ­

p a l ly  in the v e r t i c a l  p o s it io n .  The s p e c i e s  a l s o  v a r y  in the c o m p l e t e ­

n e s s  w ith  w h ich  the r e s o u r c e s  of a g iv e n  f lo w e r  a r e  e x tr a c te d .

P .  m in im a  in v a r ia b ly  in v e s t ig a t e s  e v e r y  a n th er  on a f lo w e r ;  H. nanulus  

d o e s  so  r a r e ly ,  i f  e v e r .

The se q u e n c e  of le g  m o v e m e n ts  r e s p o n s ib le  for  p o l le n  c o l l e c ­

t io n  and s c o p a l  pack ing a r e  c o m m o n  to a l l  the s p e c i e s ,  but the 

m o v e m e n ts  v a ry  in  th e ir  sp e e d ,  th e ir  t im in g ,  and the m a n n e r  in  

w h ic h  the l e g s  a r e  b ro u g h t into c o n ta c t  w ith  o th er  p a r ts  of the body.
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T h e f o r e t a r s i  and f o r e t ib ia e ,  s o m e t im e s  a id ed  by the m a n d ib le s ,  

r e m o v e  p o l le n  f r o m  the a n th e r s .  E a c h  f o r e l e g  i s  th en  rubbed a g a in s t  

the t ib ia  and t a r s u s  o f  the m id le g  o f  the s a m e  s id e ,  in  s u c h  a  w a y  a s  

to t r a n s f e r  the p o l le n  f r o m  the f o r e l e g  to the in n er  and p o s te r io r  

s id e s  o f  the m id le g .  The m id le g s  n ex t  tou ch  the h in d le g s ,  e f fe c t in g  

a t r a n s f e r  of p o l le n  to the s c o p a e .  The m id le g  m o v e s  b a c k  and fo r th  

b e tw e e n  fo r e l e g  and h in d leg  (T ab le  13, " a n te r o -p o s te r io r  h it" ),  but 

m a y  a l s o  h a v e  a s id e w a y s  rubbing m o t io n  a c r o s s  the s u r fa c e  of the  

s c o p a l  load  (T ab le  13, " la te r a l  rub"). A s  the m id le g  and h in d leg  c o m e  

to g e th e r ,  the m id leg  i s  f le x e d  s o  that a co m b  of s h o r t  h a ir s  on the 

b a s a l  p o s t e r io r  s u r fa c e  of e a c h  fe m u r  b r u s h e s  the s c o p a .  In s o m e  

s p e c i e s  ( e . g .  , N. h e l ia n th i ), th is  s e q u e n c e  of m o t io n s  i s  so  rapid  

that e a c h  l e g ' s  m o v e m e n ts  a p p e a r  a s  a v ib ra tion ;  in  o th er  s p e c i e s  

(P . o b s c u r e l la ,  D. p e r p a r v u s )  the m o v e m e n ts  a r e  s lo w  enough  to be  

e a s i l y  r e s o lv e d .  S o m e  s p e c i e s  m o v e  the l e g s  of e a c h  p a ir  a t  the s a m e  

t im e  (T ab le  13, " together"); o th e r  m o v e  th em  a l t e r n a te ly .  O ther  

body p a r ts  can  be in vo lved: the fa c e  (fron s  and c ly p e u s )  can  be  

s y s t e m a t i c a l l y  s c r a p e d  by the f o r e l e g s  b e fo r e  th ey  tou ch  the m id le g s  

(T ab le  13, " F a ce  c lea n in g  durin g  p o l le n  c o l le c t io n " ) ;  long  p lu m o s e  

h a ir s  on the v e n tr a l  s u r fa c e  of the h ead  and m e s o s o m a  m a y  a c c u m u ­

la te  p o l le n  and then be co m b e d  by the f o r e t a r s i  a s  th ey  p a s s  f r o m  

a n th er  to m id le g s  ( e . g .  , both  s p e c i e s  of P e r d i t a ). F in a l ly ,  in  so m e  

s p e c i e s  the w h o le  body sh a k e s  f r o m  s id e  to  s id e  a s  p o l le n  i s  c o l le c t e d  

(T ab le  13, "Body v ib ra tion " ).
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S co p a l  p ack in g  i s  v a r ia b ly  in te g r a te d  into the b e h a v io r a l  

s e q u e n c e  of e a c h  s p e c i e s .  S om e b e e s  ( e . g .  , N. h e l ia n th i ) p e r f o r m  the 

e n t ir e  le g  m o v e m e n t  s e q u e n c e  one or  a fe w  t im e s  on e a c h  f lo w e r  and  

thus m o v e  p o l le n  into the sco p a e  m o r e  or  l e s s  co n t in u o u s ly .  O th ers  

(e. g .  , P .  o b s c u r e l la )  g a th e r  p o l le n  w ith  the f o r e l e g s  on s e v e r a l  f lo w e r s  

b e fo r e  t r a n s fe r r in g  it  to the sco p a e;  s c o p a l  pack ing  is  thus in te r m it te n t .  

The p o lle n  pack in g  le g  m o v e m e n ts  can  o c c u r  e i th e r  in f l ig h t  o r  on the 

f l o w e r .

The s c o p a l  load  i s  c o n so l id a te d  and sh aped  by the rubbing to g e th e r  

of  the h in d leg s  b en ea th  the m e ta s o m a .  The t ib ia l  and t a r s a l  s e g m e n t s  

of e a c h  h in d leg  a r e  a l t e r n a t e ly  rubbed a c r o s s  the c o r r e s p o n d in g  s e g m e n t s  

of  the o th er  le g .  This  m o v e m e n t ,  l ik e  s c o p a l  pack in g , can  o c c u r  e i th e r  

in  f l ig h t  or  a t  r e s t .  A  fe w  s p e c i e s  ( e . g .  , H. n a n u lu s ) j e r k  the m e t a s o m a  

up and down s e v e r a l  t im e s  during th is  h in d leg  rub.

I n tr a sp e c i f ic  in te r a c t io n s  on the f lo w e r s  w e r e  o b s e r v e d  in a l l  

the s p e c i e s .  B oth  m a tin g  and e n c o u n te r s  b e tw e e n  f e m a le s  w e r e  s e e n  

in  s o m e  s p e c i e s  ( e . g . ,  P .  o b s c u r e l la ) ,  w h e r e a s  on ly  f e m a l e - f e m a l e  

in te r a c t io n s  o c c u r r e d  in  o th e r s .  D uring in t e r - f e m a le  in te r a c t io n s  in  

a l l  s p e c i e s ,  the two b e e s  grap p le  a t  r igh t  a n g le s  to e a ch  o th e r ,  and  

e a c h  b en d s h e r  m e t a s o m a  under the o th e r .  The two b e e s  m a y  f a l l  off  

the f lo w e r  on w h ich  the en co u n ter  o c c u r r e d .  T h e ir  co n ta c t  l a s t s  l e s s  

than 0. 5 s e c .  The ten d en cy  of the b e e  that w a s  in i t ia l ly  on the f lo w e r  

to le a v e  a f te r  su c h  an  en co u n ter  v a r i e s  am o n g  the s p e c i e s  (T able  13, 

"N um ber of d is p la c e m e n ts  of o r ig in a l  b e e " ) .  The ten d en cy  of f e m a le s
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to in t e r a c t  w ith  e a c h  o th er  i s  in d ica te d  in  T ab le  13 a s  the "Av. n u m b er  

of in t e r a c t io n s /m in u te "  (th is  f ig u r e  d o e s  not in c lud e  m a t in g s  a s  i n t e r ­

a c t io n s ) .  M ating  b e h a v io r  i s  d e s c r ib e d  in m o r e  d e ta i l  b e lo w  for  th o se  

s p e c i e s  in  w h ich  it  w a s  o b s e r v e d  on the f lo w e r s .

In a l l  s p e c i e s  e x c e p t  P .  o b s c u r e l l a , in te r a c t io n s  r e s u l t e d  f r o m  

the ran d om  en co u n ter  of two in d iv id u a ls  ( in te r a c t io n  fr e q u e n c y  fo l lo w ed  

a P o i s s o n  d is tr ib u t io n ) .  In o th er  w o r d s ,  f e m a le s  n e ith e r  sou gh t fo r  

nor a v o id ed  e a c h  o th e r ,  but g r a p p le d  w h e n e v e r  th ey  ch a n ced  to m e e t .

S p e c ie s  D e s c r ip t io n s

P . m in im a

T h is  s p e c i e s  fo r a g e d  p r im a r i ly  on E . a lb o m a rg in a ta ;  a lthough  

E . c a p ite l la ta  w a s  c o m m o n  a t  s e v e r a l  of the study  s i t e s ,  it  w a s  

v i s i t e d  v e r y  r a r e ly .

The p o l le n -g a th e r in g  b e h a v io r  of th is  s p e c i e s  and  the fo llow in g  

s p e c i e s ,  P .  o b s c u r e l la ,  a r e  h ig h ly  d is t in c t iv e .  The b ee  a s s u m e s  the 

v e r t i c a l  p o s it io n ,  a s  in  F ig .  12, le a n s  fo r w a r d ,  and e x t r a c t s  the  

p o lle n  f r o m  e a c h  open  an th er  on the f lo w e r .  The u s e  o f  the m a n d ib le s  

e n a b le s  the b ee  to g a th er  both  ex tru d ed  p o l le n  and p o l le n  ju s t  in s id e  

the r im  of the a n th e r .  P o l l e n  in g e s t io n  m o s t  l ik e ly  o c c u r s  a t  th is  

point. B o d y  v ib ra t io n  a c c o m p a n ie s  the in v e s t ig a t io n  of e a c h  a n th er .  

O c c a s io n a l ly ,  body v ib ra t io n  i s  o b s e r v e d  w hen  the b e e  i s  an g led  

b e tw e e n  the a n th e r s  and the p e ta ls ;  th is  m o v e m e n t  i s  prob ab ly  

a s s o c ia t e d  w ith  p o l le n  c o l l e c t io n  f r o m  a n th e r s  s itu a ted  c l o s e r  to the
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le v e l  o f the p e ta ls .  The p r o c o x a e  and p r o s te r n u m , w h ich  a r e  densely- 

c o v e r e d  w ith  lo n g , p lu m o se  e r e c t  h a ir s ,  b e c o m e  h e a v ily  d u sted  w ith  

p o lle n  d uring  both  th is  p o lle n  c o l le c t in g  b eh a v io r  and d uring  m o v e m e n ts  

o v e r  the f lo w e r s  in  the " a str id e "  p o s it io n .

A fte r  a n th er  v is ita t io n , the b ee  r e s u m e s  h er  v e r t ic a l  p o stu re  

on the p e ta l, and c o m m e n c e s  to tr a n s fe r  the c o l le c te d  p o lle n  fr o m  the  

fa c e ,  p r o s te r n u m  and f o r e le g s  to the s c o p a e . F a c ia l  c le a n in g  m o v e ­

m e n ts  a r e  r e p e a te d  s e v e r a l  t im e s  b e tw een  e a c h  co n ta c t of the fo r e le g  

and m id le g . The seq u e n c e  o f m o v e m e n ts  fr o m  f a c e - s c r a p in g  to  

m id le g -h in d le g  rubbing m a y  be r e p e a te d  s e v e r a l  t im e s ,  and the b ee  

m a y  r e m a in  en g a g ed  in  th is  b eh a v io r  fo r  up to  a m in u te .

The p o lle n  load  is  sh aped  by the m o tio n  o f the m id le g s  o v e r  

the sc o p a e  in to  an  a p p r o x im a te ly  o b la te  sp h e r o id a l m a s s .  The long  

a x is  o f the m a s s  is  a t  a 2 0 °  a n g le  to the t ib ia , so  th at rounded  m a s s e s  

of p o lle n  p ro tru d e  in te r io r ly  fr o m  the a n te r io r  p r o x im a l and e x te r io r ly  

fr o m  the a n te r io r  d is ta l  p a r ts  o f the t ib ia . It i s  p ro b a b ly  that the 

liq u id  u se d  to w e t  the p o lle n  is  added d uring  th is  s e q u e n c e  o f m o tio n s ,  

b ein g  d e p o s ite d  on the fo r e le g s  during the fa c e  c lea n in g  and then  

p a s s e d  b a ck w a rd s w ith  the p o lle n .

No m a tin g  w a s o b s e r v e d , a lth ou gh  m a le s  w e r e  co m m o n .

P . o b s c u r e lla

The p o s tu r e s ,  body m o v e m e n ts  and le g  m o v e m e n ts  of P . 

o b s c u r e lla  a r e  in d is t in g u ish a b le  fr o m  th o se  of P . m in im a . The sco p a e  

a r e  f i l le d  w ith  p o lle n  w h ile  the b ee  s i t s  on the f lo w e r s  in  the m an n er
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d e s c r ib e d  fo r  P . m in im a . On one o c c a s io n , h o w e v e r , s c o p a l p ack in g  

d u rin g  f lig h t  w a s  s e e n . T h is  p ack in g  w a s  a c c o m p lis h e d  b y  s im ila r  

m o v e m e n ts  o f the m id le g s  a g a in s t  the h in d le g s , but no c o n sp ic u o u s  

b ru sh in g  o f the fa c e  w a s o b s e r v e d .

The m a jo r  d if fe r e n c e  b e tw een  the two s p e c ie s  o f P e r d ita  is  

the o c c u r r e n c e  o f  freq u en t in t r a s p e c ie s  in te r a c t io n s  on f lo w e r s  in  

P . o b s c u r e l la .  F e m a le s  a r e  m a ted  w h ile  th ey  fe e d  on f lo w e r s ,  and  

a s in g le  fe m a le  m a y  a c c e p t  s e v e r a l  m a te s .  One fe m a le  w a s  o b s e r v e d  

to s e p a r a te  fr o m  a m a le  to w h ich  sh e  w a s jo in e d , and m a te  w ith  

a n o th er  two m in u te s  la t e r .  P a ir s  r e m a in  in  cop u lo  fo r  a t  l e a s t  a s  

lon g  a s  m y  lo n g e s t  o b se r v a t io n  (6 m in ). N o c o u r tsh ip  b e h a v io r  is  

ev id en t; a m a le  ra p id ly  a p p r o a c h e s  the fe m a le  fr o m  b eh in d , im m e d ia te ­

ly  g r a s p s  h er  w ith  h is  l e g s ,  c u r ls  the tip  o f h is  m e ta s o m a  u n der the  

tip  o f  h e r s ,  and e n g a g e s  h is  g e n ita lia .  O ften  the fe m a le  is  knock ed  

off th e  f lo w e r  by th is  a tta c k , but sh e r e tu r n s  to  the f lo w e r  im m e d ia te ly  

and c o n tin u e s  fo r a g in g . The m a le  m a in ta in s  an  a lm o s t  v e r t ic a l  

p o s it io n  a b ove  the f e m a le ,  and g r a s p s  h er  w ith  the hind and m id le g s .

H is  an ten n ae p o in t fo rw a rd , and m a y  o c c a s io n a l ly  tou ch  h er  h ead , 

but th ey  do not m o v e  in  a c o n sp ic u o u s  or r e g u la r  w ay . He m a y  sh ake  

h is  body fr o m  s id e  to s id e  th rou gh ou t co p u la tio n , and b oth  p a r tn e r s  

sh ak e v io le n t ly  d u r in g  d ise n g a g e m e n t . M ated  p a ir s  a r e  fr e q u e n tly  

"attacked"  by o th er  b e e s ,  both  m a le  and fe m a le ,  and a r e  s o m e t im e s  

k n ock ed  o ff the f lo w e r . D uring  th e s e  e n c o u n te r s , the a tta c k e r  b e e  

and the m a ted  fe m a le  c u r l th e ir  a b d o m en s ab ou t e a c h  o th e r . I n e v e r
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o b s e r v e d  su ch  an  en co u n ter  to r e s u lt  in  the s e p a r a t io n  o f a m a ted  p a ir .

F e m a le - f e m a le  in te r a c t io n s  b e tw een  u n m ated  b e e s  a r e  a ls o  

m o r e  co m m o n  than in  P . m in im a . The e n c o u n te r s  did not o ccu r  

ra n d o m ly  (d ep a rtu re  of in te r a c t io n  fre q u e n c y  d is tr ib u t io n  fr o m  

P o is s o n  s ig n if ic a n t  a t  P < 0 . 0 05 ). T h is  fin d in g  im p lie s  that u n der so m e  

c o n d itio n s  in d iv id u a ls  (both m a le  and fe m a le )  a c t iv e ly  s e e k  fo r  ea ch  

o th e r , and a t  o th er  t im e s ,  th ey  a v o id  e a c h  o th er . The r e s u lt  i s  an  

e x c e s s  of both  o b se r v a t io n s  w ith  no e n c o u n te r s , and  o b se r v a t io n s  w ith  

m a n y  e n c o u n te r s . The fa c to r s  g o v ern in g  th e se  b e h a v io r a l ch a n g es  

a r e  unknow n.

H. n anulus

The m o s t  s a lie n t  a s p e c t  o f the fo ra g in g  p a tte r n  o f th is  s p e c ie s  

i s  the am ou n t o f f lig h t  in  w h ich  the f e m a le s  en g a g e  (d is c u s s e d  fu r th er  

in  C hap ter 6). T he b e e  u s u a lly  f l i e s  fo r  s e v e r a l  s e c o n d s  w hen  

tr a v e l l in g  b e tw e e n  h ead s on E . c a p ite l la ta , e v e n  w hen  the h ead s a r e  

a d ja c e n t , and l e s s  c o m m o n ly  it  hops o r  w a lk s b e tw e e n  co n tigu ou s  

h e a d s . A lth ou gh  H . n an u lu s c o v e r s  c o n s id e r a b ly  m o r e  a r e a  p er  u n it  

t im e  than  m o s t  o f the o th er  s p e c ie s ,  it  ten d s to  c i r c le  about the a r e a  

r e p e a te d ly , v is it in g  the sa m e  f lo w e r s  on E . a lb o m a r g in a ta  and the sa m e  

h ea d s on  E . c a p it e l la ta . It w a s  m o r e  fr e q u e n tly  o b s e r v e d  on E . c a p i­

t e l la t a ; on th is  p lan t, it  w ou ld  v i s i t  s e v e r a l  f lo w e r s  w ith in  a h ead  w ith  

m in im a l m o v e m e n ts  b e tw een  th e f lo w e r s .  On s e v e r a l  o c c a s io n s ,  it  

w a s o b s e r v e d  to  f ly  ra p id ly  o v e r  p a tc h e s  o f E . a lb o m a r g in a ta  that la y  

b e tw e e n  E . c a p ite lla ta  p la n ts  and r e s u m e  fo r a g in g  on E . c a p ite l la ta .



91

P o lle n  g a th er in g  s e e m s  to b e a c c o m p lis h e d  by w a lk in g  o v e r  

a n th e r s , and r em o v in g  the p o lle n  th at a d h e r e s  to the p u b e sc e n c e  on  

the fo r e le g s  and m id le g s  and on  the v e n te r  o f the m e ta s o m a . T h ere  

i s  no d ig g in g  fr o m  the a n th e r s  w ith  the f o r e le g s  a s  in  the tw o s p e c ie s  

o f P e r d ita . F r o m  the s im i la r i t y  in  sh ap e of the sc o p a l lo a d  to th a t of 

P e r d ita , I in fe r  that the m id le g s  s c r a p e  la t e r a l ly  a c r o s s  the h in d le g s ,  

a s  w e l l  a s  the o b se r v e d  a n te r o -p o s te r io r  m o v e m e n t. A lth ou gh  

b ru sh in g  of the fa c e  w ith  the fo r e le g s  w a s o b s e r v e d , no m o v e m e n t of 

p o lle n  w a s  a s s o c ia t e d  w ith  it  and th u s it  a p p e a r s  to be p u re  g ro o m in g  

b e h a v io r .

I n tr a sp e c if ic  e n c o u n te r s  - both  b e tw e e n  fe m a le s  and b e tw e e n  

m a le s  and fe m a le s  - a r e  m o r e  p ron ou n ced  in  th is  s p e c ie s  than in  any  

o th e r . N o d if f e r e n c e s  in  b e h a v io r  w e r e  n oted  b e tw een  in te r - fe m a le  

and m a le - f e m a le  e n c o u n te r s , and both  w e r e  l e s s  than a se c o n d  in  

d u ra tio n . B e c a u s e  o f the ra p id ity  o f the e v e n ts  and the ten d en cy  o f  

p a ir s  to f a l l  to the grou n d , I do n o t know  if  m a le s  s u c c e e d e d  in  

cop u la tin g  w ith  the f e m a le s .  H o w e v e r , m a tin g s  of b r ie f  d u ra tio n  a r e  

n ot u n co m m o n  am on g  b e e s ,  and th e s e  in te r a c t io n s  p rob ab ly  h ave  a 

se x u a l fu n ctio n  (R ozen , p e r s .  co m m . ).

C. sq u a m ife r a

T h is  s p e c ie s  fo r a g e s  in  a m a n n er  d if fe r e n t  fr o m  a l l  the  

p r e c e e d in g  s p e c ie s .  F e m a le s  f ly  m o d e r a te ly  ra p id ly  o v e r  the f lo w e r s ,  

stop p in g  b r ie f ly  a t  m a n y  o f th em . I o b s e r v e d  no s y s te m a t ic  tu rn in g  

around  the f lo w e r ; th u s, it  d o e s  not s e e m  to s e a r c h  e v e r y  g land  fo r
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n e c ta r .  T he b ee  r a p id ly  b r u sh e d  the fo r e le g s  o v e r  the a n th e r s  tw o or  

th r e e  t im e s ,  a c c u m u la tin g  p o lle n  on the h a ir s  o f  the f o r e l e g s ,  and  

th en  p a s s e s  it  b a ck w a rd s by m e a n s  o f m id le g  and h in d leg  m o tio n s  

s im ila r  to th o se  a lr e a d y  d e s c r ib e d . D urin g  p o lle n  c o l le c t in g  b o u ts ,  

th is  se q u e n c e  o c c u r s  on e v e r y  f lo w e r  v is it e d .  S o m e b e e s  w e r e  s e e n  

c o l le c t in g  o n ly  n e c ta r ;  no le g  m o v e m e n ts  o th er  than w a lk in g  m o tio n s  

w e r e  o b s e r v e d  a t th e s e  t im e s .  A fte r  fo ra g in g  b ou ts  o f 30 to  60 s e c ,  

the b ee  ra p id ly  f l i e s  arou n d  the p lan t, e ith e r  le a v in g  or re tu rn in g  to  

the sa m e  p la c e  to  r e su m e  fo r a g in g . S co p a l p ack in g  m o v e m e n ts  a r e  

s e e n  d uring  th e s e  f l ig h ts .  A lth ou gh  so m e  u s e  o f the m o u th p a rts  on 

a n th e r s  w a s  o b s e r v e d , I co u ld  n ot d e te r m in e  w h eth er  th ey  w e r e  b ein g  

u s e d  fo r  p o lle n  c o l le c t io n  or ju s t  p o lle n  in g e s t io n .

A lth ou gh  m a le s  w e r e  abundant, in te r a c t io n s  b e tw e e n  m a le s  

and fe m a le s  w e r e  r a r e , and co p u la tio n  w a s  n e v e r  s e e n . On tw o  

o c c a s io n s ,  a m a le  a p p ro a ch ed  a fo r a g in g  fe m a le ;  he h o v e r e d  b r ie f ly  

d ir e c t ly  beh ind  and s l ig h t ly  ab ove h e r , w h ile  sh e  e le v a te d  h er  body  

on  ex ten d ed  l e g s ,  and f lic k e d  h er  m e ta so m a  up and dow n s e v e r a l  

t im e s .  H er b e h a v io r  w a s  a p p a ren tly  a r e je c t io n  s ig n a l, s in c e  the  

m a le  f le w  o ff r a p id ly .

N . h e lia n th i

The fo r a g in g  b e h a v io r  of th is  s p e c ie s  is  v e r y  s im ila r  to  th at of

C. s q u a m ife r a . It i s  c h a r a c te r iz e d  by the sa m e  a lte r n a t io n  o f b r ie f  

s to p s  on f lo w e r s  and eq u a lly  b r ie f  f l ig h ts  to n ea rb y  f lo w e r s .  D uring  

th e s e  b r ie f  f l ig h ts  b e tw e e n  n ea rb y  f lo w e r s ,  the b e e s  p ro d u ce  a  lou d ,



h ig h -p itc h e d  b u zz  that w a s  n ot h ea rd  w ith  an y  o f the o th er  s p e c ie s .

It i s  n o t know n if  th is  sound a cc o m p a n ie d  o th er  k in d s o f f lig h t  by  

N . h e lia n th i. S co p a l p ack in g  g e n e r a l ly  o c c u r s  during s lo w  f lig h ts  

o v e r  the p la n ts , d uring  w h ich  the m id le g s  rub a g a in s t  the h in d le g s .  

F r o m  the fr e q u e n c y  w ith  w h ich  p o lle n  w a s o b se r v e d  on the m id le g s  

d u rin g  p o lle n  c o l le c t in g  b o u ts , it  s e e m s  l ik e ly  that p o lle n  is  a c c u m u ­

la te d  th e r e  fr o m  the fo r e le g  s c r a p in g , and th en  p e r io d ic a lly  d e p o s ite d  

in  the sc o p a e .

A lth ou gh  m a le s  w e r e  co m m o n ly  o b s e r v e d , no m a tin g  a tte m p ts  

w e r e  s e e n .

The p o lle n  c a r r ie d  by N . h e lia n th i c h a n g es  in  c o lo r  fr o m  b r ig h t  

y e l lo w  to d ark  o ra n g e  a fte r  it  is  d e p o s ite d  in  the s c o p a e . F r e s h  

(y e llo w ) p o lle n  a p p e a r s  a s  a lig h t  d u stin g  on  the a n te r io r  d o r s a l  

s u r fa c e s  o f the p o lle n  load; the c o lo r  ch an ge e v id e n tly  o c c u r s  sh o r t ly  

a f te r  d e p o s it io n , s in c e  y e llo w  p o lle n  is  n e v e r  s e e n  on o th er  p a r ts  of 

the p o lle n  b a ll.  T h is  ch an ge i s  unique am on g the s p e c ie s  s tu d ied , and  

i s  p rob ab ly  a ttr ib u ta b le  to so m e  e f fe c t  of the liq u id  w ith  w h ich  the  

p o lle n  is  m ix e d  d uring  p ack in g .

D . p erp a rv u s

T h is  s p e c ie s  sp en d s l e s s  t im e  in fly in g  b e tw e e n  f lo w e r s  than  

a n y  o th er  s tu d ied , p r e fe r r in g  to w a lk  in s te a d . W hen in  f lig h t , 

in d iv id u a ls  of D . p e r p a r v u s  a r e  e a s i ly  d is t in g u ish e d  fr o m  m e m b e r s  

of the o th er  g e n e r a  o f b e e s  v is it in g  E u p horb ia  b e c a u s e  o f th e ir  

j i t t e r y ,  e r r a t ic  m o v e m e n ts .
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The fo r a g in g  b e h a v io r  o f th is  s p e c ie s  c o m b in e s  e le m e n ts  

s im ila r  to  s e v e r a l  o f the p r e c e e d in g  b e e s .  D . p e r p a r v u s  is  the on ly  

b e e , in  a d d itio n  to  the tw o s p e c ie s  o f  P e r d ita , to u t i l iz e  the v e r t ic a l  

p o s tu r e . U n lik e  the v e r t ic a l  p o s tu r e  of P e r d ita , h o w e v e r , the m e ta -  

so m a  is  c u r le d  arou n d  so  that the p y g id iu m  to u ch es  the u n d e r su r fa c e  

of the p e ta l, and  the m e s o s o m a  and head  a r e  b en t fo rw a rd  o v e r  the  

u p p er  s u r fa c e  of the f lo w e r , b r in g in g  the m a n d ib le s  a n d /o r  fo r e le g s  

in  co n ta c t w ith  the a n th e r s .  P o lle n  g a th e r in g  m a y  o c c u r  in  e ith e r  

the a s tr id e  or v e r t ic a l  p o s tu r e , and is  a c c o m p lis h e d  by a N o m a d o p sis  

- l ik e  sc r a p in g  m o tio n  o f the f o r e le g s .  T h is  m o tio n  i s  n ot a s  rap id  a s  

in  the la t te r .  In both  p o s tu r e s ,  the m a n d ib le s  a r e  a p p lied  to  the  

a n th e r s ,  and p o lle n  a c c u m u la te s  on the fa c e .

_E. sp . A .

E . sp . A  fo r a g e s  m o s t ly  on E . c a p ite l la ta ; o n ly  r a r e ly  did it  

v i s i t  E . a lb o m a rg in a ta  . In fo r a g in g , it  e ith e r  c i r c le s  around  an a r e a ,  

r e p e a te d ly  v is it in g  the sa m e  h e a d s , o r  it  L ie s  in  a l in e a r  path , s to p ­

ping on o c c a s io n a l  p la n ts  but p a s s in g  o v e r  o th e r s  w ith ou t stop p in g .

T he la t te r  b e h a v io r  i s  s ig n if ic a n t ly  m o r e  co m m o n . B e tw e e n  f l ig h ts ,  

i t  t r a v e r s e s  e a c h  h ead  in  a c u r io u s  g a it  that is  m id w a y  b e tw e e n  

running and f ly in g . E v en  during the lo n g e s t  f lo w e r  v i s i t s ,  it  r a r e ly  

s to p s  m o v in g . In the few  t im e s  w hen  it  i s  s ta t io n a r y , it  e n g a g e s  in  

g ro o m in g  o f the fa c e ,  m ou th p a rts  and fo r e le g s ;  th is  b e h a v io r  d o e s  not 

r e s u lt  in  p o lle n  t r a n s fe r .
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P o lle n  i s  g a th ered  on e a c h  v i s i t  to  a h ead  b y  a v e r y  rap id  

b ru sh in g  o f the fo r e le g s  o v e r  the h ea d  a s  the b ee  ru n s . The p o lle n  

a d h e r e s  to  d e n s e , s h o r t  co m b s o f h a ir  on the p r o fe m o r a  and p r o t ib ia e .  

It a p p e a r s  to be p a s se d  b a ck w a r d s  to  the m id le g s  and then  to  the  

h in d le g s  a t  e a c h  m o v e m e n t of the f o r e le g s .  T h is  co m b in a tio n  o f  

p o lle n  c o l le c t io n  and tr a n s fe r  w ith  lo c o m o tio n  i s  u ndoubted ly  r e s p o n ­

s ib le  fo r  the c lu m s y  and u n ev en  a p p e a r a n c e  of the g a it  o f ID. sp  A ; the  

u s e  o f the w in g s  w h ile  it  runs p ro b a b ly  h e lp s  it  k eep  it s  b a la n c e .

A n o th er  fe a tu r e  o f the running b e h a v io r  is  a freq u en t and  

s im u lta n e o u s  r a is in g  and lo w e r in g  o f both  h in d le g s . In the r a is e d  

p o s it io n , the le g s  a r e  ex ten d ed  v e r t ic a l ly  a b ove the m e s o s o m a , w h e re  

th ey  r e m a in  fo r  a v a r ia b le  p e r io d  o f t im e , up to  s e v e r a l  s e c o n d s .

T h is  b e h a v io r  w a s s e e n  in  m o s t  but not a l l  o b s e r v a t io n s  o f fo r a g in g .  

The fu n ctio n  o f  the le g - r a is in g  b e h a v io r  is  o b sc u r e ;  h o w e v e r , the  

o b se r v e d  fa c ts  that 1) a lth ou gh  m a le s  w e r e  abundant, no m a le - f e m a le  

in te r a c t io n s  o f any kind w e r e  s e e n ,  and 2) p o lle n  a c c u m u la te d  in  the  

sc o p a  d uring  p e r io d s  of the lo w e r e d  p o s it io n , s u g g e s t  that th is  

b e h a v io r  i s  so m eh o w  a s s o c ia t e d  w ith  sc o p a l p a ck in g , and not s e x u a l  

d is p la y . H o w ev er , the v a r ia b il ity  in  the o c c u r r e n c e  of the m o tio n  

du rin g  p o lle n  c o l le c t io n  is  d if f ic u lt  to u n d ersta n d  if  it  i s  a n e c e s s a r y  

p a r t  o f the p o lle n  c o l le c t in g  s e q u e n c e . A  s im ila r  b e h a v io r  h a s  b e e n  

d e s c r ib e d  fo r  P r o ta n d r e n a , an  u n r e la te d  s p e c ie s  o f  b ee  (R o zen , 1967).

A t  the end o f a fo r a g in g  b ou t, E . sp . A  f l i e s  b a ck  and fo r th  

s e v e r a l  t im e s  o v e r  the p la n ts  fr o m  w h ich  it  h a s  b e e n  fo r a g in g ,
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r a p id ly  r i s e s  to  a  h e ig h t  o f f iv e  o r  s ix  f e e t ,  and f l i e s  o ff in  a s tr a ig h t  

l in e ,  p r e su m a b ly  to w a rd s  it s  n e s t .

On th r e e  o r  fou r o c c a s io n s ,  b e e s  w e r e  s e e n  fo ra g in g  on  

E . a lb o m a r g in a ta . The b a s ic  p a ttern  w a s  s im ila r  to th a t s e e n  on  

E . c a p ite l la ta , but the r u n n in g -f ly in g  m o tio n  w a s  m o r e  rap id .

I n te r s p e c if ic  C o m p a r iso n s  

In o r d e r  to stu d y  the p a tte r n s  o f r e s e m b la n c e  am ong the s e v e n  

s p e c ie s  in  th e se  a s p e c t s  o f fo r a g in g  b e h a v io r , the p e r c e n ta g e  

s im ila r ity  o f e a c h  p a ir  of s p e c ie s  w a s  co m p u ted  (T ab le  14). T h e se  

f ig u r e s  w e r e  ob ta in ed  by stu d y in g  the data in  T ab le  13 fo r  ea ch  p a ir  

of s p e c ie s ;  the n u m ber o f  c h a r a c te r s  fo r  w h ich  the p a ir  sh ow ed  the  

sa m e  b e h a v io r  w a s d e te r m in e d , and then  c o n v e r te d  to  a p e r c e n ta g e  

o f the to ta l n u m b er o f c h a r a c te r s  in v o lv e d  (25). In F ig .  15, the 

p a ttern  of g r e a te r - th a n -a v e r a g e  s im ila r it y  is  sh ow n .

In g e n e r a l ,  the r e la t io n s h ip s  s e e n  in  F ig .  15 p a r a lle l  the 

ta x o n o m y  o f the b ee  s p e c ie s  in v o lv e d . A m on g  the p an u g in es g e n e r a ,  

the p a tte r n s  o f s im ila r it y  r e f le c t  the c o n c e p ts  o f p h y lo g e n e tic  

a ff in ity  that have b e e n  a d v a n ced  on m o r p h o lo g ic a l grou n d s (R ozen , 

p e r s .  c o m m . ). C . sq u a m ife r a  and N . h e lia n th i r e s e m b le  e a c h  o th er  

m o r e  c lo s e ly  than e ith e r  r e s e m b le s  H. n a n u lu s , and the tw o s p e c ie s  

o f P e r d ita  fo r m  a grou p  a p a r t  fr o m  the o th er  p a n u g in e s . The p o s it io n  

of E . sp . A  in  a d if fe r e n t  fa m ily  i s  r e f le c te d  in  it s  la c k  of stro n g  

r e s e m b la n c e  to m e m b e r s  o f tw o u n r e la te d  f a m il ie s .
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S u m m a ry

The fo r a g in g  b e h a v io r  o f b e e s  can  b e  d iv id ed  in to  g ro u p s  of 

b e h a v io r a l e le m e n ts  c o n c e r n in g  m o v e m e n ts  am on g  f lo w e r s  w ith in  the  

p la n t p o p u la tion , the a c q u is it io n , in g e s t io n  and tr a n sp o r t  o f p o lle n  

and n e c ta r , and the in te r a c t io n s  on the f lo w e r s  o f c o n s p e c i f i c s . 

A n a ly s is  o f the fo r a g in g  b e h a v io r  o f  e a c h  o f the s e v e n  s p e c ie s  o f b e e s  

stu d ied  h e r e  d is c lo s e s  the fo llo w in g  p a ttern s:  1) c e r ta in  b e h a v io r a l  

e le m e n ts ,  n o ta b ly  th o se  c o n c e r n in g  the m a n ip u la tio n  o f p o lle n , do 

n ot v a ry  in  fo r m  am on g  the s p e c ie s ;  2) o th er  e le m e n t s ,  a m a jo r ity  o f  

th o se  d e s c r ib e d , a r e  c h a r a c te r iz e d  by s e v e r a l  q u a lita t iv e ly  d if fe r e n t  

s ta te s  am on g  the b e e s ;  3) so m e  o f the s p e c ie s  o f b e e s  s tu d ied  h e r e  

h a v e  b e h a v io r a l p a tte r n s  unique to th e m s e lv e s  ( e . g .  , the le g - r a is in g  

b e h a v io r  o f E . sp . A ); 4) the p a tte r n s  of s im ila r ity  in  fo ra g in g  

b e h a v io r  am on g  the s p e c ie s  fo llo w  l in e s  o f ta x o n o m ic  a f f i l ia t io n .  T h is  

fin d in g  r a i s e s  the p o s s ib i l i t y  that fo r a g in g  b e h a v io r  can  be p r o fita b ly  

u s e d  a s  ad ju n ct to ta x o n o m ic  in v e s t ig a t io n s .
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T A B L E  10. S a m p le  s i z e s  fo r  e a c h  b e e  s p e c ie s .

N um b er T o ta l le n g th  M ean  o b se r v a t io n
O b se r v a tio n s  o b s e r v a t io n  t im e  t im e  p er  in d iv id u a l 

B e e  (m in) (m in)

P . m in im a 70 106. 2 1. 5

P . o b s c u r e lla 64 63 . 1 1. 0

H. nanulus 89 114. 8 1. 3

C . sq u a m ife r a 49 47 . 3 0. 9

N . h e lia n th i 59 60. 3 1. 0

D . p erp a rv u s 42 35. 3 0 .8

E . sp . A 62 81. 3 1. 3
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T A B L E  11. M o r p h o lo g ic a l c h a r a c t e r is t ic s  o f e a c h  b ee  s p e c ie s .

B e e

A v e r a g e  
L en g th , m m  S co p a l S co p a l 

(N) P o l le n  L o ca tio n
S co p a l
H a ir s

P .  m in im a 2. 7 (11) m o is t a n te r io r  s u r fa c e ,  

hind tib ia e

P . o b s c u r e lla  3. 3 (7) m o is t  a n te r io r  s u r fa c e ,

hind t ib ia e

H. n anulus 4. 3 (16) m o is t

C . sq u a m ife r a  4 . 9 (5) m o is t

N . h e lia n th i 5. 6 (10) m o is t

m od . d en se ;  

sh ort; th ick; 

s im p le  

m od . d en se ;  

sh ort; th ick ; 

s im p le  to  

sh o r t  b r a n c h e s  

a n te r io r  s u r fa c e ,  m od . d en se ;  

hind t ib ia e  and long; th ick;

b a s i t a r s i  sh o r t b ra n c h e s

a n te r io r  and d is ta l  m od . d en se ;  

p o s te r io r  s u r f a c e s ,  long; th ick; 

t ib ia e ; a n te r io r  s im p le  o f

s u r fa c e , b a s i t a r s i  sh o r t  b r a n c h e s  

a n te r io r  and d is ta l  m od . d en se  to  

p o s te r io r  s u r f a c e s ,  d en se ; long; 

hind t ib ia e ;  a n te r io r  th ick  to thin; 

s u r fa c e , b a s i t a r s i  long to  sh o r t

b r a n c h e s .
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T A B L E  11. C ontin ued .

A v e r a g e
L en g th , m m  S c o p a l S co p a l S co p a l

B e e  (N) P o l le n  L o c a tio n  H a irs

D . p er p a r v u s  3. 9 (11) d ry  h ind  c o x a e , fe m o r a , m od . d en se ;

tib ia e ; v e n te r  o f long; thin;

a b d o m en  h ig h ly  p lu m o se .

E . sp . A . 5. 2 (10) d ry  e n t ir e  hind v e r y  d en se ;

t ib ia e , lon g; th ick  to

b a s i t a r s i  thin; h ig h ly

p lu m o se
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T A B L E  IE. B e h a v io r s  co m m o n  to  a l l  b e e s  fo r a g in g  on  tw o s p e c ie s  

o f E u p h orb ia . In th is  and the su c c e e d in g  ta b le , the  

e le m e n ts  d e s c r ib e d  in  the g e n e r a l s e c t io n  on fo ra g in g  

b e h a v io r  h ave  b e e n  c lu s te r e d  in to  s ix  a s p e c t s  o f  

fo ra g in g  b e h a v io r .

A s p e c t  o f F o ra g in g C om m on  E le m e n t  o f B e h a v io r

G e n e r a l o r g a n iz a tio n  o f  

fo ra g in g  b eh a v io r  

F e e d in g

B e h a v io r  on f lo w e r s

P o lle n  C o lle c t io n

S co p a l P a ck in g  

I n tr a s p e c if ic  In te r a c t io n s

O c c u r r e n c e  o f g ro o m in g  p a u se s

N e c ta r  c o l le c t io n  on e v e r y  f lo w e r  v is ite d

P o lle n  c o l le c t io n  on so m e , but not a l l  

f lo w e r s  v is it e d .

U se  o f m a n d ib le s  fo r  in g e s t in g  p o lle n .

N one

U se  o f fo r e le g s  to  e x tr a c t  p o lle n .

T r a n s fe r  o f p o lle n  fr o m  f o r e le g s  to  

m id le g s  to h in d le g s .

No p o lle n  c o l le c t io n  on so m e  v is i t s  to 

f lo w e r s  w ith  fu ll a n th e r s .

O c c u r r e n c e  o f h in d leg  rub.

O c c u r r e n c e  o f fe m a le  ^-female in te r a c t io n s .



T A B  L E  13. E le m e n ts  of the fo ra g in g  b eh a v io r  of s e v e n  s p e c ie s  of b e e s  v is it in g  E u p h o rb ia . S ee  

" G en era l D e sc r ip tio n "  fo r  d is c u s s io n  of ea ch  e le m e n t.

B e h a v io r
P .  P.  H. C. N . D . E .

m in im a  o b sc u r e lla  nanulus sq u a m ifera  h e lia n th i p erp a rv u s  sp . A

G e n e r a l  O r g a n i z a t i o n  o f  F o r a g i n g  B e h a v i o r

T en d en cy  to v is i t

A djacen t, N onadj. f l s .  A

F o ra g in g  during tr a n s ie n t  

c lo u d in e ss :  C on tin u es, S to p s. C

G room in g  p a u se s:  R a r e ,

M od erate , F re q u en t M

Long n o n -fo r a g in g

f lig h ts :  Y e s , N o. N

H over  f lig h t  in  fr o n t of f l  b e fo r e  

landing: O ften , S o m e t im e s , N e v e r . N

A v . fo ra g in g  a r e a  p er  o b se r v a tio n  

(m 2 ) 0. 33

M

N

N

0 . 26

N N

M

N

O

1 . 96  0 . 8 6

N

M

0. 70

R R

N

N

0. 35 4.  30 o
tv



T A B L E  13. C ontinued.

B eh a v io r
P . P . H. C.  N . D. E .

M in im a o b sc u r e lla  nanulus sq u a m ife r a  h e lia n th i p erp a rv u s  sp . A

U su a l sh ape of a r e a  co v ered :

C ir c le ,  L in e .

P o lle n  ea tin g: w ith  P o lle n  

c o lle c t in g ;  S e p a ra te ly .

P o s tu r e  on f ls ;  A s tr id e ,

A n g led , V e r t ic a l.

D if fe r e n c e  in  p o s tu r e , p o lle n

v s .  n e c ta r  c o lle c t io n :  Y es, N o. Y Y

M otion  on fl: C ir c le ,  R o ta te ,

R un, S ta tio n a ry . C , R o , S  C , R o , S

C o lle c t  fr o m  a l l  a n th e r s  of ea ch

F e e d i n g

P S P S  

B e h a v i o r  o n  F l o w e r s

A s ,A n , A s ,A n  A s

V

A s A s  A s , V  A s

N N N N  N

S C,  Ro,  S Ru

fl: A lw a y s , S o m e t im e s , N e v e r . A N N



T A B L E  13. C ontinued

B e h a v io r
P . P . H. C. N. D. E .

m in im a  o b s c u r e lla  nanulus sq u a m ife r a  h e lia n th i p erp a rv u s  s p .A

B o d y  v ib ra tio n : Y e s , N o. Y

M otion  o f p a ire d  le g s :

T o g e th e r , A lte r n a te . T

In v o lv em en t o f head  and m e s o s o m a l  

v en ter  in  p o lle n  c o lle c t io n :  Y e s , N o. Y 

F a c e  c lea n in g  during p o lle n  

c o lle c t io n :  Y e s , N o. Y

U se  of m a n d ib le s  to  c o l le c t  

p o llen : Y e s , N o. Y

M o v em en t of m id le g s  a g a in s t  

h in d leg s: la te r a l  Rub, a n te r o ­

p o s te r io r  H it. R

Y N  N

P o l l e n  C o l l e c t i o n

N

N

N

N

Y?

N

N

N

N

N

N

N

N

N

R R R H H
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T A B L E  13. C ontinued

B eh a v io r
P . P . H. C. N . D. E .

m in im a  o b s c u r e lla  nanulus sq u a m lie r a  h e lia n th i p erp a rv u s  sp . A

S p eed  o f le g  m o v em en ts:

M o d era te , F a s t .  M

P e r fo r m a n c e  of h in d leg  rub: 

on F lo w e r , in  F l igh t, B oth .

M e ta so m a l m o tio n  w ith

h in d leg  rub: Y e s , N o. N

T em p o ra l p a ttern  o f sc o p a l pack in g

In te r m itte n t, C ontin uou s. I

S co p a l pack ing: on F lo w e r ,

in  A ir ,  B oth . F

M F  F  F

S c o p a l  P a  e k i n g

Fl o  F l o

N

B

M

Fl o

N

I n t r a s p e c i f  i c I n t e r a c t i o n

M ating on f ls :  Y e s , N o. N N ? + N N N N



T A B L E  13. C ontinued.

P . P . H. C. N . D. E .
B e h a v io r  m in im a  o b sc u r e lla  nanulus sq u a m ifera  h e lia n th i p erp a rv u s  sp . A

A v e r a g e  n u m b er in te r a c tio n s

p er  m in . . 11 . 38 . 2.0 .11 . 09 • 09 . 04

N um b er d isp la c e m e n ts  of 

o r ig in a l b ee  on f l / t o t a l

n u m ber in te r a c t io n s . 7/11 7 / 2 6  1 8 /2 2  2 /5  4 /5  0 /3  0 /3

+ S ee  s p e c ie s  d e s c r ip t io n s  fo r  exp la n a tio n .

H -*o
O'



T A B L E  14. P e r c e n ta g e  s im ila r ity  o f a l l  p a ir s  of s p e c ie s  fo r  the b e h a v io r a l e le m e n ts  l i s t e d  in  T ab le 13. 

S ee  te x t  fo r  m eth od  of com p u tation .

P . P . H. C. N. D. E .
m in im a  o b s c u r e lla  nanulus sq u a m ife r a  h e lia n th i p erp a rv u s  sp . A

P . m in im a

P . o b sc u r e lla 80 X = 45

H. nanulus 20 24 - -

C . sq u a m ifera 36 36 72

N . h e lia n th i 28 28 72 84

D. p erp a rv u s 64 56 32 36 36

E . sp . A 24 20 44 52 44  48
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F ig .  12

F ig . 13

F ig . 14

F ig . 15

F ig u r e  C ap tion s  

C h ap ter  5

A  fe m a le  P .  o b s c u r e l la  in  the a n g led  p o s it io n  on  a m a le -  

s ta g e  cy a th iu m  of E . a lb o m a r g in a ta .

A  fe m a le  N . h e lia n th i in  the a s tr id e  p o s it io n  on cy a th ia  of

E . a lb o m a r  g in a ta . The sc o p a l lo a d  i s  in  c o n ta c t  w ith  the  

s t ig m a  of a f e m a le - s t a g e  cy a th iu m .

A  fe m a le  P . m in im a  in  the v e r t ic a l  p o s it io n  on a cy a th iu m  

of E . a lb o m a r g in a ta . T h is  in d iv id u a l is  p a s s in g  p o lle n  fro m  

the f o r e le g s  to the m id le g s  p r e p a r a to r y  to d e p o s it in g  the 

p o lle n  in  the s c o p a e .

S p e c ie s  r e la t io n s h ip s  o f g r e a te r -th a n -a v e r a g e  p e r c e n ta g e  

s im ila r ity :  q u a lita tiv e  a s p e c t s  of fo ra g in g  b e h a v io r . D ata

fr o m  T ab le  14. C s = C . sq u a m ife r a ; Dp = D. p e r p a r v u s ;

Ea = E . sp . A ; Hn = H. n a n u lu s; Nh = N. h e lia n th i;

P m  = P . m in im a ; P o  = P . o b s c u r e lla .
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Pm - D p -------------------- E a -

Pcr
4 5 - 6 0 % “

6 0 - 7 5 % -

7 5 -  9 0 % °

Nlf

Hn
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C H A PT E R  6

FORAGING BEHAVIOR O F B E E S: T E M P O R A L  A SP E C T S

In the p r e v io u s  ch a p ter  the m o v e m e n ts  u se d  by the b e e s  to  

g a th er  p o lle n  and n e c ta r  fr o m  the f lo w e r s  and sp a t ia l a t tr ib u te s  su ch  

a s  the fo ra g in g  a r e a  s iz e  and sh ape w e r e  show n to  d iffe r  g r e a t ly  

am on g  the s p e c ie s .  In th is  s e c t io n , a s p e c t s  o f the tim in g  and seq u e n c e  

of the m o v e m e n ts  that c o n st itu te  fo ra g in g  b e h a v io r  a r e  e x a m in e d .

T he b ee  s p e c ie s  a r e  co m p a red  w ith  ea ch  o th er  in  o r d e r  to  d e te r m in e  

the im p o r ta n c e  o f s p e c ie s - s p e c i f i c  co m p o n en ts  o f b e h a v io r  and the  

e x te n t  to w h ich  the b e e s  resp o n d  b e h a v io r a lly  to the d if fe r e n c e s  in  

the b io lo g y  of tw o o f the p la n t s p e c ie s .

P o lle n  C o n sta n cy  of B e e s  

T ab le  15 d e m o n str a te s  that the s p e c ie s  s tu d ied  a r e  in d eed  

fo ra g in g  s o le ly  on E u p h o rb ia . G rant (1950) h a s  d efin ed  th o se  b e e s  

that c o l le c t  a s in g le  kind o f p o lle n  during  ea ch  fo r a g in g  'tr ip , but 

u t i l iz e  m a n y  k in d s of p o lle n  during th e ir  l i v e s ,  a s  ex h ib itin g  " c o n sta n ­

cy"  w ith  r e s p e c t  to th e ir  food  s o u r c e s .  A lth ou gh  D . p e r p a r v u s  is  

re p o r te d  to b e p o ly le c t ic  (M oldkenke, 1973; E ic k w o r t , p e r s .  c o m m .)  

it  c le a r ly  i s  co n sta n t  on E up horb ia  during  a g iv e n  p o lle n -c o l le c t in g  

tr ip . E x o m a lo p s is  sp . A  g e n e r a lly  a ls o  sh o w s a h ig h  d e g r e e  o f  

c o n sta n c y  to  E u p h o rb ia ; the d e c r e a s e  in  the p e r c e n ta g e  o f  E u p horb ia  

p o lle n  c o m p a red  to the o th er  s p e c ie s  w a s  c a u se d  b y  tw o in d iv id u a ls
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w ith  m ix e d  lo a d s  of p o lle n .  S in c e  no o th er  s o u r c e s  of in fo r m a t io n  for  

th is  s p e c i e s  a r e  a v a i la b le  to m e ,  I can not d e f in i t iv e ly  d e s c r ib e  th is  

s p e c i e s  a s  o l ig o le c t i c  or  p o ly le c t ic ;  h o w e v e r ,  the p r e s e n c e  of so m e  

in d iv id u a ls  not co n s ta n t  to E u p h orb ia  s tr o n g ly  s u g g e s t  ca th o lic  p o l le n  

p r e f e r e n c e s .  M o s t  o f  the s p e c i e s  o f  E x o m a lo p s is  that have  b e e n  

stu d ied  so  far  a r e  p o ly le c t ic  (R ozen , p er  s .  c o m m . ), and s o  it  i s  

l ik e ly  that th is  s p e c i e s  w i l l  p ro v e  so  w hen  b e t te r  s tud ied . S p e c im e n s  

of the p an urgine  s p e c i e s  in the c o l l e c t io n  of the A m e r ic a n  M u se u m  of  

N a tu r a l H is to r y  f r o m  lo c a l i t i e s  o th er  than th o se  s tu d ied  by  m e  w e r e  

c h e c k e d  fo r  the p r e s e n c e  of E u phorbia  po llen ; the data w e r e  p o o led  

w ith  the data fr o m  the o th er  s p e c im e n s  in  T able 6 . One in d iv idu a l  

of  P .  o b s c u r e l la  c a r r y in g  u n id en tif ied  p o l le n ,  and four in d iv id u a ls  

of N. h e lia n th i c a r r y in g  L e p id iu m  p o l le n  w e r e  found; the r e s t  c a r r ie d  

on ly  E uphorbia  p o l le n .  Only th r e e  or  four g r a in s  of f o r e ig n  p o lle n  

w e r e  found in the s c o p a e  of the r e s t  of the p an urgine  s p e c im e n s ,  and  

th is  p o l le n  w a s  f r o m  the sa m e  p lan t s p e c i e s  that con tr ib u ted  m o s t  of  

the w in d -b o r n e  p o l le n  d i s c u s s e d  in C hap ter  4. T hu s, it  i s  l ik e ly  that  

the fo r e ig n  p o lle n  g r a in s  w e r e  co n ta m in a n ts  b low n  onto E u phorbia  

p lan ts  and th ere  p ick ed  up by the b e e s .  E x te n s iv e  c o l le c t in g  of b e e s  

on a l l  o th er  p lan ts  in f lo w e r  a t  e a c h  s i t e  did not p rod u ce  a  s in g le  

f e m a le  c o l le c t in g  p o l le n  on p lan ts  o th er  than E u p h o r b ia . T h u s,  the  

m u s e u m  s p e c im e n s  c a r r y in g  pu re  lo a d s  of non - Eupho r b ia  p o lle n  m o s t  

l ik e ly  r e p r e s e n t  r a r e  in s ta n c e s  of d ep a r tu re  f r o m  o l ig o le c t y  on  

E u p horb ia .  The o c c a s io n a l  o c c u r r e n c e  of in d iv id u a ls  or  p op u la tion s
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o f  an  o l ig o le c t i c  s p e c i e s  c o l le c t in g  fo r e ig n  p o l le n  h a s  b e e n  d e s c r ib e d  

and d i s c u s s e d  in  d e ta i l  by  C ruden  (1972) and T horp  (1969). T hey  con cu r  

in  the o p in io n  that t h e s e  e v e n ts  u s u a l ly  r e p r e s e n t  p la s t ic  b eh a v io r  

during p e r io d s  o f  e x t r e m e  s t r e s s ,  and do not v it ia te  the c o n c e p t  of 

o l ig o le c t y .  T h u s,  the p an u rg in e  b e e s  a r e  o l i g o le c t i c  in the s e n s e  of  

u t i l i z in g  on ly  E u p horb ia  a t  m y  s tudy  s i t e s ,  a t  l o c a l i t i e s  throughout  

th e ir  g e o g r a p h ic a l  r a n g e s ,  and a t  l o c a l i t i e s  r e p o r te d  in the l i t e r a tu r e  

(R ozen , 1958; Shinn, 1967; T im b e r la k e ,  1956, 1 9 64a , 1964b).

The s a m p le  s i z e s  upon w h ic h  the fo l lo w in g  a n a ly s e s  a r e  b a se d  

a r e  show n  in  T ab le  16. It w a s  not p o s s ib l e  to in c lud e  in th is  study  

b e e s  fo ra g in g  on E . h y s s o p i f o l ia  b e c a u s e  of the v e r y  s m a l l  n u m ber of  

b e e s  that w e r e  s e e n  on th is  p lant.

The two p lan ts  on w h ich  fo ra g in g  w a s  e x t e n s iv e l y  o b s e r v e d  -

E .  a lb o m a r g in a ta  and E . c a p ite l la ta  - d if fe r  in th e ir  g ro w th  fo r m  and  

in  the a r r a n g e m e n t  of th e ir  cy a th ia .  On E . a lb o m a r g in a ta , the cya th ia  

a r e  d is tr ib u te d  m o r e  o r  l e s s  u n ifo r m ly  o v e r  the s u r fa c e  of a m a t ,  and 

thus w ith in  a m a t ,  th e r e  is  no c lu m p in g  o f  the b e e s '  food s o u r c e s .

On E . c a p ite l la ta ,  u n its  of ten  to tw en ty  cy a th ia  g r o w  in d e n s e  h ead s  

(F ig .  6 ); s e v e r a l  to m a n y  su ch  h ea d s  a r e  s c a t t e r e d  o v e r  the e r e c t ,  

s h o r t  b r a n c h e s  of e a c h  p lan t.  On E . c a p i t e l la t a , then , f lo r a l  food  

o c c u r s  in d e n s e  c lu m p s ,  and e a c h  c lu m p  (that i s ,  h ead ),  h as  ten  to  

tw en ty  t im e s  a s  m u c h  food a s  do the s e p a r a te  cya th ia  of_E. a lb o m a r g in a ta . 

B e e s  feed in g  on E . c a p ite l la ta  ca n  th u s ,  w ith  m in im a l  body m o tio n ,  

obtain  food  f r o m  s e v e r a l  c y a th ia ,  w h e r e a s  b e e s  feed in g  on E . a lb o -
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m a r g in a ta  m u s t  f ly ,  hop or  w a lk  w hen  the food of one cy a th iu m  is  

e x h a u s te d .  H o w e v e r ,  the d is ta n c e  that a b e e  m u s t  t r a v e l  b e tw e e n  

h ea d s  on E . c a p ite l la ta  is  m u ch  g r e a t e r  than the d is ta n c e  she m u s t  

c o v e r  b e tw e e n  cy a th ia  on E . a lb o m a r g in a ta . In th is  c h a p ter ,  the  

t e r m  "flow er v i s i t "  r e f e r s  to  the a c t  of fee d in g  fr o m  a un it  of f lo r a l  

food: in the c a s e  of E . a lb o m a r g in a ta , th is  is  one c y a th iu m , and in  

the c a s e  of E . c a p ite l la ta ,  th is  i s  one head .

D uring  a fo r a g in g  s e q u e n c e ,  a f e m a le  b ee  in t e r m in g le s  two  

c a t e g o r ie s  of b eh a v io r :  sh e  s to p s  a t  f lo w e r s  and c o l l e c t s  food , and  

she m o v e s  b e tw e e n  f lo w e r s .  In m o v in g  b e tw e e n  f lo w e r s ,  she can  w a lk  

or  hop b e tw e e n  a d ja c e n t  f l o w e r s ,  or  sh e  can  f ly .  " F lig h ts"  a r e  

d efin ed  a s  o c c a s io n s  w hen  the b e e  r i s e s  o ff  the s u r fa c e  of the plant  

and r e m a in s  a ir b o r n e  for  a t  l e a s t  0. 3 s e c ;  during "hops", the b ee  

r e m a in s  a t  the l e v e l  of the f lo w e r s ,  and the m o v e m e n t  ta k e s  l e s s  than

0. 3 s e c .  B e c a u s e  of the ra p id ity  of the h o p s ,  it  w a s  not p o s s ib l e  to 

m e a s u r e  th e ir  d u ration , and thus to s u b je c t  th em  to a n a ly s e s  c o m p a r ­

a b le  to th o se  of f lo w e r  v i s i t s  and f l ig h t s .  C o n s e c u t iv e  f lo w e r  v i s i t s  

a r e  d e f in ed  a s  th o se  in w h ich  the m o v e m e n t  b e tw e e n  f lo w e r s  i s  on ly  

by w alk in g  and h opping , a s  d e s c r ib e d  a b o v e .  The a m ou n t of t im e  

sp e n t  in e a c h  b e h a v io r a l  c a te g o r y  and the a r r a n g e m e n t  and r e la t iv e  

fr e q u e n c y  of e a c h  c a te g o r y  a r e  r e f l e c t io n s  of the w ay  in w h ich  ea ch  

b e e  sp en d s  the t im e  she h a s  a v a i la b le  for  fe e d in g .  T h e r e fo r e ,  in tr a -  

and i n t e r - s p e c i e s  c o m p a r is o n s  can  i l lu m in a te  the v a r ia b i l i ty  o f  su ch  

p a tte r n s  to be found am on g  o r g a n is m s  u s in g  s im i la r  r e s o u r c e s .
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F l ig h t  B e h a v io r  

T h r e e  a s p e c t s  of f l ig h t  b e h a v io r  can  be d is t in g u is h e d  for  

a n a ly s i s :  the f r e q u e n c y  w ith  w h ic h  f l ig h t  is  b egu n , the le n g th  of t im e  

sp en t  a lo f t  o n ce  f l ig h t  h a s  c o m m e n c e d ,  and the s e q u e n c e  in  w hich  

f l ig h ts  a r e  in te r p o la te d  b e tw e e n  f lo w e r  v i s i t s .  T h e s e  a s p e c t s  w i l l  be  

c o n s id e r e d  in turn .

F l ig h t  F r e q u e n c y

The p r o p o r t io n  of f l ig h ts  that c h a r a c t e r iz e d  e a c h  b e e -p la n t  

c o m b in a t io n  w a s  s tu d ied  by  tabu latin g  fo r  e a c h  o b s e r v a t io n  the n u m b er  

of v i s i t e d  f lo w e r s  and the n u m b er  o f  f l ig h ts .  T h e s e  n u m b e r s  w e r e  

su m m e d  w ith in  e a c h  b e e - p la n t  c a te g o r y ,  th e r e b y  g iv in g  a to ta l  

n u m b er  of m o v e m e n t s  and p e r m it t in g  the c a lc u la t io n  of the p ro p o r t io n  

of e a c h  m o v e m e n t  c l a s s .  The p r o p o r t io n  of f l ig h ts  - i . e . ,  f l igh t  

fr e q u e n c y  - ( f l i g h t s / f l ig h t s  p lus  f lo w e r  v i s i t s )  i s  g iv e n  in  T able 16; it  

m e a s u r e s  the ten d en cy  of the b e e s  to in it ia te  f l ig h t  w h i le  fo r a g in g .

The e q u a lity  o f  the f r e q u e n c ie s  fo r  e a c h  b ee  s p e c i e s  on the two p lan ts  

w a s  t e s t e d  by  a o n e - t a i l e d  t - t e s t  fo r  p e r c e n t a g e s  (Sokal and R ohlf ,  

1966). O nly  two b e e s  - P .  o b s c u r e l la  (P  = 0. 031) and H. nanulus  

(P  = 0. 004) - r e sp o n d  d i f f e r e n t ia l ly  to the two p lan ts  by a l t e r in g  the  

n u m ber  of f l ig h ts  r e la t iv e  to the nu m ber  of f lo w e r  v i s i t s .  In both  

c a s e s ,  the c lu m p in g  of the food on E . c a p ite l la ta  i s  a s s o c ia t e d  w ith  a  

g r e a t e r  fr e q u e n c y  of f l ig h t s .  The h ea d s  on th is  p lan t  a r e  r a r e ly  c l o s e  

en ou gh  to  p e r m it  w a lk in g  f r o m  one to a n o th er ,  w h e r e a s  w alk in g  and  

hopping b e tw e e n  cy a th ia  on E .  a lb o m a r g in a ta  i s  e a s y .  T h e r e fo r e ,  one
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w o u ld  e x p e c t  a h ig h e r  fr e q u e n c y  of f l ig h ts  in  b e e s  fo ra g in g  on E .

c a p ite l la ta .  The o th er  th r e e  s p e c i e s ,  h o w e v e r ,  did not a l t e r  th e ir

te n d e n c y  to f ly  w hen  fo r a g in g  on d if fe r e n t  p la n ts .  D i f f e r e n c e s  am on g

2the b e e s  w e r e  t e s t e d  s e p a r a te ly  fo r  e a c h  p lant by  m e a n s  of the X t e s t  

fo r  f r e q u e n c ie s  in S n e d e c o r  (1956). On e a c h  p lant, two of the bee  

s p e c i e s  d if fe r e d  s ig n i f ic a n t ly  f r o m  the o th er  four in f l ig h t  fr e q u e n c y .  

The u n ifo r m ity  of the v a lu e s  fo r  m o s t  of the s p e c i e s  on both  p lan ts  

is  n otew orth y; the ten d en cy  to b eg in  f l ig h t  r e m a in s  about the sa m e  

r e g a r d l e s s  of s i z e  d i f f e r e n c e s ,  b e h a v io r a l  v a r ia t io n ,  or ta x o n o m ic  

a f f i l ia t io n .

S eq u en ce  o f  F l ig h ts  and F lo w e r  V i s i t s

The f l ig h t  fr e q u e n c y  that c h a r a c t e r i z e s  e a c h  b e e -p la n t  c o m b in a t io n  

d o e s  not n e c e s s a r i l y  d e te r m in e  how  f l ig h ts  and f lo w e r  v i s i t s  a r e  

a lte r n a te d  during a fo ra g in g  bout. If, a f t e r  a f lo w e r  v i s i t ,  a b ee  

" d e c id es" ,  on a ran d om  b a s i s ,  w h e th e r  to w alk  to an a d ja c e n t  f lo w e r  

or  to f ly ,  the o b s e r v e d  n u m b er  of c o n s e c u t iv e  f lo w e r  v i s i t s  b e tw e e n  

f l ig h ts  w i l l  be s e t  by the b e e ' s  in h e r e n t  te n d e n c y  to f ly  (i. e .  , f l ig h t  

fr e q u e n c y ) ,  and w i l l  a p p r o x im a te  a g e o m e t r i c  d is tr ib u t io n  (W arburton,  

p e r s .  c o m m . ) ,  H o w e v e r ,  i f  she s u p e r im p o s e s  on the b a s ic  f l igh t  

fr e q u e n c y  a ten d en cy  to o r d e r  h er  a c t iv i t i e s  in  a s p e c i f i c  w a y , the  

d is tr ib u t io n  of n u m b e r s  of c o n s e c u t iv e  f lo w e r  v i s i t s  b e tw e e n  f l ig h ts  

w il l  d ep a r t  fr o m  the p r e d ic te d  g e o m e t r i c  d is tr ib u t io n .

A  c o m p a r is o n  o f  the e x p e c te d  and o b s e r v e d  d is tr ib u t io n s  of  

th is  quantity  for  e a c h  b e e -p la n t  c a te g o r y  i s  g iv e n  in F ig .  16. E x p e c te d
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v a lu e s  w e r e  c a lc u la te d  for  up to  f i f te e n  c o n s e c u t iv e  f lo w e r  v i s i t

s e q u e n c e s ;  b e c a u s e  long s e q u e n c e s  w e r e  r e la t iv e ly  r a r e ,  a l l  c a t e g o r ie s

a b o v e  s ix  c o n s e c u t iv e  v i s i t s  w e r e  lum ped  in  the g r a p h s .  D ep a rtu re

fr o m  the g e o m e t r i c  d is tr ib u t io n ,  and thus f r o m  the ran d om  a l te r n a t io n

2
of  f lo w e r  v i s i t s  and f l ig h ts ,  w a s  t e s t e d  b y  a X g o o d n e s s - o f - f i t  t e s t .

In a l l  the b e e - p la n t  co m b in a t io n s  e x c e p t  P .  o b sc u r e  11a on E . c a p i t e l ­

la ta ,  the o b s e r v e d  p a ttern  of c o n s e c u t iv e  f lo w e r  v i s i t s  d ep a rted  fr o m  

a ran d om  d is tr ib u t io n  w ith  a  p ro b a b il i ty  of l e s s  than 0. 005; in the  

la t t e r  c a s e ,  the d ep a rtu re  w a s  s ig n if ic a n t  a t  °< = 0. 05. Thus, no 

s p e c i e s  o r g a n iz e s  i t s  fo ra g in g  b e h a v io r  by ra n d o m ly  in t e r s p e r s in g  

f l ig h ts  and f lo w e r  v i s i t s ;  a l l  s p e c i e s  sh ow  a g r e a te r  ten d en cy  than  

e x p e c te d  to a l t e r n a te  f l ig h ts  and v i s i t s  to a  s in g le  f lo w e r .

The b e e s  v a r y ,  h o w e v e r ,  in th e ir  te n d e n c ie s  to fo r a g e  on  m an y  

f l o w e r s  u n in terru p ted ly ;  that i s ,  w ith  s o m e  b e e s ,  the o b s e r v e d  n u m b e rs  

o f  f i f te e n  and m o r e  c o n s e c u t iv e  f lo w e r  v i s i t s  w e r e  m a r k e d ly  g r e a t e r  

than e x p e c te d .  On E . a lb o m a r g in a ta ,  on ly  H. nanulus and P . m in im a  

fa i le d  to sh ow  th is  kind of b e h a v io r ,  but on  E . c a p i t e l la t a , on ly  one 

s p e c i e s  (E. sp .  A ) did fo r a g e  in long u nbroken  s e q u e n c e s .  The  

a r r a n g e m e n t  of f lo w e r s  in a con tinuous  f la t  la y e r  in E .  a lb o m a r in a ta  

e v id e n t ly  p e r m it s  the b e e s  to m o v e  fr o m  f lo w e r  to f lo w e r  w ithout  

in te r v e n in g  f l ig h t s ,  w h e r e a s  the s e p a r a te d  h ea d s  on E .  c a p ite l la ta  

m a k e  fr e q u e n t  f l ig h ts  m o r e  d if f ic u lt  to d is p e n s e  w ith . The fr e q u e n c y  

of long fo r a g in g  bouts  by  E . sp .  A  on E .  c a p ite l la ta  c a n  b e  a cco u n ted  

fo r  by  the p e c u l ia r  s e m i - f ly i n g  run (d e s c r ib e d  in  C hapter 5), w h ich
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e n a b le s  the b ee  to p a s s  b e tw e e n  n e ig h b o r in g  h ea d s  w ithout change of  

p a c e .

H. nanulus s ta n d s  out in t h e s e  data a s  fo ra g in g  in  a fu n d a m e n ­

ta l ly  d if fe r e n t  p a tte r n  fr o m  the o th e r s .  On E .  a lb o m a r g in a ta  (F ig .  16), 

th is  s p e c i e s  p r in c ip a l ly  m a k e s  s in g le  s to p s ,  and d is tr ib u te s  lo n g e r  

s e q u e n c e s  of v i s i t s  a l m o s t  u n ifo r m ly  am on g  the n e x t  la r g e r  c a t e g o r ie s .  

It v e r y  r a r e ly  in i t ia t e s  long  u n in terru p ted  s e q u e n c e s ;  the lo n g e s t  

o b s e r v e d  s e r i e s  w a s  e ig h t  f lo w e r s .  On E . c a p i t e l la t a , H. nanulus  

m a k e s  a lm o s t  nothing but s in g le  head  s to p s .  T h is  b ee  e x h ib it s ,  then,  

a s tr ik in g ly  r e g u la r  a l t e r n a t io n  of m o v e m e n t s .  The o th er  b e e s  

d is tr ib u te  th e ir  f lo w e r  v i s i t s  in a fo r m  m o r e  c l o s e l y  r e s e m b l in g  the  

sh a p e  o f  the g e o m e t r i c  d is tr ib u t io n ,  and d if fe r in g  f r o m  it  p r in c ip a l ly  

in  the p r e d o m in a n c e  o f  a s in g le  f lo w e r  s to p s .

In s u m m a r y ,  s e v e r a l  c o n c lu s io n s  can  be d raw n fr o m  the data  

on c o n s e c u t iv e  f lo w e r  v i s i t s .  1) The d i f f e r e n c e  in g ro w th  fo r m  

b e tw e e n  the two p lan t s p e c i e s  in f lu e n c e s  the o r g a n iz a t io n  of fo ra g in g  

b e h a v io r  in  s o m e ,  but not a l l  of the b e e  s p e c i e s .  2) S p e c i e s - s p e c i f i c  

b e h a v io r a l  c h a r a c t e r i s t i c s  ( e . g . ,  the running g a it  of E . sp .  A ,  the  

r e g u la r i ty  of m o v e m e n t  o f  H. nanulus)  can  o v e r s h a d o w  the im p o r ta n c e  

of the p lant m o r p h o lo g y  in d e te r m in in g  the p a ttern  of fo ra g in g  b e h a v io r .  

3) The n u m ber o f  f lo w e r s  v i s i t e d  in s e q u e n c e  d o e s  not a p p ear  to be a 

ra n d o m  v a r ia b le ,  and, in  fa c t ,  the u n iv e r s a l i t y  of s in g le  f lo w e r  s to p s  

a m o n g  the b e e s  in th is  s tu d y  s u g g e s t s  that th is  b e h a v io r  m a y  be a 

g e n e r a l  p r o p e r ty  of th e ir  fo ra g in g  b e h a v io r .
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T h e  A v e r a g e  D u ration  of F l ig h ts

The a v e r a g e  d u ra tion  of f l ig h ts  i s  a l s o  l i s t e d  in T ab le  16. The 

a v e r a g e  t im e  p er  f l ig h t  c a lc u la te d  fo r  e a c h  o b s e r v a t io n  w a s  l n - t r a n s -  

fo rm ed ;  th is  o p e r a t io n  p e r m it te d  the u s e  of p a r a m e tr ic  s t a t i s t i c a l  

t e s t s  in studying the s o u r c e s  o f  v a r ia t io n  o b s e r v e d  in  the d u ra tion  of  

f l ig h t .  A  M o d e l  I, tw o -w a y  anova  (a n a ly s is  of v a r ia n c e ) ,  for  un equa l  

and d isp r o p o r t io n a te  s a m p le  s i z e s  (bee s p e c i e s  and p lan t s p e c i e s  a s  

fa c t o r s )  w a s  p e r fo r m e d  in o r d e r  to a s s e s s  the r e la t iv e  im p o r ta n c e  of

1 ) s p e c i e s - s p e c i f i c  a s p e c t s  of b ee  b e h a v io r ,  2 ) m o d if ic a t io n  of b e e s '  

b e h a v io r  w ith  r e s p e c t  to p lant b io lo g y ,  and 3) id io s y n c r a t ic  in te r a c t io n  

b e tw e e n  the b e e  s p e c i e s  and the food p lan ts  in p rod u cin g  the o b s e r v e d  

v a r ia t io n s .  S in ce  the c o m p u ter  p r o g r a m  re q u ir e d  a l l  c e l l s  to be  

c o m p le te ,  I cou ld  not in c lu d e  the data fo r  P .  m in im a  and E . sp . A ,  

b e c a u s e  th e s e  b e e s  w e r e  e a c h  found fo ra g in g  on on ly  one of the two  

p lan t s p e c i e s .  R e s u l t s  of the anova a r e  g iv e n  in T able  18 (togeth er  

w ith  the r e s u l t s  of s im i l a r  a n a ly s e s  of o th er  c h a r a c t e r s  d i s c u s s e d  

b e lo w ) .  In o r d e r  to a s c e r t a i n  w h ich  b e e -p la n t  co m b in a t io n s  c o n t r i ­

buted  to the s ig n if ic a n t  e f f e c t s  o f  the fa c to r s  in the an o v a , a l l  p o s s ib le  

c o m p a r is o n s  am on g  the tw e lv e  b e e - p la n t  co m b in a t io n s  w e r e  m a d e ,  

on an  a p r io r i  b a s i s ,  b y  t - t e s t s  (a ls o  run by c o m p u te r ) .  R e s u l t s  of 

the t - t e s t s  a r e  g iv e n  in  F ig .  17A. F  v a lu e s  in  th is  and su b seq u en t  

a n o v a s  w e r e  a c c e p te d  a s  s ig n if ic a n t  if  th e ir  v a lu e s  cou ld  be a ttr ib u ted  

to ch an ce  a lo n e  w ith  a p r o b a b il i ty  of l e s s  than 5%. The s ig n i f ic a n c e  

l e v e l  fo r  the m u lt ip le  t - t e s t s  w a s  s e t  a t  P < 0 .  02, in o r d e r  to red u ce



the ch a n c e  of a T ype I e r r o r  am on g  the la r g e  n u m b e r  o f  c o m p a r is o n s .

A  c o m p a r is o n  of f l ig h t  f r e q u e n c y  and f l ig h t  d u ra tion  (T ab le  16) 

r e v e a l s  l i t t l e  r e la t io n s h ip  b e tw e e n  the two v a r ia b le s .  P .  m in im a ,  and  

P .  o b s c u r e  11a (on E . c a p i t e l la t a ) f ly  m o r e  fr e q u e n t ly  than the o th er  

b e e  s p e c i e s ,  but th ey  a r e  not d is t in g u is h e d  by e x t r e m e  len g th  or  

b r e v i ty  of f l ig h t .  Indeed , F ig .  17A d e m o n s tr a te s  that on E .  c a p i t e l la t a , 

P .  o b s c u r e l la  d o e s  not d if fer  s ig n i f ic a n t ly  in f l ig h t  d u ra tion  

f r o m  any  o th er  b e e .  Only in H. nanulu s  is  the ten d en cy  to in it ia te  

f l ig h t  cou p led  w ith  a ten d en cy  to r e m a in  in flight; th is  s p e c i e s  had both  

the h ig h e s t  f l ig h t  f r e q u e n c ie s  and the lo n g e s t  f l ig h t  t im e s  of a l l  s p e c i e s  

on both  p la n ts .

The b e e  s p e c i e s  fa c to r  s ig n i f ic a n t ly  c o n tr ib u te s  to v a r ia t io n  in  

f l ig h t  d u ra tion . It i s  e v id e n t  f r o m  F ig .  17A that the r e s u l t s  of the  

s t a t i s t i c a l  t e s t s  a r e  p r in c ip a l ly  a t tr ib u ta b le  to the b e h a v io r  of H. 

nanulus and P .  m in im a .  On E . a lb o m a r g in a ta , t h e s e  two s p e c i e s  of 

b e e  d if fe r e d  f r o m  the o th e r s  r e g a r d l e s s  of s i z e ,  ta x o n o m ic  a f f in ity ,  

or  s im i l a r i t y  o f  fo ra g in g  m o v e m e n ts  (C hapter 5). T h us, e x c e p t  for  

t h e s e  two s p e c i e s ,  f l ig h t  d u ra tion  is  a r e l a t iv e l y  co n s ta n t  quantity.

V a r ia t io n  in f l ig h t  d u ra tion  a t tr ib u ta b le  to th e  p la n ts '  grow th  

f o r m s  w a s  of m a r g in a l  s ig n i f ic a n c e .  In the an o v a , the p lant s p e c i e s  

fa c to r  con tr ib u ted  s ig n i f ic a n t ly  to v a r ia t io n  a t  the 5% le v e l .  T h is  

r e s u l t  w a s  a s s o c ia t e d  w ith  a d i f f e r e n c e  in the m e a n  d u ra tion  of 

f l ig h ts  (in the tw o p lan ts )  by C. s q u a m ife r a  that w a s  a l s o  s ig n if ic a n t  

a t  the 5% l e v e l ,  and thus not r e p o r te d  in F ig .  17A. I co n c lu d e  fr o m
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t h e s e  r e s u l t s  that the t im e  sp e n t  on e a c h  f l ig h t  is  n ot  u s u a l ly  a l t e r e d  

by  m o s t  b ee  s p e c i e s  in r e s p o n s e  to v a r ia t io n s  in  the food  p la n ts .  In 

oth er  w o r d s ,  o n ce  a b e e  h a s  b egu n  to f ly ,  sh e  ten d s  to  s ta y  in the a ir  

fo r  a p er io d  o f  t im e  w h o s e  le n g th  i s  s e t  by  fa c t o r s  o th er  than the  

d is ta n c e  b e tw e e n  f lo w e r s .

B e h a v io r  on F lo w e r s  

V a r ia b i l i ty  in  the t im e  that i s  sp en t  b y  a b e e  on e a c h  f lo w e r  

can  b e  r e la te d  to the v a r ia t io n  in the am ou n t of food  a v a i la b le  f r o m  

the f lo w e r s .  P r i o r  v is i ta t io n  b y  b e e s  or o th er  i n s e c t s ,  the a g e  of the  

f lo w e r ,  and t im e  s in c e  a n th er  d e h i s c e n c e ,  and the p r e s e n c e  o f  p lant  

p r e d a to r s  or  o th er  s o u r c e s  o f  p lan t  in ju ry  or  s t r e s s  w i l l  a l l  m o d ify  

the am ou n t of food a v a i la b le  fr o m  e a c h  f lo w e r .  (G hapters  3 and 7 

d e s c r ib e  the v a r ia t io n  in  the quantity of a v a i la b le  p o llen ; V a n s e l l  (1940) 

h as  id en t if ied  fa c t o r s  a f fe c t in g  n e c ta r  p ro d u ct io n  in  o th er  s p e c i e s  of  

E u p h o r b ia . ) Im p o sed  on th is  v a r ia t io n  in  food  l e v e l  a m o n g  the f lo w e r s  

of e a c h  p lant s p e c i e s  a r e  the e f f e c t s  of the d i f f e r e n c e s  in  s i z e  and  

a r r a n g e m e n t  of cy a th ia  am o n g  r e la te d  s p e c i e s .  The s i z e  o f  the  

a n th e r s  and n e c t a r i e s ,  and the n u m b er  of a n th e r s  p e r  cy a th iu m , w e r e  

r e p o r te d  in T a b le s  3 and 6 , and the d i f f e r e n c e s  in  g ro w th  fo r m  

g e r m a n e  to th is  in v e s t ig a t io n  w e r e  d e s c r ib e d  a t  the b eg in n in g  of th is  

ch a p te r .  S in ce  food (n ec ta r  a n d /o r  p o l le n )  i s  c o l le c t e d  co n t in u o u s ly  

by a b e e  during a f lo w e r  v i s i t ,  v a r ia t io n  in  the quantity  o f  t im e  a l lo te d  

by a  b e e  to e a c h  f lo w e r  r e f l e c t s  i t s  f l e x ib i l i t y  in d ea lin g  w ith  the ran ge
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o f food  le v e l s  en co u n tered .

Two a s p e c t s  of the t im e  sp en t  p er  f lo w e r  a r e  d i s c u s s e d  in  th is  

s e c t io n .  1) F r e q u e n c y  h is t o g r a m s  of the t im e  sp en t on  a f lo w e r  by  

the in d iv id u a ls  o f  e a c h  b ee  s p e c i e s  a r e  u s e d  to e x a m in e  the r e s p o n s e s  

of  the b e e s  to the v a r ia t io n  en co u n te r e d  on e a c h  s p e c i e s  of plant.

2) C o m p a r is o n s  of the m e a n  len g th  of t im e  sp en t  on a f lo w e r  a r e  u se d  

to d etect:  a .  c h a n g e s  in b e h a v io r  f r o m  one p lant s p e c i e s  to the o th er ,  

and b. v a r ia t io n  a m o n g  the b e e s  on e a c h  s p e c i e s  of p lant.

F r e q u e n c y  H is to g r a m s

The fr e q u e n c y  h is t o g r a m s  of t im e  sp en t  on a f lo w e r  a r e  show n  

in  F ig .  18. The data f r o m  a l l  in d iv id u a ls  of a b e e - p la n t  c a te g o r y  w e r e  

p o o led  in c o n s tr u c t in g  th is  f ig u r e ,  so  the s a m p le  s i z e s  in the f ig u re  

a r e  for  the to ta l  n u m ber  of f lo w e r  v i s i t s .  The f lo w e r  v i s i t  t im e s  

(m e a s u r e d  w ith  an  a c c u r a c y  of 0. 1 s e c ;  s e e  C hapter 2) a r e  grou p ed  

in to  c l a s s e s  of 0. 3 s e c .

Two p a tte r n s  of r e s p o n s e  can  be d is c e r n e d  fr o m  the data in  

F ig .  18, n a m ely :  1) e a c h  s p e c i e s  of b ee  h a s  a c h a r a c t e r i s t i c  ran ge  

o v e r  w h ich  it v a r i e s  the t im e  exp en d ed  on a f lo w e r ,  and 2 ) w ith in  

th is  r a n g e ,  m o s t ,  but not a l l ,  of the b e e  s p e c i e s  m o d ify  the v a r ia b i l i ty  

of th is  b e h a v io r  in  go ing  fr o m  one p lant s p e c i e s  to a n o th er .  T h e s e  

two f a c e t s  o f  v a r ia t io n  in the le n g th  of f lo w e r  v i s i t s  a r e  r e a d i ly  i l l u s ­

tr a te d  by com p an in g  the g ra p h s  for  N. h e l ia n th i , and D. p e r p a r v u s .

On both  p la n ts ,  N. h e l ia n th i  a l t e r s  it s  b e h a v io r  fr o m  f lo w e r  to f lo w e r  

far  l e s s  than d o e s  D. p e r p a r v u s ;  n e v e r t h e l e s s ,  in both  s p e c i e s  of b e e s ,
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th e r e  is  an in c r e a s e  in the d i s p e r s io n  of f lo w e r  v i s i t  t im e s  on  

E . c a p i t e l la t a , a s  c o m p a r e d  to E . a lb o m a r g in a ta .

The sp r e a d  o f  f lo w e r  v i s i t  t im e s  that ty p if ie s  e a c h  s p e c i e s  of  

b e e  can  be r e la te d  to s o m e  of the q u a lita t iv e  a s p e c t s  of fo ra g in g  

d e s c r ib e d  in  C hapter 5. C h an ges  of body  p o s tu r e  on the f lo w e r s ,  the  

r a p id ity  of le g  m o v e m e n t s ,  the ex a m in a t io n  by the b ee  of e a c h  an th er  

and n e c ta r y ,  a l l  a f f e c t  the t im e  re q u ir e d  to e x tr a c t  the food fr o m  the 

f l o w e r s .  P .  o b s c u r e l l a , P .  m in im a , and D. p e r p a r v u s  a l l  a s s u m e  the  

v e r t i c a l  p o s tu r e  for  p o l le n  fo r a g in g ,  but c o l l e c t  n e c ta r  in the a s t r id e  

o r  a n g le d  p o s i t io n s ,  and th ey  e x a m in e  a l l  the a n th e r s  of e a c h  f lo w e r  

b e fo r e  p a s s in g  to a n o th er .  The f le x ib i l i t y  en g e n d e r e d  by th is  b e h a v io r  

p a tte r n  i s  r e f l e c t e d  in the e x t r e m e  ran ge  of v a lu e s  o b s e r v e d  for  th e s e  

b e e s ;  P .  m in im a  w a s  s e e n  to spend  l e s s  than 0. 5 s e c  on a f lo w e r ,  and  

a l s o ,  on a few  o c c a s io n s ,  a m in u te  on a s in g le  cy a th iu m  of  E . a l b o ­

m a r g in a ta .  T hus, t h e s e  b e e s  h ave  the c a p a c i ty  to a d ju st  the t im e  

sp e n t  p e r  f lo w e r  to the quantity  (and p erh a p s  quality )  o f  the r e s o u r c e s  

found th e r e .  On the o th er  hand, N. h e l ia n th i  b r u s h e s  i t s  f o r e l e g s  o v e r  

the a n th e r s  so  rap id ly  that the m o v e m e n ts  a p p ea r  lik e  a b lur; it  on ly  

f o r a g e s  a s t r id e  the f l o w e r s ,  and r a r e ly  in s p e c t s  a l l  the n e c t a r i e s  and  

op en  a n th e r s  a t  e a c h  s top . Its fo ra g in g  b eh a v io r  i s  thus fa ir ly  

c o n s ta n t ,  r e g a r d l e s s  of the v a r ia t io n s  it  e n c o u n te r s  f r o m  f lo w e r  to 

f lo w e r .  The im p lic a t io n  of t h e s e  o b s e r v a t io n s  i s  that N. h e lia n th i  

(and the o th er  s p e c i e s  that fo r a g e  l ik e  it) d o e s  not c o l l e c t  a l l  the 

a v a i la b le  food fr o m  e a c h  f lo w e r ,  but that the s p e c i e s  of P e r d i ta  (and
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o t h e r s  l ik e  th em ) p ro b a b ly  do ob ta in  m o s t  or  a l l  of the food  a t  e a c h  

f lo w e r  v i s i t .

M ea n  D u ra t io n  o f  F lo w e r  V is i t s

The a v e r a g e  va lu e  of t im e  sp en t  on e a c h  f lo w e r  w a s  c a lc u la te d  

fo r  e a c h  o b s e r v a t io n  of a fo ra g in g  b e e ,  and the m e a n s  in e a c h  b e e -  

plan t c a te g o r y  (a fter  t r a n s fo r m a t io n  to th e ir  n a tu ra l lo g a r i th m s )  w e r e  

c o n tr a s te d  w ith  e a c h  o th er  in  a tw o -w a y  anova  and in m u lt ip le  t - t e s t s  

(as  d e s c r ib e d  a b o v e  fo r  f l ig h t  d uration ) .  The r e s u l t s  of the a n a ly s e s  

a r e  g iv e n  in T a b le s  17 and 18, and F ig .  17B.

F ou r  of the f iv e  s p e c i e s  that fo r a g e d  on both  p lan ts  le n g th en  

the t im e  sp en t  p e r  f lo w e r  on Eh c a p ite l la ta  o v e r  that on E .  a lb o m a r g i - 

nata (F ig .  17B , lo w e r  le f t -h a n d  quadrant). T h is  in c r e a s e  is  undoubt­

ed ly  r e la te d  to the g r e a t e r  a m ou n t of food  p r e s e n t  on a h ead  of E .  

c a p ite l la ta  than on  the s in g le  cy a th iu m  of E . a lb o m a r g in a ta . T his  

r e s u l t  i s  s im i l a r  to that ob ta in ed  in the s tudy  of the d is tr ib u t io n  of  

f lo w e r  t im e s .  T h us, m o s t ,  but not a l l  of the b ee  s p e c i e s ,  can  m o d ify  

both  the ran ge  and a v e r a g e  va lu e  of the am ou n t of t im e  sp e n t  on  a 

f lo w e r  on d if fe r e n t  s p e c i e s  of p lant.

The b e h a v io r a l  p la s t i c i t y  in  t im e  sp en t  p er  f lo w e r  o c c u r s  

w ith in  the co n te x t  of s ig n if ic a n t  d i f f e r e n c e s  am on g the s p e c i e s .  Som e  

b e e s  (for e x a m p le ,  P .  o b s c u r e l l a ) s ta y  for  a r e la t iv e ly  long  t im e  on  

e a c h  f lo w e r ,  ju s t  a s  o th e r s  (for e x a m p le ,  N. h e lian th i and C. s q u a m i- 

f e r a )  b a r e ly  s ta y  a t  a l l .  The p e r v a s i v e n e s s  of i n t e r - s p e c i e s  d i f f e r e n c e s  

a r e  a p p a ren t  in  F ig .  17B (upper l e f t  and lo w e r  r ight q u and ran ts) .



127

The r e s u l t s  of the fo r e g o in g  a n a ly s e s  of the b e h a v io r  in  f l ig h t  

and on f lo w e r s  can  be s u m m a r iz e d  a s  fo l lo w s :

1. E a c h  b e e  s p e c i e s ,  e x c e p t  C. s q u a m i f e r a , m o d i f i e s  both  

the ra n g e  and a v e r a g e  a m o u n t  of t im e  d ev o ted  to g a th er in g  food fr o m  

a f lo w e r  a s  it  g o e s  b e tw e e n  d i f f e r e n t  s p e c i e s  of p la n ts .

2. N one of the s p e c i e s  of b e e s  a l t e r  the d u ra tion  bf f l ig h ts  

b e tw e e n  f lo w e r s  on the two p la n ts .

3. H o w e v e r ,  s o m e  s p e c i e s ,  but not a l l ,  m o d ify  the f r e q u e n c y  

w ith  w h ich  th ey  un d ertak e  f l ig h t ,  and r e a r r a n g e  the s e q u e n c e  of  

f lo w e r  v i s i t s  and f l ig h ts  w hen  fo ra g in g  on  d if fe r e n t  s p e c i e s  of p la n ts .

4. The t im e  sp e n t  on a f lo w e r  i s  a m u c h  m o r e  s e n s i t iv e  

in d ic a to r  of in t e r s p e c i f i c  d i f f e r e n c e s  in  fo ra g in g  b e h a v io r  than i s  

t im e  sp en t  p er  f l ig h t  or the f r e q u e n c y  of f l ig h t s .

5. The on ly  c h a r a c t e r i s t i c  of fo ra g in g  b e h a v io r  that a p p e a r s  

u n ifo r m ly  in a l l  b e e s  i s  the te n d e n c y  to a l t e r n a te  f l ig h ts  w ith  v i s i t s  

to s in g le  f lo w e r s .  O t h e r w is e ,  no two s p e c i e s  o f  b ee  fo r a g e  in  the  

s a m e  w a y  on e i th e r  s p e c i e s  o f  p lant.

F o r a g in g  P e r fo r m a n c e

The v a r io u s  a s p e c t s  o f  fo r a g in g  p a tte r n  d i s c u s s e d  so  fa r  

in t e r a c t  w ith  e a c h  o th er  in  d e te r m in in g  two m e a s u r e s  of o v e r a l l  

fo r a g in g  p e r fo r m a n c e ,  n a m e ly ,  the p e r c e n ta g e  of the to ta l o b s e r v a t io n  

t im e  of e a c h  in d iv idu a l that i s  sp en t  on f lo w e r s ,  and the e x tr a p o la te d  

fo r a g in g  ra te  in  n u m b er  of f lo w e r s  p e r  m in u te .  B o th  m e a s u r e s  a r e
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a f f e c t e d  by the t im e  sp en t  p er  f lo w e r ,  the t im e  sp en t  p e r  f l ig h t ,  and  

the d is tr ib u t io n s  of t h e s e  e v e n ts  d i s c u s s e d  above; the m e a s u r e s  a l s o  

r e f l e c t  the ten d en cy  of the b e e s  to in te r a c t  w ith  e a c h  o th e r ,  and to 

a l ig h t  on l e a v e s ,  r o c k s ,  e t c .  a s  d e s c r ib e d  in C hap ter  5. B oth  

m e a s u r e s  w e r e  s tu d ied  a s  w e r e  the t im e  p er  f lo w e r  and the t im e  p er  

flight; that i s ,  tw o -w a y  a n o v a s  on the I n - t r a n s fo r m e d  v a lu e s  fo r  e a c h  

o b s e r v e d  b e e  w e r e  u s e d  to id en t ify  the s ig n i f ic a n t  s o u r c e s  of v a r ia t io n  

(T a b le s  17 and 18), and m u lt ip le  t - t e s t s  p in poin ted  the b e e - p la n t  

c o m b in a t io n s  r e s p o n s ib le  for  the v a r ia t io n  ( F ig s .  17C and D). 

P e r c e n t a g e  of T im e  Spent F o r a g in g

T h is  quantity , c a lc u la te d  fo r  e a c h  o b s e r v a t io n  a s  "100 ( t im e  

sp en t  on e a c h  f lo w e r / t o t a l  len g th  of o b s e r v a t io n  t im e  ( s e c )  ), " i s  a 

m e a s u r e  of the e f f ic ie n c y  w ith  w h ich  e a c h  b e e  u s e s  it s  fo ra g in g  t im e .  

S in ce  it w a s  not p o s s ib l e  to m e a s u r e  c a lo r ic  (or o th er  n utr ien t)  in tak es  

and e x p e n d itu r e s ,  it  w a s  not p o s s ib l e  to study  v a r ia t io n s  in e n e r g e t ic  

e f f ic ie n c y .  H o w e v e r ,  th e s e  b e e s  n eed  t im e  to c o n s tr u c t  n e s t s  and  

c e l l s ,  p r e p a r e  the p r o v i s io n s ,  p r e v e n t  the en tr y  of p a r a s i t e s  and  

p r e d a to r s ,  m a te ,  and t r a v e l  fr o m  the n e s t  to the food p la n ts ,  and so  

the e f f ic ie n t  u s e  of the t im e  d ev o ted  to fo ra g in g  m u s t  be a t  l e a s t  a s  

im p o rta n t  a s  the e f f ic ie n t  u s e  of c a l o r i e s .

It m ig h t  be  e x p e c te d  that the in f lu en ce  of p lan t b io lo g y  w ould  

o u tw e ig h  d i f f e r e n c e s  am o n g  the b e e  s p e c i e s  in  the p e r c e n ta g e  o f  t im e  

s p en t  on f lo w e r s ,  and that th e r e  w ould  be l e s s  in t e r s p e c i f i c  d iv e r g e n c e  

in th is  c h a r a c te r .  T h e se  e x p e c ta t io n s  a r e  b a s e d  on the fo llo w in g
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r e a s o n s :  1) It i s  g e n e r a l ly  a s s u m e d  that n a tu ra l s e le c t io n  m a x im i z e s  

the food in take p e r  u n it  t im e  in the in t e r e s t s  of e f f ic ie n c y  (Cody, 1974; 

E m le n ,  1966; P u l l ia m ,  1974). 2) B e c a u s e  th e r e  i s  m o r e  food to be

ga in ed  on a h ead  of E .  c a p ite l la ta  than on a cy a th iu m  of E .  a l b o m a r ­

g in a ta ,  one w ould  e x p e c t  the p ro p o r t io n  of t im e  sp en t  on f lo w e r s  of 

E . c a p ite l la ta  to be g r e a t e r  than on E . a lb om a r g ina ta ( l e s s  f l ig h t  

should  be n e c e s s a r y  to ga th er  an  eq u iv a le n t  am ou n t of food  p e r  unit  

t im e ) .  3) In a sm u ch  a s  food is  b e in g  a c q u ir e d  w h ile  the b e e  i s  on a 

f lo w e r ,  the p ro p o r t io n  o f  t im e  sp en t  on f lo w e r s  cou ld  b e  e x p e c te d  to  

be m a x im iz e d  by a l l  b e e  s p e c i e s ,  r e s u lt in g  in few  s ig n if ic a n t  

d i f f e r e n c e s  am o n g  th em . T h is  a p p ro a ch  to the a n a ly s i s  of o p t im a l  

b eh a v io r  - a s e a r c h  fo r  s im i l a r i t y  or  c o n v e r g e n c e  am on g  o r g a n is m s  

that a r e  a l l e g e d ly  u s in g  s o m e  r e s o u r c e  in an  o p t im a l  fa s h io n  - i s  

a n a lo g o u s  to that p r o p o s e d  by Cody (1974).

The r e s u l t s  r e p o r te d  in T a b le s  17 and 18 and F ig .  17C do not  

c o n fo rm  to th e s e  e x p e c ta t io n s .  No s p e c i e s  a l t e r s  the p r o p o r t io n  of  

i t s  to ta l  fo r a g in g  t im e  that is  d evo ted  to food a c q u is i t io n ,  w hen  

fo ra g in g  on d if fe r e n t  p lant s p e c i e s  (F ig .  17C, lo w e r  le f t -h a n d  quadrant;  

T able  18, p lan t  s p e c i e s  fa c to r  in  the an ova).  In o th er  w o r d s ,  no b e e  

"takes ad van tage"  of the c lum p in g  o f  food on the h ea d s  of E . c a p i t e l ­

lata  to in c r e a s e  the p ro p o r t io n  of it s  fo ra g in g  t im e  that r e s u l t s  in food  

a c q u is i t io n .  R a th e r ,  e a c h  b e e  s p e c i e s  d e v o te s  a c h a r a c t e r i s t i c  

p ro p o r t io n  of it s  fo ra g in g  t im e  to b e ing  on f lo w e r s ,  r e g a r d l e s s  of  

p lant. T h is  b e h a v io r a l  c o n s ta n c y  i s  p a r t ic u la r ly  w e l l  m a r k e d  in
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P .  o b s c u r e l la  and H. n a n u lu s . T hus, the b e e s  show  p a tte r n s  of 

r e s p o n s e  d ia m e t r i c a l ly  o p p o se d  to th o se  e x p e c te d  on the a s s u m p t io n  

that food  intake p e r  unit t im e  i s  m a x im iz e d  by n a tu ra l s e le c t io n .

A  m o r e  d ir e c t  c o m p a r is o n  of the r e la t iv e  a m o u n ts  o f  t im e  

sp e n t  t r a v e l l in g  b e tw e e n  f lo w e r s  and obtain ing food fr o m  f lo w e r s  can  

b e m a d e  by c a lc u la t in g  the ra t io  "% of t im e  sp en t f o r a g in g /% of t im e  

s p e n t  t r a v e l l in g .  " The p e r c e n ta g e  of t im e  sp en t tr a v e l l in g  is  100 - 

% fo r a g in g  t im e;  it  in c lu d e s  the t im e  sp en t  f ly in g ,  hopping and  

w a lk in g ,  t im e  sp en t  s it t in g  on r o c k s ,  e t c .  and g r o o m in g ,  and t im e  

s p e n t  in te r a c t in g  w ith  o th er  in d iv id u a ls .  The r a t io s  a r e  tabu lated  in  

T ab le  17. The ra t io  i s  c o m p a r a b le  to the " p u r s u i t / s e a r c h "  ra t io  u s e d  

b y  e c o l o g i s t s  stud ying  the fo ra g in g  e c o lo g y  of a n im a ls  w ith  v a r ie d  

d ie t s  (M acA rth ur and P ia n k a , 1966; S c h o e n e r ,  1971). W hile it  is  c l e a r  

that a l l  b e e s  sp en d  a g r e a t e r  p ro p o r t io n  of th e ir  t im e  e x tr a c t in g  food  

f r o m  f lo w e r s  than s e a r c h in g  fo r  f lo w e r s  to v i s i t ,  it  is  eq u a lly  c l e a r  

that the m agn itu d e  of the ra t io  v a r i e s  g r e a t ly  am on g  the s p e c i e s .  The 

s p e c i e s  w ith  the h ig h e s t  ra t io  - D. p e r p a r v u s  - is  a p o ly le g e ,  and, the  

one w ith  the lo w e s t  ra t io  - H. nanulus - i s  an  o l ig o le g e  o f  E u p h o r b ia .

B y  th is  c r i t e r io n ,  then, the p o ly le c t ic  b ee  i s  m o r e  e f f ic ie n t  in u s in g  

i t s  fo r a g in g  t im e  on E u phorbia  than i s  a b e e  that has e v o lv e d  a s t r i c t  

d e p e n d e n c e  on  t h e s e  p la n ts .  T h is  find ing is  c e r ta in ly  c o n tr a r y  to the  

g e n e r a l  a s s u m p t io n  that a " j a c k - o f - a l l - t r a d e s  i s  m a s t e r  o f  n on e. "

The o th e r  p o ly le g e ,  E . sp . A ,  i s  one o f  the l e a s t  e f f ic ie n t  s p e c i e s .  

T h u s,  th e r e  s e e m s  to be no c o r r e la t io n  b e tw e e n  food p lan t s p e c i f i c i t y
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an d  the r e la t iv e  e f f ic ie n c y  w ith  w h ic h  b e e s  o r g a n iz e  the e l e m e n t s  of  

th e ir  fo ra g in g  t im e .  (It m a y  w e l l  b e ,  of c o u r s e ,  that the o l i g o le g e s  

can  m e ta b o l iz e  E up horb ia  p o l le n  m u c h  m o r e  e f f ic ie n t ly  than the  

p o ly l e g e s ,  and thus u s e  th e ir  r e s o u r c e s  m o r e  c o m p le te ly ;  e f f ic ie n c y  

of th is  k ind, h o w e v e r ,  w ould  not be e x p e c te d  to p r o m o te  in e f f ic ie n t  

fo r a g in g  p a t te r n s .  It i s  a l s o  p o s s i b l e  that the o l i g o le g e s  ob ta in  m o r e  

food  fr o m  e a c h  f lo w e r  p e r  u n it  e f fo r t  or  t im e  than do the p o ly le g e s .  

H o w e v e r ,  D. p e r p a r v u s  c o l l e c t s  food  fr o m  e v e r y  a n th er  and n e c ta r y  

on e a c h  c y a th iu m , w h e r e a s  H. n a n u lu s , N . h e lia n th i and C. s q u a m i- 

f e r a  do not, and so  th is  p o s s ib i l i t y  is  a l s o  u n lik e ly .  ) F u r th e r m o r e ,  

c l o s e l y  r e la te d  s p e c i e s  ( e . g .  , P .  o b s c u r e l la  and P .  m in im a )  a r e  m o r e  

s im i l a r  to e a c h  o th er  than a r e  u n r e la te d  s p e c i e s ,  and e v e n  am on g  the 

o l i g o l e c t i c  s p e c i e s  in the A n d r e n id a e ,  th e r e  i s  no u n ifo r m ity  in the 

va lu e  o f  the r a t io .  T h u s, the e v id e n c e  d o e s  not su p p ort  the h y p o th e s is  

that s e l e c t io n  for  o p t im a l fo ra g in g  b e h a v io r  has fa v o r e d  s im i l a r i t y  or  

c o n v e r g e n c e  am on g  b e e s  d ep en d en t upon the sa m e  r e s o u r c e .

F o r a g in g  Rate

The fo ra g in g  ra te  v a r i e s  w ith  both  p lant s p e c i e s  and b e e  

s p e c i e s ,  and i s  a f f e c te d  by  the p a r t ic u la r  r e s p o n s e  of e a c h  b e e  s p e c i e s  

to the two p lan ts  ( in te r a c t io n  e f f e c t ,  T ab le  18). The data in T a b le s  17 

and 18 and in F ig .  17D d e m o n str a te d  that a l l  b e e s  re sp o n d e d  to the  

plan t  d i f f e r e n c e s  by having g r e a t e r  r a te s  of fo ra g in g  on E . a lb o m a r ­

g in ata  than on E . c a p i t e l la t a . H o w e v e r ,  the fo ra g in g  r a t e s  o f  the b e e s  

v a r y  g r e a t ly  on e a c h  p lan t  s p e c i e s ;  on E . a lb o m a r g in a ta ,  N. h e lian th i
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f o r a g e s  m o r e  than tw ic e  a s  r a p id ly  a s  H. n a n u lu s , and on  E . c a p i t e l ­

la ta ,  E .  sp . A  fo r a g e s  a lm o s t  four  t im e s  a s  f a s t  a s  P .  o b s c u r e l l a .

The fo ra g in g  ra te  is  i n v e r s e l y  c o r r e la t e d  w ith  the a v e r a g e  

t im e  sp en t  p er  f lo w e r  ( 'T' = 0. 82; P  < 0. 001; K en d a ll  c o e f f i c ie n t  of  

rank  c o r r e la t io n ) ,  but i s  u n c o r r e la te d  w ith  f l ig h t  d u ra tion ,  f l ig h t  

fr e q u e n c y ,  or the p e r c e n ta g e  of t im e  sp en t  on f lo w e r s  (K endall 

c o e f f i c ie n t s  of rank  c o r r e la t io n  n o n s ig n if ic a n t) .  That i s ,  the s h o r te r  

the f lo w e r  v i s i t ,  the m o r e  f lo w e r s  ca n  be  v i s i t e d  p e r  u n it  t im e ,  

r e g a r d l e s s  of the d u ra tion  or fr e q u e n c y  o f  f ly in g .  F o r a g in g  r a te ,  then,  

r e f l e c t s  the s a m e  in f lu e n c e s  a s  d o e s  m e a n  d u ra tion  of f lo w e r  v i s i t ,  

and, in p a r t ic u la r ,  i s  s e n s i t iv e  to q u a lita t iv e  d i f f e r e n c e s  in fo ra g in g  

b e h a v io r .  The b e h a v io r a l  t r a i t s  p r e v io u s ly  r e la te d  to v a r ia t io n  in  the 

t im e  sp ent p er  f lo w e r  (body p o s t u r e s ,  r a p id ity  o f  le g  m o v e m e n ts ,  

in v e s t ig a t io n  of a l l  food s o u r c e s  on a cya th iu m ) thus a l s o  a f fe c t  the 

fo ra g in g  r a te .  F o r  e x a m p le ,  the rap id  b ru sh in g  m o v e m e n ts  of  

N. h e lia n th i a c c o m p a n y  the h ig h e s t  o b s e r v e d  fo r a g in g  ra te;  the v e r t i ­

c a l  p o s tu r e ,  m e t ic u lo u s  e x a m in a t io n  of a n th e r s ,  and len g th y  s c o p a l  

p ack ing  b e h a v io r  of P . o b s c u r e l la  a r e  a s s o c ia t e d  w ith  the lo w e s t  

fo r a g in g  r a te .

M o v e m e n ts  B e tw e e n  P la n ts  

In m o v in g  fr o m  f lo w e r  to f lo w e r ,  a b ee  e v e n tu a l ly  m o v e s  fr o m  

one p lant to a n o th e r .  V a r ia t io n  am on g  the b ee  s p e c i e s  in the am ou nt  

of  m o v e m e n t  b e tw e e n  p lan ts  not on ly  m e a s u r e s  th e ir  r e la t iv e  a b i l i t i e s
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to c r o s s - p o l l i n a t e  the p la n ts ,  but a l s o  r e f l e c t s  s p e c i e s - s p e c i f i c  

p a tte r n s  of m o t io n .  B e c a u s e  of the d if f ic u l ty  of fo llo w in g  b e e s  

b e tw e e n  the w e l l - s e p a r a t e d  m a ts  of E . a lb o m a r g in a ta , no qu antita tive  

data on the p r o p o r t io n  o f  m o v e m e n t s  b e tw e e n  p lan ts  cou ld  be  obta ined  

for  th is  p lant. The s m a l l  E .  c a p ite l la ta  p lan ts  grow in g  in  d e n se  

s ta n d s  p e r m it te d  r e a d y  id e n t i f ic a t io n  o f  m o v e s  w ith in  and b e tw e e n  

p la n ts .

The a v e r a g e  p e r c e n ta g e  o f  m o v e s  w ith in  a p lant fo r  e a c h  b e e  

s p e c i e s  is  p r e s e n te d  in T ab le  19- F o r  th is  a n a ly s i s ,  a " m ove"  w a s  

c o n s id e r e d  to be a n y  m o t io n  (w alk , hop or f l igh t)  that c a u s e d  a b ee  to 

go f r o m  one f lo w e r  to an oth er;  to ta l  m o v e s  thus eq u a ls  the to ta l  

nu m ber  of f lo w e r s  v i s i t e d  m in u s  one . A s  w ith  the p r e c e e d in g  

v a r ia b le s ,  the p e r c e n ta g e  of m o v e s  in  w h ich  a b e e  w en t to a f lo w e r  

on the s a m e  p lan t a s  the p r e c e e d in g  f lo w e r  ( i. .e . , w ith in  p lan t  m o v e s )  

w a s  c a lc u la te d  fo r  e a c h  o b s e r v a t io n ,  and a o n e -w a y  M o d e l  I anova  

p e r fo r m e d  on the a r c s i n e - t r a n s f o r m e d  data . The o b s e r v e d  va lu e  of  

F  (4. 779) w a s  g r e a t e r  than that e x p e c te d  by ch an ce  a lo n e  (P*C 0. 001) 

and thus in d iv id u a ls  of e a c h  b e e  s p e c i e s  m o v e  fr o m  p lant to p lant w ith  

s ig n i f ic a n t ly  d if fe r e n t  f r e q u e n c ie s .  D i f f e r e n c e s  am on g  s p e c i e s  w e r e  

d e te r m in e d  by a S tu d e n t -N e w m a n -K e u ls  te s t ;  th is  a n a ly s i s  d e m o n str a te d  

th r e e  g r o u p s  o f  n o n s ig n i f ic a n t ly  d if fe r e n t  s p e c i e s  (T able  19). S p e c ie s  

that do not c o - o c c u r  in any  o f  the g ro u p s  can  be c o n s id e r e d  to d if fer  

in th e ir  f r e q u e n c y  of m o v e s  w ith in  p la n ts .  B y  th is  c r i t e r io n  it can  

be s e e n  that P .  o b s c u r e l la  h a s  a s ig n i f ic a n t ly  g r e a te r  ten d en cy  to
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f o r a g e  on a  s in g le  p lant than d o e s  C. s q u a m ife r a  o f  E .  sp . A  and H. 

nanulu s a l s o  v i s i t s  f lo w e r s  on a  g iv e n  p lant m o r e  o ften  than d o es  

E . sp . A .

T h e s e  data a g a in  d e m o n s tr a te  the s tron g  in f lu en ce  of s p e c i e s - 

s p e c i f i c  b e h a v io r  on fo ra g in g  p a t te r n s .  The r e la t iv e ly  h igh  p r o p o r t io n  

o f  m o v e m e n ts  b e tw e e n  p lan ts  s e e n  in  E . sp . A  is  p rob ab ly  r e la te d  to  

i t s  p r o c l iv i ty  fo r  f ly in g  in a s t r a ig h t  l in e ,  ra th er  than c i r c l in g  about  

a s m a l l  a r e a  (C hapter 5). The s i z e  of the a r e a  c o v e r e d  p er  u n it  t im e  

by a b e e  (C hapter 5) i s  not c l o s e l y  r e la te d  to it s  a b i l i t y  to v i s i t  m an y  

p lan ts  during that t im e ;  H. n a n u lu s , w h ich  c o v e r s  the g r e a t e s t  a r e a  

of an y  of the p an urg in e  b e e s ,  d o e s  l e s s  m o v in g  b e tw e e n  p lan ts  than any  

oth er  b e e  e x c e p t  P .  o b s c u r e l l a . F l ig h t s  that a r e  long in  d u ra tion  do 

not n e c e s s a r i l y  c o v e r  la r g e  d i s t a n c e s .  The s p e c i e s  w ith  the la r g e s t  

p e r c e n ta g e  of t im e  sp en t  on f l o w e r s  (D. p e r p a r v u s ) did n ot  have  the 

l o w e s t  fr e q u e n c y  of b e tw e e n -p la n t  m o v e s .  T his  s itu a t io n  e v id e n t ly  

r e s u l t s  f r o m  a h igh  p ro p o r t io n  o f  lo n g -d is ta n c e  f l ig h t s .  JP. o b s c u r e l l a , 

on the o th er  hand, tend s to both  s ta y  on h ea d s  for  a long  t im e ,  and  

m o v e  sh o r t  d i s ta n c e s  b e tw e e n  a d ja c e n t  h e a d s .  Its m o v e m e n t  b e tw e e n  

p lan ts  is  la r g e ly  a r e s u l t  of the c l o s e  ju x ta p o s it io n  of s e p a r a te  p lan ts  

in  the d e n s e  p a tc h e s  of E .  c a p i t e l la t a .

I n te r s p e c i f ic  C o m p a r is o n s  

The in fo rm a t io n  p r e s e n te d  in  the fo r e g o in g  s e c t io n  h a s  b e e n  

s u m m a r iz e d  in  T ab le  20. In th is  ta b le ,  e v e r y  s p e c i e s  i s  co m p a r e d
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w ith  the o th e r s  by m e a n s  o f  the p e r c e n ta g e  s im i l a r i t y  of e a c h  p a ir .  

P e r c e n t a g e  s im i l a r i t y  w a s  com p u ted  a s  the n u m b er  of b e h a v io r a l  

t r a i t s  for  w h ic h  the p a ir  did not d if fe r ,  d iv id ed  by the to ta l  n u m ber  

o£ t r a i t s  c o n s id e r e d .  In c a s e s  in  w hich  both  s p e c i e s  of a p a ir  fo ra g ed  

on both  s p e c i e s  of p la n ts ,  th ey  w e r e  c o m p a r e d  w ith  e a c h  o th er  tw ic e  

fo r  e a c h  t r a i t  (once fo r  e a c h  p lant). S in ce  on ly  b e e s  fo r a g in g  on the  

s a m e  p lan t w e r e  c o m p a r e d ,  P .  m in im a  and E . sp . A w e r e  not  

c o m p a r e d  w ith  e a c h  o th e r .  The r e s u l t s  a r e  m o r e  c l e a r ly  i l lu s tr a te d  

in F ig .  19, in  w h ich  the s p e c i e s  h ave  b e e n  p la c e d  in  g ro u p s  of 

s i m i l a r i t i e s  g r e a t e r  than the a v e r a g e  va lu e  for  a l l  s p e c i e s  p a ir s .

The s p e c i e s  do not s e g r e g a t e  into g r o u p s  c o r r e sp o n d in g  to 

th e ir  ta x o n o m ic  a f f in i t i e s .  The two c o n g e n e r s  (P . m in im a  and P .  

o b s c u r e l la )  a r e  m o r e  d if fe r e n t  f r o m e a c h  o th er  than so m e  s p e c i e s  

p a ir s  r e p r e s e n t in g  d if fe r e n t  f a m i l i e s  ( e . g .  , P .  o b s c u r e l la  and D. 

p e r p a r v u s ) ,  and H. nanulus f o r a g e s  in a p a tte r n  un lik e  e i th e r  m o s t  

o th e r  p an urg in e  b e e s  o r  m e m b e r s  of u n r e la te d  f a m i l i e s .  N or do the  

s p e c i e s  s e g r e g a t e  a c c o r d in g  to s i z e ;  D. p e r p a r v u s  c l o s e l y  r e s e m b l e s  

one of the s m a l l  b e e s  (P . o b s c u r e l l a ), but not the o th er  (P . m in im a ). 

T h is  r e s u l t  is  s t r ik in g ly  d if fe r e n t  f r o m  that obta ined  in  the a n a ly s i s  

of the q u a lita t iv e  a s p e c t s  of fo ra g in g  b e h a v io r  (C hapter 5). In that  

a n a ly s i s  ( s e e  F ig .  15), the s p e c i e s  group ing  ob ta in ed  on the b a s i s  of  

q u a lita t iv e  c h a r a c t e r i s t i c s  o f  fo ra g in g  b e h a v io r  c l o s e l y  fo l lo w e d  the  

co n v e n t io n a l  ta x o n o m ic  r e la t io n s h ip s  of the s p e c i e s .
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T h u s,  th is  in v e s t ig a t io n  sh o w s  that te m p o r a l  a s p e c t s  of  

fo ra g in g  b e h a v io r  - the am o u n t  o f  t im e  d ev o ted  to the m a in  e v e n ts  

of fo r a g in g ,  and the s e q u e n c e  in w h ic h  th o se  e v e n ts  o ccu r  - fo r m  in  

e a c h  b e e  s p e c i e s  a unique c o m p le x  of t r a i t s .  No two s p e c i e s  o f  b e e s  

fo r a g e  in the s a m e  w a y  on a g iv e n  s p e c i e s  of p lan t ,  and s p e c i e s  p a ir s  

that tend to h ave  s im i l a r  p a tte r n s  o f  b e h a v io r  n eed  not be c l o s e l y  

r e la te d .  The d iv e r s i t y  of fo ra g in g  " s t y l e s " that ev id e n t ly  have  

c o e x i s t e d  fo r  a long  t im e  m a k e s  dubious the p r o p o s it io n  that th ere  

is  an  ''optim al"  w ay  of g a th er in g  E uphorbia  p o l le n  and n e c ta r  tow ard s  

w h ich  the s p e c i e s  of b e e s  have  c o n v e r g e d .

S u m m a r y

The c o m p a r a t iv e  a n a ly s i s  of fo r a g in g  b e h a v io r  b egu n  in  

C hap ter  5 h as  b e e n  ex ten d ed  to the a n a ly s i s  of the t im in g  and se q u e n c e  

of the two m a in  c a t e g o r ie s  of fo r a g in g  - v i s i t s  to f lo w e r s  and m o v e ­

m e n ts  b e tw e e n  f lo w e r s .  In th is  in v e s t ig a t io n ,  the b e h a v io r  of e a c h  

b e e  w a s  s tu d ied  on e a c h  of tw o s p e c i e s  of E u p h o r b ia ; th is  a p p ro a ch  

fa c i l i t a t e d  an  e s t im a t io n  o f  the c a p a c i ty  of the b e e s  to m o d ify  th e ir  

b e h a v io r  in r e s p o n s e  to d i f f e r e n c e s  in  the d is tr ib u t io n  of f lo w e r s  on  

the p la n ts .  The a n a ly s i s  y ie ld e d  the fo l lo w in g  r e s u l t s :  1) v a r ia t io n  

a m o n g  the b e e  s p e c i e s  in the t im in g  and s e q u e n c e  o f  fo ra g in g  e v e n ts  

i s  a s  e x t e n s iv e  a s  i t  w a s  in  the q u a lita t iv e  t r a i t s ;  2 ) the b e h a v io r  of  

e a c h  s p e c i e s  o f  b ee  on  the f lo w e r s  i s  ch an ged  w hen it f e e d s  on p lan ts  

w ith  d if fe r in g  grow th  fo r m s ;  3) f l ig h t  b e h a v io r  i s  r e l a t iv e l y  in s e n s i t iv e



to  c h a n g e s  in the d is tr ib u t io n  of f lo w e r s ;  4) a lth ou gh  a l l  the b e e s  

spen d  a  g r e a t e r  p r o p o r t io n  of th e ir  t im e  feed in g  on f lo w e r s  than  

m o v in g  b e tw e e n  f lo w e r s ,  the w ide  v a r ia t io n  in  the ra t io  of t h e s e  two  

b e h a v io r s  im p l i e s  that th e r e  h a s  b e e n  no c o n v e r g e n c e  tow ard  one  

''optim al"  u s e  of fo r a g in g  t im e ;  and, 5) the p a t tern  of v a r ia t io n  am on g  

the s p e c i e s  o f  b e e s  d o e s  not c o r r e s p o n d  to  th e ir  ta x o n o m ic  a f f i l ia t io n s .
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T A B L E  15. S co p a l lo a d  co n ten ts  o£ s e v e n  s p e c ie s  o f b e e s  fo ra g in g

on E uphorbia  p la n ts .  500 g r a in s  counted  p e r  s c o p a l  load .

N o. S p e c im e n s  M ea n  % E u phorbia  
T o ta l w ith  no E u p horb ia  p o l le n ,  r e m a in d e r  

S p e c ie s  N  p o l le n  of s p e c im e n s

P .  m in im a 1 0 0 99 .1

P .  o b s c u r e l la 13 1 99. 0

H. nanulus 1 2 0 99. 3

N. h e l ia n th i 19 4 99. 6

C. sq u a m ife r a 8 0 99. 0

D. p e r p a r v u s 1 0 0 99. 5

E . c o n so b r in a 18 1 85. 6



T A B L E  16. F l ig h t  c h a r a c t e r i s t i c s  o£ b e e s  fo ra g in g  on E u p h o r b ia . A s t e r i s k  d en o tes  d i f f e r e n c e s

s ig n if ic a n t  a t  P  0. 05 in  f l ig h t  fr e q u en cy .

N um ber of M ean  F l ig h t  T ota l N o. F l ig h t  D if f e r e n c e s
O b s e r v a t io n s  D u ration  ( s e c )  M o v e m e n ts  F r e q u e n c y  A m o n g  B e e s

B e e  S p e c ie s Counted

B e h a v i o r o n  E . a l b o m a r g i n a t  a

P . m in im a 63 1 . 28 2488 0. 33 a .T*

P .  o b s c u r e l la 49 0. 94 1292 0 . 28

H. nanulus 15 2 . 0 0 574 0. 36 *

N. h e lian th i 51 0. 95 2883 0 . 2 6

C. sq u a m ife r a 37 1 . 2 0 1337 0. 25

D. p erp a rv u s 2 2 0 . 9 8 672 0. 27

B e h a  v i o  r o n  E . c a p i t e l l a t a

P . o b s c u r e l la 1 2 1. 36 95 0. 38 ❖

H. nanulus 63 1 . 8 6 1802 0. 44 u*

N. h e lia n th i 6 1.19 319 0. 30

C. sq u a m ife r a 1 2 1. 65 268 0. 25



T A B L E  16. C ontinued.

N u m b er  of M ean  F l ig h t
O b s e r v a t io n s  D ura tion  (sec]

B e e  S p e c ie s

D. p erp a r v u s  19 1.14

E . sp . A  58 1. 57

T o ta l  No. F l ig h t  
M o v e m e n ts  F r e q u e n c y  

Counted

271 0. 27

3029 0. 28

D if f e r e n c e s  
A m o n g  B e e s
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T A B L E  17. T e m p o r a l  a s p e c t s  of forag in g  b eh a v io r  of b e e s  v is i t in g  two s p e c i e s  of E u p h o rb ia . 95% 

con f id en ce  in te r v a l  fo r  e a c h  m e a n  is  g iv e n  in  p a r e n th e s e s .  A  = E . a lb o m a r g in a ta ;

C = E .  c a p i t e l la ta .

M ea n  T im e  p er  M ea n  % M ea n  F o r a g in g  " P u r s u it /S e a r c h "
B e e  s p e c i e s  P la n t______ F lo w e r  ( s e c )  F o r a g in g  T im e_____ R ate  ( f l s /m in ) _________ R atio________

P . m in im a  A 2 . 6 6 76. 2 17. 3 3. 39

(2. 3 5 -3 .  01) (72. 9 -7 9 .  6 ) (1 5 .6 -1 9 .2 )

P .  o b s c u r e l la  A 2. 31 79. 0 2 1 . 0 4 .13

(2. 0 8 -2 .  57) (74. 4 -8 3 .  9) (18. 9 -2 7 .  5)

C 6 . 45 81.1 7. 5 4. 58

(2. 5 9 -6 .  8 8 ) (72. 7 -9 0 .  2) (5. 01-11. 3)

H. nanulus A 1. 73 57. 7 2 0 . 2 1. 41

(1. 5 0 -2 .  98) (51 .1 -65 . 2) (16. 5 -2 5 .  0)

C 2. 51 5 7 .1 14.1 1. 51

(2. 21-2 . 85) (52. 3 -6 2 .  5) (12. 6-15. 8 )

N. h e lian th i A 0. 95 70. 9 ,4 4 .7 2. 57

(0 . 89-1 . 0 2 ) (67. 5 -7 4 .  7) (41 .1 -48 . 5)



T A B L E  17. C ontinued.

B e e  S p e c ie s

N . h e lian th i

C. sq u a m ife r a

D. p erp a r v u s

E .  co n so b r in a

M ea n  T im e  p er  M ea n  % M ean  F o r a g in g  " P u r su it /S e a r c h "
P la n t  F lo w e r  ( s e c )  F o r a g in g  T im e  R ate ( f l s /m in )  R atio

c 1 .7 4 73. 6 25. 8 2. 87

(1. 53-1 . 98) (64. 8 -8 3 .  7) (2 2 . 8 -2 9 .1 )

A 1. 40 73. 6 31. 7 2. 97

(1. 31-1. 51) (69. 0 - 7 8 .4 ) (28. 7 -3 5 .  0)

C 1. 56 59. 5 23. 0 1. 77

(1 . 2 1 - 2 . 0 1 ) (44. 8 -7 8 .  8 ) (26. 5 - 3 2 .9 )

A 1. 91 85. 6 26. 9 6 . 0 1

(1 . 6 8 -2 .1 9 ) (64. 8-113. ) (23. 6 -3 0 .  7)

C 4. 20 82. 3 11. 3 5 .16

(3. 21-5. 56) (74. 6 -9 0 .  8 ) (8 . 97-14 .1 )

C 1. 40 63. 5 2 7 .1 1 . 91

(1. 28-1 . 53) (55. 0 -6 8 .  3) (23. 9 -3 0 .  6 )

142
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T A B L E  I 8 «. R e s u l t s  of tw o -w a y  a n o v a s  of four  a s p e c t s  o f  fo r a g in g  

b e h a v io r  of b e e s .  M e a n  s q u a r e s  a r e  th o se  of the In ­

tr a n s fo r m e d  data.

S o u r c e  of  
V a r ia t io n df M ea n  S quare S ig n if ic a n c e

b e e  s p e c i e s  

plant s p e c i e s  

in te r a c t io n  

e r r o r

b e e  s p e c i e s  

plant s p e c i e s  

in te  r a c t io n  

e r r o r

b e e  s p e c i e s  

plan t s p e c i e s  

in te r a c t io n  

e r r o r

b e e  s p e c i e s  

p lant s p e c i e s  

in te r a c t io n  

e r r o r

4

1

4

276

4

1

4

276

4

1

4

276

4

1

4

276

M e a n  t i m e  s p e n t  p e r  f l o w e r

7 .2 1 8 5  4 5 .1 5 6 6  P  < 0. 001

1 4 .9 2 8 0  9 3 .3 8 6 4  P  < 0. 001

1 .1 5 5 4  7 . 2 2 7 9  P <  0 .0 0 1

0 .1 5 9 9

M e a n  f l i g h t  d u r a t i o n

2. 3172 

1. 8303  

0. 2517 

0. 3 2 0 4

7. 2317 

5. 7121 

0. 7 8 5 4

P  < 0. 001 

P  < 0. 0 5 ’ 

NS

M e a n  % f o r a g  i n g  t i m  e

79.  525  

6 . 8 2 0 4  

8 .8 6 0 7  

6 . 0 9 6 5

F o r a g i n g  

5. 4415

16. 833  

0 . 8 2 5 7  

0 .1 5 2 2

13. 0443  

1.1187 

1. 4534

P  < 0. 001 

NS 

NS

r a t e ,  f l o w e r s  p e r  m i n

3 5 .7 4 0 9  P <  0 .001

110 .5624  P <  0 .0 0 1

5 .4 2 3 6  P <  0 .0 0 1



144

T A B L E  19- P e r c e n ta g e  o f  m o v e m e n ts  w ith in  p la n ts  of b e e s  fo ra g in g  

on  E .  c a p i t e l la t a .

% m o v e m e n ts  95% C o n fid en ce  N o n s ig n i f ic a n t ly  
B e e  s p e c i e s  N  w ith in  p lan ts  In te r v a l  D if fe r e n t  G roup s

P . o b s c u r e l la 1 2 9 6 . 0 85. 5 - 99. 9

H. nanulus 63 83. 3 76. 6 - 89 .1

D. p e r p a r v u s 19 7 9 . 4 6 8 . 1 - 8 8 . 8

N. h e lia n th i 6 76. 5 58. 5 - 90. 8

c . s q u a m ife r a 1 1 67. 3 4 0 .1 - 89. 4

E . sp .  A 58 6 6 . 8 59. 5 - 73. 9
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T A B L E  20. P e r c e n ta g e  s im i l a r i t y  of a l l  p a ir s  of s p e c i e s  in  the

te m p o r a l  a s p e c t s  o f  th e ir  fo r a g in g  b e h a v io r .  S p e c ie s  

a b b r e v ia t io n s  a s  in F ig .  17.

Hn Dp P o Nh C s Pn

H. nanulus

D. p e r p a r v u s 2 3 .1 X = 4 4 . 2

P . o b s c u r e l la 38. 5 84 . 6

N. h e lia n th i 2 3 .1 53. 8 53. 8

C. sq u a m ife r a 30. 8 61. 5 53. 8 76 . 9

P . m in im a 50. 0 0 . 0 30. 0 1 6 .7 30. 0

E . sp . A 28. 6 42 . 8 14 . 3 85. 7 8 5 .7
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F ig u r e  C aptions  

C hapter  6

F ig .  16 F r e q u e n c y  d is tr ib u t io n s  of the nu m ber  o f  c o n s e c u t iv e  f lo w e r  

v i s i t s  b e tw e e n  f l ig h ts  fo r  e a c h  co m b in a t io n  of b e e  s p e c i e s  

and p lant s p e c i e s .  E x p e c te d  v a lu e s  d e r iv e d  f r o m  g e o m e t r ic  

d is tr ib u t io n  b a s e d  on f l ig h t  f r e q u e n c ie s  in  T able  16. A  =

E . a lb o m a r g in a ta ;  C = Eh c a p i t e l la t a ; Cs = C. s q u a m ife r a ; 

Dp = D. p e r p a r v u s ; E a  = E . sp . A; Hn =_H. n a n u lu s ;

Nh = N. h e l ia n th i ; P m  =_P* m in im a ; P o  =_P. o b s c u r e l l a .

F ig .  17 R e s u l t s  of m u lt ip le  t - t e s t s  for  four a s p e c t s  of fo ra g in g

b e h a v io r ,  co m p a r in g  p a ir s  of b e e - p la n t  c o m b in a t io n s .  A  

dark en ed  sq u a re  in d ic a te s  the p a ir  d if fe r e d  s ig n i f ic a n t ly  

a t  P  0. 02. A b b r e v ia t io n s  a s  in F ig .  16.

F ig .  18 F r e q u e n c y  h is t o g r a m s  of the t im e  sp en t  on e a c h  f lo w e r  fo r  

e a c h  b e e - p la n t  c o m b in a t io n .  S a m p le  s i z e  is  the n u m b er  o f  

o b s e r v e d  f lo w e r  v i s i t s  su m m e d  o v e r  a l l  in d iv id u a ls .  

A b b r e v ia t io n s  a s  in F ig .  16.

F ig .  19 S p e c ie s  r e la t io n s h ip s  of g r e a te r  than a v e r a g e  p e r c e n ta g e

s im i la r i ty :  t e m p o r a l  a s p e c t s  of fo ra g in g  b e h a v io r .  Data  

f r o m  T ab le  20. A b b r e v ia t io n s  a s  in  F ig .  16.
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C H A P T E R  7

B E E  P O P U L A T IO N S IN R E L A T IO N  TO THEIR FOOD

The tw in  p r o b le m s  of the r o le  of food a s  a l im it in g  r e s o u r c e  

fo r  b e e s  and the p r e s e n c e  of c o m p e t it io n  fo r  food a m o n g  c o -o c c u r in g  

b ee  s p e c i e s  h a v e  b e e n  e x a m in e d  by a n u m ber  o f  in v e s t ig a t o r s  u s in g  

a v a r ie ty  of a p p r o a c h e s  ( s e e  d i s c u s s i o n  b e lo w ).  In th is  c h a p ter ,  I 

e x a m in e  th e s e  p r o b le m s  in the E u p h orb ia  - b ee  a s s o c ia t io n :  1) by  

studying the d a i ly  a c t iv i ty  of e a c h  b ee  s p e c i e s ,  in o r d e r  to a s s e s s  the  

p o s s ib i l i t y  of t e m p o r a l  s e p a r a t io n  am on g  the b e e  s p e c i e s ,  and 2 ) by  

quantifying the r e la t io n s h ip  b e tw e e n  b e e  population  d e n s i ty  and  

a v a i la b le  food d e n s ity  a t  four  s i t e s .

D iu rn a l  C y c le  of B e e  A c t iv i ty  

F ig .  20 i l lu s t r a t e s  the a c t iv i ty  of e a c h  b ee  s p e c i e s  during the 

c o u r s e  of the day. The r e s u l t s  of th is  study in d ica te  that m in im a l  

r e s o u r c e  p a r t it io n in g  i s  p o s s i b l e  by  m e a n s  of te m p o r a l  s e p a r a t io n .  

C o n s id e r in g  the le n g th  of t im e  during w h ich  p o lle n  i s  ex tru d ed  

(C hapter 3), t e m p o r a l  s e p a r a t io n  m ig h t  be p o s s ib le  i f  one s p e c i e s  

fo r a g e d  in m id -m o r n in g ,  and an o th er  in e a r ly  a f te r n o o n .  H o w e v e r ,  1 

no su ch  p a ttern  i s  a p p a ren t  a t  a n y  of the l o c a l i t i e s .  No fo ra g in g  

b e e s  w e r e  s e e n  a t  an y  s i t e  b e fo r e  9:00 A .M .  ; b e e s  s ta r te d  a p p ea r in g  

w ith  in c r e a s in g  fr e q u e n c y  f r o m  9:15 to 9:30, and w e r e  m o d e r a te ly  

abundant by 10:00. M o s t  of the b ee  s p e c i e s  have  a p e a k  abundance
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b e tw e e n  a p p r o x im a te ly  10:30 A .M .  and 1 P . M .  D i f f e r e n c e s  of one  

hour b e tw e e n  p eak  a b u n d a n ces  a r e  e c o l o g ic a l ly  t r iv ia l  b e c a u s e  the  

d ep le ted  a n th e r s  w i l l  not have  r e p le n is h e d  the ex tru d ed  p o l le n  in that  

t im e .  T h ere  a r e  tw o p a r t ia l  e x c e p t io n s  to the g e n e r a l  p a ttern .  A t  

12NR, D. p e r p a r v u s  r e a c h e s  it s  p eak  abu ndance  a t  ab ou t 10:30 A .M .  > 

a s  the o th er  s p e c i e s  b e c o m e  m o r e  abundant. It i s  p o s s ib l e  that D. 

p e r p a r v u s  can  a v o id  c o m p e t it io n  by fo ra g in g  b e fo r e  the o th er  s p e c i e s  

b e g in  to fly; it  is  a l s o  p o s s ib l e  that i t s  g r e a t e r  e f f i c i e n c y  (as  m e a s u r e d  

by the % of forag in g  t im e  sp en t  on f lo w e r s :  s e e  C hapter  6 ) c o m p e n ­

s a t e s  fo r  the s m a l le r  am ou n t of food a v a i la b le  b e tw e e n  9 A .M .  and  

10 A .M .  ( s e e  b e lo w ) .  E .  sp . A  b e g in s  fo r a g in g  e a r l i e r  than H. n a n u ­

lu s  a t  both  9WSWA and 18WSA. H o w e v e r ,  it  m a in ta in s  h igh  d e n s i t i e s  

throughout the m o r n in g ,  and both  s p e c i e s  c e a s e  fo ra g in g  a t  ab ou t the  

s a m e  t im e .  C o n s id e r in g  the low  e f f i c i e n c y  of th is  s p e c i e s  and the  

lo w  food d e n s ity ,  th is  s l ig h t  d i f f e r e n c e  in  fo ra g in g  t im e  p ro b a b ly  g iv e s  

E . sp . A  on ly  a s m a l l  p r o p o r t io n  of i t s  to ta l  d a i ly  p o l le n  in the a b s e n c e  

of c o m p e t i to r s .

The r ed u c t io n  in  d e n s ity  o b s e r v e d  a t  9WSWA b e tw e e n  11:00 A .M .  

and 12:00 M . (F ig .  20) is  p a r a d o x ic a l .  The n u m ber o f  s a m p le s  taken  

during th is  in te r v a l  (7) w a s  c o m p a r a b le  to the s a m p le  s i z e s  of the  

n e ig h b o r in g  t im e  in t e r v a l s ,  and so  the o b s e r v a t io n  p r o b a b ly  i s  r e a l ,  

and not an  a r t i fa c t  o f  a s m a l l  sa m p le  s i z e .  High d e n s i t i e s  of b e e s  

w e r e  o b s e r v e d  during the p r e c e e d in g  10:50 - 11:00 s a m p le  and the  

su b se q u e n t  1 2 : 0 0  - 1 2 : 1 0  s a m p le ,  and m o d e r a te  n u m b e r s  o f  b e e s  w e r e
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p r e s e n t  during the 11:15 - 11:25 s a m p le .  V e r y  fe w  b e e s ,  h o w e v e r ,  

w e r e  s e e n  during the r e s t  of the hour p e r io d .  T h e s e  o b s e r v a t io n s  

m a k e  u n lik e ly  the p o s s ib i l i t y  that the b e e s  a r e  re sp o n d in g  to c h a n g es  

in  the p o la r iz a t io n  of l ig h t  a t  m id d a y  (C habora , p e r  s .  c o m m .  ). The  

s ig n i f ic a n c e ,  if  any , o f  the dip in the gra p h s  i s  thus o b s c u r e .

B e e  D e n s i ty  in  R e la t io n  to F ood  D e n s i ty  

T a b le s  21, 22, 23 and 24 p r e s e n t  the data u s e d  in  the s e c o n d  

p a r t  of th is  study; n a m e ly ,  the r e la t io n s h ip  of b ee  d e n s i ty  to food  

d e n s i ty .  F r o m  th e s e  f ig u r e s  the r a t io " n u m b e r  o f  fo ra g in g  f e m a le  

b e e s  p e r  1 0  m in u te s  p er  1 / 8  m ^ /n u m b e r  of op en , fu ll  a n th e r s  p er  m^"  

w a s  ob ta ined  for  e a c h  s i t e - t i m e  c a te g o r y  a s  d e s c r ib e d  in  C hap ter  2.

F ig .  21 sh o w s  the data of Table 24 in  g r a p h ic a l  f o r m .  The w e a k e s t  

l in k  in  the ch a in  o f  f ig u r e s  lea d in g  to  the r a t io  o f  b e e s  to food i s  the  

b e e  d e n s ity  e s t im a t e s .  A s  can  be s e e n  f r o m  the r e p o r te d  stan d ard  

e r r o r s ,  the v a r ia b i l i ty  in the o b s e r v a t io n s  a t  a g iv e n  lo c a l i t y  and t im e  

w a s  la r g e ;  i t  can  be a ttr ib u ted  in p a r t  to s a m p l in g  e r r o r ,  in  p a r t  to 

in h e r e n t  v a r ia b i l i ty  in the a p p e a r a n c e  of b e e s  f r o m  day to  day, and in  

p art  to v a r ia b i l i ty  in  the d e n s i ty  of the b e e s  a t  d i f f e r e n t  p o in ts  w ith in  

the p lan t population . S in ce  sa m p l in g  fo r  e a c h  lo c a l i t y - t i m e  c a te g o r y  

w a s  a c c o m p l i s h e d  o v e r  s e v e r a l  d a y s  and on ra n d o m ly  s e l e c t e d  

q u a d r a ts ,  the la t te r  two fa c to r s  w e r e  im p o rta n t .  The la r g e  am ou n t  

of sa m p lin g  n e c e s s a r y  fo r  th is  study  and the s h o r t  d u ra t io n  of the b e e s '
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f l ig h t  s e a s o n  (A ugust and S e p te m b e r )  m a d e  the t e m p o r a l  c o n s tr a in t s  

on the n u m b er  o f  s a m p le s  p er  lo c a l i t y - t im e  c a te g o r y  s e v e r e  and  

u n a v o id a b le .

The f in a l  ra t io  o f  b e e s / f o o d  p r o d u c e s  on ly  one o b s e r v a t io n  

p e r  l o c a l i t y - t im e  c a te g o r y ,  and thus th e s e  f ig u r e s  a r e  d if f ic u l t  to 

a n a ly z e  s t a t i s t i c a l l y  by the te c h n iq u e s  of a n a ly s i s  of v a r ia n c e .  

T h e r e f o r e ,  the data w e r e  a n a ly z e d  q u a l i ta t iv e ly  ( F ig s .  21 and 22) and  

by n o n p a r a m e tr ic  m e th o d s .

Two h y p o th e s e s  w e r e  e x a m in e d  w ith  th e s e  data . F i r s t ,  if  

b e e s  a r e  co m p etin g  for  l im it e d  food  r e s o u r c e s ,  one w ould  e x p e c t  the  

d a ily  a l lo tm e n t  of food p rod u ced  by ihe p lan ts  to be c o m p le t e ly  u t i l i z e d ,  

and s o  the r a t io  of b e e s / f o o d  should  r e m a in  a p p r o x im a te ly  co n sta n t  

du rin g  the day. S e c o n d ly ,  if  the s i z e s  of the b ee  p op u la tion s  a r e  

d e te r m in e d  by the a m o u n t  of food  a v a i la b le ,  the ra t io  of the two  

sh ou ld  be the s a m e  fr o m  s i t e  to s i te ;  la r g e r  b ee  p op u la tion s  shou ld  be 

a s s o c ia t e d  w ith  la r g e r  p lant p opula tion .

S e v e r a l  r e s u l t s  c o n c e r n in g  the f i r s t  h y p o th e s i s  a r e  a p p a ren t  

f r o m  the data in T a b le s  21, 23 and 24, and F ig u r e  21. The d iu rn a l  

c h a n g e s  in  both  b e e  and food d e n s i ty  a r e  v e r y  s im i l a r  - a  rap id  r i s e  

b e tw e e n  9 and 10 A .M .  , l i t t l e  ch an ge  in e i th e r  b e e s  o r  food  until  

e a r l y  a f te r n o o n ,  and a rap id  fa l l  to lo w  l e v e l s  by  3 P . M .  H o w e v e r ,  

b e c a u s e  of the v e r y  la r g e  n u m b er  o f  f lo w e r s  p er  un it  a r e a  (T able  22), 

e v e n  v e r y  lo w  n u m b e r s  of a n th e r s  p e r  f lo w e r  r e s u l t  in  a p p r e c ia b le  

a m o u n ts  of food  p er  sq u a r e  m e t e r  (T able  23). The r e s u l t ,  a s  ca n  be
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s e e n  in F ig .  21, i s  a sh a rp  d e c r e a s e  in  the r a t io  by 3 to 4 P .M .  The 

e q u iv a le n t ly  s m a l l  a m o u n ts  of food a v a i la b le  a t  9 A .M .  (at 1EA and  

9WSWA) su p p o r ted  r e la t iv e ly  la r g e  b e e  p o p u la t io n s ,  and in  fa c t  the  

e a r l y  m o rn in g  s a m p le s  g a v e  the h ig h e s t  r e la t iv e  n u m ber  o f  b e e s  p er  

unit food o f  a l l  o b s e r v a t io n s .  T hus, F ig .  21 sh o w s that the d iu rn a l  

c h a n g e s  in  the r a t io  do not m ir r o r  the t i m e - c o u r s e  of food  a v a i la b i l i ty  

(T ab le  23), and a lth ou gh  the a b so lu te  n u m b e r  o f  fo ra g in g  b e e s  i n c r e a s e s  

during the m o r n in g ,  the n u m b er  r e la t iv e  to a v a i la b le  food d e c l in e s .

The on ly  s i t e  a t  w h ich  the r a t io  of b e e s  to a v a i la b le  food w a s  

c o n s ta n t  th rou gh out the day w a s  12NR. T h is  s i t e  su p p orted  a c o n sta n t  

lo w  l e v e l  o f  b e e s  during the p eak  fo r a g in g  t im e s  (T able  21 and F ig .  20),  

and , a s  s e e n  a b o v e ,  the tw o c o m m o n  s p e c i e s  (D. p e r p a r v u s  and N. 

h e lia n th i)  d i f fe r e d  in  the t im e  of th e ir  p ea k  a c t iv i ty .  A lth ou gh  the 

r a t io  a t  3 P . M .  d o e s  d e c r e a s e  s l ig h t ly ,  the r e s u l t s  a t  th is  s i t e  

c o n fo r m  m o r e  c l o s e l y  to the e x p e c te d  s e t  of n u m b e rs  than th o se  

f r o m  an y  o th er  s i t e .

The s e c o n d  h y p o th e s is  is  s tu d ied  in F ig .  22. In th is  f ig u r e ,  

the b e e  d e n s ity  h a s  b e e n  p lo tted  a s  a fu n ct io n  of food d e n s ity  i r r e s p e c ­

t iv e  of t im e  of day. The po in ts  sh ow  a  g e n e r a l  p o s i t iv e  r e la t io n sh ip ,  

w h ic h  w a s  fu r th e r  t e s te d  b y  c a lc u la t io n  of a S p e a r m a n  rank  c o e f f i c ie n t  

of  c o r r e la t io n .  The c o e f f i c ie n t  w a s  s ig n i f ic a n t  at P < 0 .  05 ( r s = 0 .4 8 5 ;  

n = 14). T h is  r e s u l t  in d ic a te s ,  t h e r e f o r e ,  that the d e n s ity  o f  the  

fo ra g in g  b ee  p o p u la t io n s  d o e s  r e f l e c t  the d e n s ity  o f  the food p op u la tion s .
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D e s p i t e  the s t a t i s t i c a l  s ig n i f ic a n c e  of the c o r r e la t io n ,  the  

p o in ts  in  F ig .  22 a r e  h ig h ly  s c a t t e r e d ,  p a r t ic u la r ly  in the r e g io n  of  

lo w  food v a lu e s .  S in ce  it s e e m e d  l ik e ly  that the a b o v e m e n t io n e d  

d iu rn a l  c h a n g e s  in  the r a t io  w e r e  r e s p o n s ib le  for th is  s c a t t e r ,  and  

that the o b s e r v e d  v a r ia b i l i t y  in  b e e  d e n s ity  w a s  not p r o p e r ly  taken  

in to  a c c o u n t  in the fo r e g o in g  a n a l y s i s ,  I r e a n a ly z e d  the data by  

c o n s id e r in g  o n ly  th o se  o b s e r v a t io n s  m a d e  during the p e r io d  of peak  

ab undan ce (10 A .M .  to 2 P . M . ) .  B y  c a lc u la t in g  a b e e / f o o d  ra t io  fo r  

e a c h  b e e  d e n s i ty  o b s e r v a t io n  m a d e  during th is  t im e  p e r io d ,  the 

v a r ia b i l i t y  in  t h e s e  f ig u r e s  cou ld  b e  tak en  into a c co u n t  in the  

s t a t i s t i c a l  a n a l y s i s .  E a c h  v a r ia te  w a s  com p u ted  u s in g  a va lu e  of  

a n th e r  a v a i la b i l i ty  d e r iv e d  f r o m  the p o o led  data of the 10:00 A .M .  and  

12:30 P . M .  s a m p l e s ,  and a s u m m a r y  of t h e s e  data i s  g iv e n  in T able  

25. The s i t e s  w e r e  c o m p a r e d  by the K r u s k a l-W a l l i s  t e s t .  The nu ll  

h y p o th e s i s  (a ll  s a m p le s  d e r iv e d  f r o m  one s t a t i s t i c a l  population)  

c o r r e s p o n d e d  to the b io lo g i c a l  h y p o th e s i s  b e in g  te s te d ;  n a m e ly ,  a l l  

b e e  p o p u la t io n s  w i l l  h ave  the s a m e  ra t io  of b e e  d e n s ity  to a v a i la b le  

food b e c a u s e  the l i m i t  on b e e  p op u la tion  g row th  i s  s e t  by  the quantity  

of food.

B y  th is  m eth o d  of a n a ly s i s ,  I found that the s i t e s  w e r e  

s ig n i f ic a n t ly  h e te r o g e n o u s  (H -  3 3 .9 5 9 ;  P <  0 .0 0 5 ) .  S in c e  in s p e c t io n  

of the data sh o w ed  that the 1EA s i t e  w a s  a b e r r a n t  c o m p a r e d  to the 

r e s t ,  I r e c a lc u la t e d  the t e s t  s t a t i s t i c  for 12NR, 18SWA and 9WSWA.

F o r  th is  grou p  of s i t e s  the n u ll  h y p o th e s i s  cou ld  a l s o  be  r e je c te d
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(H = 17.189; P  <  0. 005).  In th is  c a s e ,  12NR e v id e n t ly  h as  a s m a l l e r  

l e v e l  of b e e s  p er  food  than do the o th er  tw o s i t e s .  T h us, the s i t e s  

h ave  d is p a r a te  n u m b e r s  o f  b e e s  l iv in g  p e r  u n it  of p o l le n  food .

S in ce  the b e e s  d if fer  g r e a t ly  in  s i z e ,  it  i s  p o s s ib l e  that t h e s e  

o b s e r v e d  d i f f e r e n c e s  in  b ee  d e n s i ty  a s  a fu n ction  o f  food d e n s ity  

cou ld  b e  a ttr ib u ted  to the v a ry in g  a m ou n t o f  p o l le n  that can  be  

c o l l e c t e d  by in d iv id u a ls  o f  e a c h  s p e c i e s .  That i s ,  a la r g e  n u m b er  of  

P .  m in im a  w ould  be e q u iv a le n t  to a s m a l l  n u m b e r  of ]E. sp . A  

in  the a m ou n t o f  p o l le n  r e m o v e d  fr o m  the p lan ts  p er  unit t im e .  In 

o r d e r  to c o r r e c t  fo r  th is  p o s s i b l e  s o u r c e  of e r r o r ,  I r e c a lc u la t e d  the  

v a lu e s  fo r  b ee  d e n s ity ,  u s in g  the "E x o m a l o p s i s - e q u iv a le n t1’ d e s c r ib e d  

in  C hap ter  2. T h e s e  c o n v e r s io n  fa c to r s  a r e  l i s t e d  in  T able 26. The  

f ig u r e s  for  b ee  d e n s i ty  and b e e s  p e r  food c o r r e s p o n d in g  to th o se  of  

T a b le s  21 and 24 a r e  g iv e n  in T ab le  27, and the a v e r a g e s  of the 

in d iv id u a l o b s e r v a t io n s  b e tw e e n  10 A .M .  and 2 P . M .  c o r r e c t e d  fo r  

s p e c i e s  c o m p o s i t io n  and r e la t iv e  abundance a r e  g iv e n  in  T ab le  25.

A s  ca n  b e  s e e n  fr o m  T able  27 , the c o r r e c t io n  fo r  p o l l e n - c a r r y in g  

a b i l i t y  did not a f f e c t  e i th e r  the ranking of the s i t e s  w ith  r e s p e c t  to 

b ee  d e n s i ty ,  or  d a i ly  v a r ia t io n  in  the r a t io .  T h u s, the 9WSWA s ite  

s u p p o r ted  the l a r g e s t  a b s o lu te  n u m ber  of b e e s  d e s p ite  the fa c t  that  

the s p e c i e s  a t  th is  s i t e  c o l l e c t e d  the l a r g e s t  a m o u n ts  of p o l le n  p e r  b e e .

The a n a ly s i s  of the p o o led  data f r o m  the p e r io d  of peak  

ab undan ce g a v e  d if fe r e n t  r e s u l t s ,  h o w e v e r .  A lth ou gh  the four  s i t e s  

to g e th e r  w e r e  s t i l l  s t a t i s t i c a l l y  h e te r o g e n o u s  (H = 23. 520; P <  0. 005),
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w ith  the o m is s io n  of the 1EA s i te  f r o m  the a n a ly s i s  the n u ll  h y p o th e s is  

cou ld  be a c c e p te d  (H = 1. 983; P )  0. 5). T hus, th r e e  of the four  

s i t e s  a p p ea r  to su p p ort  s im i la r  q u a n tit ie s  of b e e s  r e la t iv e  to the  

a m o u n t  o f  food  p r e s e n t  a t  e a c h  s i t e ,  w hen  the r e la t iv e  abundance and  

s i z e  of e a c h  s p e c i e s  a t  e a c h  s i t e  i s  tak en  into  acco u n t .

The r e s u l t s  of th is  s e r i e s  o f  a n a ly s e s  g iv e  on ly  sc a n t  su p p ort  

to a h y p o th e s is  that food i s  the p r in c ip a l  co n tro l l in g  fa c to r  of b e e  

p o p u la t io n s .  The g e n e r a l  d e c l in e  in the ra t io  of b e e  d e n s ity  to food  

a v a i la b i l i ty  during the day s u g g e s t s  that f a c t o r s  o th er  than the n eed  to 

g a th er  food  g o v e r n  the d iu rn a l a c t iv i ty  p a tte r n s  of b e e s .  E v e n  a f te r  

c o r r e c t io n  for  s c o p a l  s i z e  and r e la t iv e  s p e c i e s  abu nd an ce , one s i te  

su p p orted  a s ig n i f ic a n t ly  d if fe r e n t  d e n s ity  of b e e s  p er  unit food than  

did the o th e r s .  T hu s, it  s e e m s  r e a s o n a b le  to con c lu d e  that o th er  

fa c to r s  a r e  a t  l e a s t  a s  im p o rta n t  a s  food  l im ita t io n  in the d e t e r m i n a ­

t io n  of b e e  popula tion  s i z e .

S u m m a r y

In th is  c h a p te r ,  I have sou gh t fo r  e v id e n c e  that the b e e s  a r e  

co m p etin g  fo r  p o l le n  fr o m  E u p h o r b ia . The in v e s t ig a t io n  w a s  in two  

p a r t s ,  a s  fo l lo w s;  1) A  study of the d a ily  a c t iv i ty  p er io d  of e a c h  

s p e c i e s  of b ee  r e v e a le d  v ir tu a l ly  no d i f f e r e n c e s  that w ould p e r m it  

c o e x i s t in g  s p e c ie s  o f  b e e s  to fo r a g e  on s e p a r a te  p o r t io n s  of the p o l le n  

r e s o u r c e s .  T hus, th e r e  i s  no e v id e n c e  that c o m p e t i t iv e  p r e s s u r e s  

h a v e  g e n e r a te d  n o n o v er la p p in g  fo ra g in g  p e r io d s .  2) The r e la t iv e
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d e n s i t y  o f  b e e s  su p p orted  by v a ry in g  l e v e l s  o f  food  abundance w a s  

stu d ied  a t  fou r  s i t e s  and th r e e  t im e s  of day . F e w e r  b e e s  fo r a g e  p e r  

unit  food  d e n s ity  in the a f te r n o o n  than fo r a g e  in  the m orn in g ;  th is  

f ind ing  s u g g e s t s  that a) n ot  a l l  the a v a i la b le  p o l le n  i s  h a r v e s t e d  by  

the b e e s ,  and b) no s p e c i e s  of b e e  h a s  s u f f i c ie n t  d if f ic u l ty  finding  

a d eq u a te  p o l le n  (b eca u se  o f  the p r e s e n c e  o f  c o m p e t i to r s )  that i t  h a s  

to c o l l e c t  p o l le n  la te  in the day . On the b a s i s  of data f r o m  ju s t  the  

m id d a y  p e r io d ,  on ly  two o f  the fou r  s i t e s  su p p o rt  s im i l a r  d e n s i t i e s  

of b e e s  per  unit food d e n s i ty .  H ow ever* w h en  the data a r e  a d ju sted  

fo r  the r e la t iv e  abundance and r e la t iv e  p o l l e n - c a r r y in g  c a p a c i ty  of 

e a c h  b e e  s p e c i e s ,  th r e e  of the four s i t e s  h a v e  c o m p a r a b le  v a lu e s  

of  frb ee  d e n s i ty / fo o d  d e n s ity .  n T h is  r e s u l t  su p p o r ts  the h y p o th e s is  

that s o m e ,  but not a l l  p o p u la t io n s  of E u p h orb ia  -d ep en d en t  b e e s  a r e  

f o o d - l im i t e d .
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T A B L E  21. T ota l fo r a g in g  b ee  d en s ity :  o b s e r v e d  n u m b e r s  a t  four  

s i t e s  and t im e s  of. day. N u m b e r s  in  p a r e n t h e s e s  a r e  

s a m p le  s i z e  and stand ard  e r r o r ,  r e s p e c t i v e ly .

9 r 10 10 - 11 12:30 - 1:30 3 - 4
S ite  A .M .  A .M .  P . M .  P . M .

T ota l n u m b er  of b e e s  p er  1 /8  m  p e r  10 m in u te s

1EA 5. 5 1 1 . 0 11. 4 1. 3

(2; 2 .5 ) (2; 1. 5) (1 0 ; 2 . 1 ) (4; 1. 0)

12NR 3. 4 3. 6 0. 3

(5; 1.1) (1 0 ; 0 . 8 ) (3; 0. 3)

9WSWA 1 2 . 0 2 1 . 6 16. 5 1 . 0

(5; 6 . 0) (11; 2 .4 ) (11; 2. 5) (2 ; 1 . 0 )

18SWA 1 1 . 0 5 .1 0 . 0

(4; 2 .1 ) (7; 2 .8 ) (3; 0 .0 )



T A B L E  22. C h a r a c t e r i s t i c s  o f  the p lan t  p op u la tion s  a t  e a c h  locality-  

u s e d  in c a lc u la t in g  food  d e n s ity .  F ig u r e s  in  p a r e n th e s e s  

a r e  s a m p le  s i z e  and stan d ard  e r r o r ,  r e s p e c t i v e ly .

P la n t  M e a n
P la n t  D e n s i ty

S ite  S p e c ie s  ( # / m  )

1EA a lb o m a r g in a ta  1. 2

(40; 0. 26) 

12NR a lb o m a  r g ina ta 4. 3

(40; 0 .4 9 )  

9WSWA c a p ite l la ta  24. 5

(40; 3. 0) 

18SWA c a p ite l la ta  34. 0

(40; 7. 57)

a E .  a lb o m a rg in a ta :  a r e a ,  c m  ; E .

p e r  p lant,  

k E .  a lb o m a rg in a ta :  cy a th ia  p er  cn

P la n t  N o. F l o w e r s  N o. F lo w e r s
S iz e a P e r  Unit^ P e r  m ^

428 . 9 1. 79 767 . 78

(40; 113. 52) (45; 0 .17 )

1413.8 1 . 0 2 1442.10

(40; 205. 02) (97; 0. 07)

3. 04 20. 3 1511. 90

(40; 0 .4 ) (55; 1 .2 )

4. 83 1 2 . 8 2099. 84

(40; 1.17) (76; 0. 6 )

c a p ite l la ta : m e a n  n um ber of  h ead s

2 ; E . ca p ite l la ta :  cya th ia  p er  head .



T A B L E  23. A v a i la b le  p o l le n  food , in  n u m b e r s  o f  open  fu l l  a n th e r s ,  

a t  d if fe r e n t  t im e s  of day a t  e a c h  s i t e .  N u m b e r s  in  

p a r e n t h e s e s  a r e  s a m p le  s i z e  and s tand ard  e r r o r ,  

r e s p e c t i v e ly .

9 - 10 10 - 11 12:30 - 1:30 3 - 4
S ite  A .M .  A .M .  P . M .  P . M .

m e a n  n u m b e r  of a n th e r s  p er  f lo w e r

1EA 0 . 089 0. 457 0. 384 0 .1 0 9

(406; 0. 017) (611, 0. 033) (565; 0. 031) (579; 0 . 016)

12NR 0. 767 0. 758 0 . 1 0 0

(600; 0. 040) (595; 0. 040) (600; 0 . 016)

9WSWA 0. 417 1. 335 1. 237 0 . 082

(350; 0. 046) (570; 0. 077) (581; 0. 077) (600; 0. 017)

18SWA 0. 4 94 0. 721 0 .1 7 0

(629; 0. 047) (595; 0. 054) (599; 0 . 0 2 1 )

m e a n
2

n u m b e r  o f  a n th e r s  p e r  m

1EA 6 8 . 30 350. 8 8 294. 83 83. 69

12NR 1 1 0 6 . 0 9 1093.11 144. 21

9WSWA 631. 41 2021. 43 1 8 7 3 .0 4 124.16

17SWA 1 0 3 7 .3 2 1513. 99 356. 97
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T A B L E  24. T o ta l  fo r a g in g  b e e  d en s ity :  n u m b e r s  in  r e la t io n  to food

d e n s ity .  E a c h  datum  is  the r a t io  of to ta l  o b s e r v e d  d e n s i ty

2
of b e e s  p er  1 0  m in  to the m e a n  n u m b er  of a n th e r s  p e r  m  .

S ite
9 - 1 0  

A .M .
10  -  11 
A .M .

12:30 - 1:30 3 -4
P . M .  P .M .

1EA

12NR

9WSWA

18SWA

0. 0805

0.0190

0. 0313 

0. 0031 

0. 0105 

0 . 0106

0. 0387  

0. 0033  

0 .0 0 8 6  

0. 0040

0 . 0160 

0 . 0021 

0 .0 0 8 1  

0 . 0
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T A B L E  25. M ea n  ra t io  of b e e  d e n s ity  to  food  d e n s ity  during the p eak  

abundance p e r io d  (10 A .M .  .to 2  P .M .  ) fo r  o b s e r v e d  

n u m b e r s  of b e e s ,  and n u m b e r s  a d ju sted  fo r  s p e c i e s  

c o m p o s i t io n  and s c o p a l  s i z e .

S ite N
O b s e r v e d ,  
M ea n  R atio S . E .

A d ju s te d ,  
M ea n  R atio S. E .

1EA 1 6 0. 0408 0 .0 0 5 2 0 .0 0 6 7 0. 0007

12NR 2 0 0. 0046 0 . 0 0 1 0 0. 0017 0. 0003

9WSWA 29 0 . 0080 0 . 0 0 1 2 0. 0023 0 .0 0 0 4

18SWA 18 0. 0072 0. 0015 0. 0015 0 .0 0 0 3
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T A B L E  26. " E x o m a lo p s is -e q u iv a le n t"  c o n v e r s io n  fa c t o r s  u s e d  in  

c o r r e c t in g  fo r  p o l l e n - c a r r y in g  c a p a c i ty  o f  e a c h  b e e  

s p e c i e s .

•2
B e e  S p e c ie s _______________ S co p a l  V o lu m e (m m  ) C o n v e r s io n  F a c to r

P . m in im a 0 . 080 7. 56

D. p e r p a r v u s 0 . 080 7. 56

P .  o b s c u r e l la 0 .123 4. 92

H. nanulus 0 .142 4. 26

C. s q u a m ife r a 0. 245 2. 47

N. h e l ia n th i 0. 446 1. 36

E .  sp  A 0. 605 1 . 0 0



T A B L E  27

S ite

1EA

12NR

9WSWA

18SWA

1EA

12NR

9WSWA

18SWA
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T o ta l  fo ra g in g  b e e  d e n s i ty  and b e e  d e n s ity  in  r e la t io n  to  

food  d e n s ity ,  c o r r e c t e d  for  s p e c i e s  c o m p o s i t io n  and  

p o l le n - c a r r y in g  c a p a c i ty .  S am p le  s i z e s  a r e  a s  in T ab le  

21.

9 - 10 10 - 11 12:30 - 1:30 3 - 4
A .M .  A .M .  P . M .  P .M .

to ta l  n u m ber  o f  b e e s  p er  1 / 8  m ^ p e r  1 0  m in u te s  

0 . 9 8  2 . 0 0  1 .8 7  0 .17

0 . 6 9  2 .18  0 .18

10.16 1 4 .5 6  7 .3 7  0 .4 0

5 . 8 3  1.81 0 . 0

bee  d e n s i t y /a n t h e r  d e n s ity  

0 .0 1 4 3  0 .0 0 5 7  0 .0 0 6 3  0 .0 0 2 0

0 .0 0 0 6  0 .0 0 2 0  0 .0013

0.0161 0 .0 0 7 2  0 .0 0 3 9  0 .0 0 3 2

0. 0056 0. 0120 0. 0



F ig u r e  C aption s  

C hap ter  7

D a ily  a c t iv i ty  p a t te r n  of b e e s  fo r a g in g  on E u p horb ia  a t  

fou r  s i t e s .  D ata h ave  b e e n  a v e r a g e d  fo r  e a c h  hour p e r io d ,  

and a r e  p lo tted  a t  the m id p o in t  of the h our.

D a i ly  t i m e - c o u r s e  of the ra t io  of b e e  d e n s ity  to food  

d e n s ity .  Data a r e  f r o m  T able  24, and a r e  p lo tted  a t  the  

m id p o in ts  o f  the a n th er  s a m p lin g  t im e  p e r io d s .

C o r r e la t io n  b e tw e e n  b e e  d e n s ity  and food d e n s i ty  m e a s u r e d  

in  n u m b er  o f  op en , fu l l  a n th e r s  p e r  sq u a r e  m e t e r .
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C H A P T E R  8  

DISCUSSION

In th is  d i s c u s s i o n  of in te r a c t io n s  b e tw e e n  E u p horb ia  and its  

in s e c t  v i s i t o r s ,  four to p ic s  w i l l  be c o n s id e r e d ,  a s  fo l lo w s:  1 ) the  

r o le  p la y ed  by p o l l in a t in g  in s e c t s  in  the b io lo g y  of the p la n ts ,  2 ) the  

s ig n i f ic a n c e  o f  v a r ia t io n  in the fo ra g in g  b e h a v io r  of b e e s ,  3) the 

im p o r ta n c e  o f  E uphorb ia  a s  a l im it in g  fa c to r  in  b e e  p o p u la t io n s ,  and  

the p r e s e n c e  of c o m p e t it io n  am o n g  the b e e s  feed in g  on th e s e  p la n ts ,  

and 4) the e f f e c t s  o f  the in te r a c t io n s  on the e v o lu t io n  and e c o lo g y  of  

the p lan ts  and the in s e c t s .

The R o le  of I n s e c t s  in  the B io lo g y  of the P la n ts  

The r e p r o d u c t iv e  b io lo g y  o f  E uphorbia  a lb o m a r g in a ta  and  

E u p horb ia  c a p ite l la ta  h a s  b e e n  sh ow n  to be in e x tr ic a b ly  l ink ed  to the  

a c t iv i t i e s  of the in s e c t s  that a r e  in d uced  to land on the cy a th ia .  T h ere  

a r e  two b a s ic  m e c h a n is m s  of in s e c t  p o ll in a t io n .  F i r s t ,  p o l l in a t io n  

ca n  o c c u r  a s  a r e s u l t  of the w a lk in g  m o v e m e n ts  o f  the c o m m o n  in s e c t s  

o v e r  the s u r fa c e  o f  the cyath ia; p o l le n  a d h e r e s  to the l e g s ,  v e n tr a l  

s u r f a c e s  of the h ead , th o ra x  and a b d o m en , and the s id e s  o f  the th o ra x ,  

and i s  d e p o s it e d  on the n ex t  s t ig m a  t r a v e r s e d  by the in s e c t .  The 

p la c e m e n t  of p o l le n  on an  in s e c t ' s  body  i s  p a r t ly  a fu n ction  of the  

i n s e c t s ' s  s i z e  and p a r t ly  a fun ction  of i t s  m o v e m e n t .  S eco n d , a l l  

i n s e c t s ,  and p a r t ic u la r ly  th o se  i n s e c t s  that spend  m u c h  o f  th e ir  t im e
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m o t io n le s s  on f lo w e r s  (H e te r o p te r a  and s o m e  C o le o p te r a ) ,  can  

p o ll in a te  by jo s t l in g  the cya th ia  w hen  th ey  m o v e  f r o m  one to a n o th er ,  

and c a u s in g  a n th e r s  to tou ch  s t ig m a s .  H o v er in g  i n s e c t s ,  su ch  a s  

b o m b y li id  f l i e s ,  a r e  l e a s t  e f f e c tu a l  b e c a u s e  th ey  r a r e ly  co n ta c t  the 

s e x u a l  p a r t s  o f  the cy a th ia  and the m o v e m e n t s  of th e ir  p r o b o s c e s  on  

the g la n d s  do not d is tu rb  the cy a th ia  s u f f ic ie n t ly  to c a u s e  s e l f -  

p o ll in a t io n .  In v ie w  of the fa c t  that E up horbia  p o lle n  d o e s  b e c o m e  

a ir b o r n e  and i s  m o v e d  around  b y  w ind , it  i s  c o n c e iv a b le  that the  

a ir  c u r r e n t s  p ro d u ced  by the w ing  m o t io n s  o f  t h e s e  f l i e s  s u f f ic e  to  

b low  p o l le n  fr o m  a n th e r s  to n e a r b y  s t ig m a s .

The la r g e  p r e d a c io u s  b u g s ,  in s e c t s  w h ich  do not d e r iv e  th e ir  

l iv in g  d ir e c t ly  f r o m  the p la n ts ,  ca n  c a u s e  p o l l in a t io n  by jo s t l in g ,  and  

thus p ro b a b ly  a r e  m o r e  e f f e c t iv e  a s  p o l l in a to r s  than a r e  s o m e  of the 

i n s e c t s ,  s u c h  a s  h o v e r - f l i e s ,  w h ich  a s  a d u lts  d e r iv e  m u c h  of th e ir  

food f r o m  the p la n ts .  The p a r a s i to id  w a s p s  fe e d  both  d ir e c t ly  fr o m  

the p la n ts  (taking n e c ta r ) ,  and a l s o  u s e  the p lan ts  a s  a s i t e  for  

s e a r c h in g  for  p rey .  M any  o f  the w a s p s ,  fo r  e x a m p le ,  b e lo n g in g  to 

the g en u s  S o l i e r e l l a  (L a r r id a e ) ,  c h a r a c t e r i s t i c a l ly  hunt for  p r e y  on  

E u p horb ia  spp. (W il l ia m s ,  1950). It i s  l ik e ly  that o th er  s p e c i e s  of  

w a s p s  a l s o  u s e  the E up horb ia  p la n ts  s im u lta n e o u s ly  a s  a s o u r c e  of  

food  for  t h e m s e lv e s  and a s i t e  for  the lo c a t io n  of p r e y  for  th e ir  la r v a e .  

T hu s, t h e s e  s p e c i e s  o f  E up horb ia  a r e  not o n ly  r e ly in g  on - and s u p p o r t ­

ing - a la r g e  pop u la tion  of h e r b iv o r o u s  in s e c t s  that p o l l in a te  a s  they  

f e e d ,  but a l s o  a r e  b e in g  p o l l in a te d  by in s e c t s  one s te p  up the food
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ch a in .

P r e v io u s  s tu d ie s  of in s e c t  v i s i t o r s  to E uphorbia  have  u n ifo r m ly  

im p l ic a te d  a d iv e r s e  group  of s m a l l  f l i e s ,  b e e t l e s ,  and w a s p s  a s  

p o l l in a to r s  (M u ller ,  1883; P r o c to r  and Y eo , 1973). T h e se  l i s t s  w e r e  

c o m p ile d  f r o m  s tu d ie s  w ith  s p e c i e s  of E uphorbia  lack ing  the p eta lo id  

a p p e n d a g e s .  M y o b s e r v a t io n s  c o r r o b o r a te  t h e s e  o b s e r v a t io n s ,  and 

ex ten d  th em  to s p e c i e s  that have  co n sp ic u o u s  w hite  p e ta lo id  a p p en d a g e s .  

A c c o r d in g  to M u lle r  (1883), b e e s  a r e  found v is i t in g  the E u ro p ea n  

s p e c i e s  w hen  the p lant p op u la tion s  a r e  s u f f ic ie n t ly  d en se;  th is  o b s e r ­

v a t io n  w a s  r ep ea te d  for  E . a lb o m a r g in a ta  by  K r o m b e in  (1961). T h ese  

h e r b a c e o u s  eu p h o rb s ,  then , m u s t  r e ly  p r im a r i ly  on f l i e s  and w a s p s ,  

and en joy  the a d v a n ta g e s  of b e e  v is i t a t io n  on ly  in  e x c e p t io n a l  g e o ­

g ra p h ic  a r e a s  or in d iv id u a l p o p u la t io n s .  It m a y  be that E . a lb o m a r ­

g in ata  and E . c a p ite l la ta  o v e r c o m e  the b e h a v io r a l  d isa d v a n ta g e s  of  

f l i e s  and w a s p s  by  o ffer in g  la r g e  a m ou n ts  of food  in a s m a l l  a r e a ,  

and thus e n t ic in g  the in s e c t s  to fe e d  a t  n u m ero u s  f lo w e r s  on e a ch  v i s i t .  

E . h y s s o p i fo l ia  can  a ffo rd  to a t t r a c t  few  in s e c t s  b e c a u s e  of its  a b i l i ty  

to p o ll in a te  i t s e l f .  M any of the v i s i t o r s  a r e  e f f e c t iv e  a s  p o l l in a to r s ,  

but the p lan ts  c l e a r ly  h ave  no c l o s e l y  e v o lv e d  r e la t io n s h ip  w ith  or 

d ep en d en ce  on any o f  the v i s i t o r s .  Thus the cy a th iu m  fu n ction s  a s  a 

p r o m is c u o u s  f lo r a l  d e v ic e  in a t tr a c t in g  in s e c t s  and r e l i e s  on " m e ss  

and s o i l"  in s e c t  b eh a v io r  ( F a e g r i  and van d er  P i j i ,  1971) to  be p o l l in a ­

ted . The cy a th iu m  a l s o  fu n ct io n s  v a r ia b ly  in  p ro m o tin g  s e l f -p o l l in a t io n  

to the e x te n t  that m a le  f lo w e r s  m a tu r e  during the t r a n s i t io n  s ta g e .  The
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d ata  p r e s e n te d  h e r e  s u g g e s t  that the in s e c t - a t t r a c t in g  fu n ction  i s  of 

on ly  fa c u lta t iv e  im p o r ta n c e  to in d iv id u a l p la n ts ,  and that i t  ten d s  to 

d is a p p e a r  a s  the s i z e  of the cy a th iu m , and p a r t ic u la r ly  the s i z e  of 

the p e ta lo id  a p p e n d a g e s ,  d e c r e a s e s .  T h is  i s  p a r t ic u la r ly  e v id e n t  in  

the c a s e  o f  E . h y s s o p i f o l i a , w h ic h  c o m b in e s  the lo w e s t  ra te  of in s e c t  

v is i ta t io n  w ith  the h ig h e s t  p e r c e n t  s e e d  s e t  in the f ie ld .

K nuth's  (1909) g e n e r a l iz a t io n  c o n c e r n in g  the r e la t io n s h ip  of 

f la t  b l o s s o m s  to d iv e r s e ,  n u m e r o u s  and u n s p e c ia l i z e d  f lo r a l  v i s i t o r s  

i s  g e n e r a l ly  tru e  of th e s e  s p e c i e s .  H o w e v e r ,  the g r e a t  d i f f e r e n c e s  

in  in s e c t  d iv e r s i t y  am on g  the p lan t  s p e c i e s  s tu d ied  h e r e  in d ica te  that 

fa c t o r s  in ad d it io n  to f lo w e r  sh ape  c o n tr o l  the nu m ber  and v a r ie ty  of 

in s e c t  v i s i t o r s  to p a r t ic u la r  s p e c i e s .  It i s  not c l e a r ,  fo r  e x a m p le ,  

w hy E . c a p ite l la ta  r e c e iv e d  r e l a t iv e l y  l i t t le  a t te n t io n  f r o m  n o n -a p o id  

H y m en o p tera  and D ip te r a ,  s in c e  th e r e  i s  l i t t l e  a p p a ren t  d i f f e r e n c e  in  

r e p r o d u c t iv e  s t r u c tu r e s  b e tw e e n  th is  s p e c i e s  and E . a lb o m a r g in a ta , 

e x c e p t  fo r  a r r a n g e m e n t  of the cy a th ia  into d e n se  h e a d s ,  the s m a l le r  

g la n d s ,  and the m o r e  n u m e r o u s  s ta m e n s .  The d isp r o p o r t io n a te  

a tten t io n  f r o m  b e e t l e s  is  p e r h a p s  r e la te d  to the g r e a te r  n u m b e r  and  

the h ig h e r  c o n c e n tr a t io n  of a n th e r s  on the h e a d s ,  s in c e  b e e t l e s  a r e  

known to r e sp o n d  to p o l le n  a t tr a c ta n ts  (F a e g r i  and van d er  P i j i ,  1971). 

H o w e v e r ,  g land s i z e ,  p e ta l  s i z e ,  and the ju x ta p o s it io n  of cya th ia  s e e m  

m o r e  im p o r ta n t  than an th er  n u m b er  in a cco u n tin g  for  the d if f e r e n c e  in  

in s e c t  v i s i t a t io n  b e tw e e n  E . h y s s o p i fo l ia  and the o th er  two s p e c i e s .  

T h e r e fo r e ,  s l ig h t  d i f f e r e n c e s  in  the a r r a n g e m e n t  and n a tu re  of the
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a t t r a c t a n t s ,  p lant g ro w th  fo r m ,  and p ro b a b ly  o th er  fa c to r s  a s  y e t  

u n id en t if ied  s ig n i f ic a n t ly  a f f e c t  the v i s i t o r  d iv e r s i t y  of a p a r t ic u la r  

type of f lo r a l  d e v ic e .  B e l l  (1971) d e s c r ib e d  s im i l a r  r e s t r i c t io n s  and  

v a r ia t io n s  in in s e c t  v i s i t o r s  to p r o m is c u o u s  f lo w e r s  in the U m b e l l i -  

f e r a e .

The cya th ia  of t h e s e  s p e c i e s  a r e  m a r k e d ly  p r o te r o g y n o u s ,  an  

a d a p ta tio n  that p r e s u m a b ly  p r e v e n ts  p o ll in a t io n  w ith in  a cy a th iu m .  

H o w e v e r ,  the c y a th ia l  d e n s i ty  p e r  p lant, and the ten d en cy  fo r  v is i t in g  

in s e c t s  to r e p e a te d ly  v i s i t  the s a m e  p o r t io n s  o f  a s in g le  p lant ( s e e  

C hap ter  5) g r e a t ly  red u ce  the e f f e c t i v e n e s s  of th is  tr a i t  in p ro m o tin g  

o u t c r o s s in g .  M u ll ig a n  (1972) r e p o r te d  that of n ine  a u to g a m o u s  w e e d  

s p e c i e s ,  s e v e n  w e r e  p r o te r o g y n o u s .  F a e g r i  and van  d er  P i j i  (1971) 

s u g g e s t e d  that p r o te r o g y n o u s  f lo w e r s  m ig h t  be m o r e  prone to be  

a s s o c i a t e d  w ith  a u to g a m y  than w ould  p r o te r a n d r y ,  b e c a u s e  a s l ig h t  

p r o lo n g a t io n  of the f e m a le  p h a se  w ould  b r in g  both  s e x u a l  s y s t e m s  

t o g e th e r .  Such  a m e c h a n is m  w a s  in d eed  found to o p e r a te  in E . a l b o ­

m a r g in a ta ,  but in  g e n e r a l ,  s e l f - p o l l in a t io n  fo l lo w s  fr o m  the m a s s in g  

of  m a n y  f lo w e r s  o f  d if fe r e n t  d e v e lo p m e n ta l  s t a g e s  on the s a m e  p lant.

It can  on ly  be p r e s u m e d  that the e v o lu t io n a r y  a d v a n ta g e s  of o c c a s io n a l  

o u t c r o s s in g  p r o v id e s  the s e l e c t i v e  f o r c e  that m a in ta in s  the p r o t e r o ­

gyn ou s  p a ttern  o f  d e v e lo p m e n t .

The v a r io u s  k inds of in s e c t s  d if fe r  in th e ir  l ik e l ih o o d  of ca u s in g  

o u t c r o s s in g .  The v a r ia b i l i t y  o b s e r v e d  a m o n g  the s p e c i e s  o f  b e e s  a lo n e  

in  f r e q u e n c y  of m o v e m e n ts  b e tw e e n  E . c a p ite l la ta  p lants  (C hapter 6 )
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i s  p robab ly  eq u a lly  p e r v a s iv e  am on g  the v a r io u s  g ro u p s  of in s e c t s  

l i s t e d  in T ab le  7. In g e n e r a l ,  h o w e v e r ,  la r g e  in s e c t s  (p a r t ic u la r ly  

w a sp s  and f l i e s )  and th o se  that p r e d o m in a n t ly  f ly  o r  m o v e  rap id ly  

b etw een  cya th ia  a r e  l ik e ly  to c a r r y  p o l le n  b e tw e e n  p la n ts .

A lth ou gh  no a t tem p t  w a s  m ad e  to m e a s u r e  the ra te  o f  o u t c r o s s ­

ing in t h e s e  s p e c i e s ,  it  is  p o s s ib l e  to co m p a r e  the p rob ab le  am ou n ts  

of o u tb reed in g  in the th r e e  s p e c i e s  on the b a s i s  of th e ir  b io lo g y .  

Euphorbia  h y s s o p ifo l ia  a t t r a c t s  r e l a t iv e l y  few  s p e c i e s  of in s e c t s ,  

m an y o f  w h ich  (the H e te r o p te r a )  a r e  h ig h ly  s e d e n ta r y ,  and is  ev id e n t ly  

la r g e ly  s e l f -p o l l in a t in g ;  th e s e  fa c to r s  undoubtedly  r e s u l t  in  a v e r y  

low  ra te  of o u tc r o s s in g .  The v i s i t o r s  to E . c a p ite l la ta  in c lud e  a 

s e d e n ta r y  group  (the C o le o p te r a )  and a m o b ile  grou p  (the A p o id ea ) .

I have e s t im a t e d  that an a v e r a g e  of 22% of the b e e s '  m o v e m e n ts  a r e  

b e tw e e n  d if fe r e n t  E . c a p ite l la ta  p lan ts  (this f ig u re  is  an a v e r a g e  for  

a l l  bee  s p e c ie s ;  s e e  C hapter 6 ). The am ou n t of o u tc r o s s in g  e f fe c te d  

by  b e e s  m a y  be co u n tered  by the s e l f - p o l l in a t io n  of w h ich  th is  s p e c ie s  

i s  ev id e n t ly  ca p a b le .  N e v e r t h e l e s s ,  E . c a p ite l la ta  c l e a r ly  h as  m o r e  

e x te n s iv e  o u tb reed in g  than d o es  E . h y s s o p i f o l ia , b e c a u s e  of the f r e ­

qu ency  and nature  of the bee  v i s i t s .  E . a lb o m a r g in a ta  a t t r a c t s  the 

g r e a t e s t  d e n s ity  and v a r ie ty  o f  m o b i le  in s e c t s ,  but the la r g e  s i z e  of  

in d iv idu a l p la n ts ,  the h igh  d e n s ity  of cya th ia  p er  p lant, and the e f f ic a c y  

of v e g e ta t iv e  p rop agation  in sp rea d in g  one in d iv idu a l p lant o v e r  a la r g e  

a r e a  m u s t  r e d u ce  the p o ten t ia l  of the in s e c t  fauna for  o u tc r o s s in g .  

A m on g  the b e e s ,  p rob ab ly  o v e r  80% of a l l  m o v e m e n ts  a r e  w ith in  a
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m a t  and c o n s e q u e n t ly  r e s u l t  in  s e l f -p o l l in a t io n .  (The m eth o d  of 

o b s e r v a t io n  p r e v e n te d  a c c u r a te  a s s e s s m e n t  of m o v e m e n t s  b e tw e e n  

la r g e  m a t s .  ) T hu s, the s p e c i e s  w ith  the g r e a t e s t  d ep en d en ce  on  

in s e c t  v i s i t o r s  (E. a lb o m a r g in a ta ) p rob ab ly  h as  a c o n s id e r a b ly  lo w e r  

o u tc r o s s in g  ra te  than d o e s  a s p e c i e s  (E. c a p i t e l la t a ) w ith  a p a r t ia l  

a b i l i t y  to p o l l in a te  i t s e l f .

A l l  th r e e  s p e c i e s  of E u p horb ia  s u c c e e d  in p rod u cin g  v e r y  la r g e  

n u m b e r s  of s e e d s .  A s  noted a b o v e ,  E . a lb om a r g ina ta and E . c a p i t e l - 

la ta  g r o w  s o  a s  to m a in ta in  e x t r e m e ly  d e n s e  p op u la tion s  of cyath ia  

(1532 to 2 8 9 2 /m ^  and 1512 to 2100 /m ^  r e s p e c t i v e ly  (C hapter 7)).

A lth ou gh  the a v e r a g e  s e e d  s e t  fo r  th e s e  s p e c i e s  w a s  b e tw e e n  60% and  

70%, the s i t e s  w e r e  h igh ly  v a r ia b le ,  rang ing  f r o m  20% to 80%. P o o r  

s e e d  s e t  i s  p r e s u m a b ly  a t tr ib u ta b le  to u n fa v o ra b le  e n v ir o n m e n ta l  

co n d it io n s ;  th e s e  data w e r e  c o l le c t e d  during an  u n u su a lly  d ry  s e a s o n ,  

w hen the p lan ts  w e r e  u nder  c o n s id e r a b le  p h y s io lo g ic a l  s t r e s s .  E v e n  

under co n d it io n s  of low  p e r c e n ta g e  s e e d  s e t ,  the a b s o lu te  n u m b er  of  

s e e d s  p ro d u ced  by the c o m b in e d  long f lo w e r in g  s e a s o n  and high  

d e n s ity  of cya th ia  i s  e n o r m o u s .  W ith an  a v e r a g e  of 2000 c y a t h ia / m  , 

a n  a v e r a g e  s e e d  s e t  of 50% (1. 5 s e e d s  p e r  cy a th iu m ),  a population  

c o v e r in g  about 50 m ^ (co m p a ra b le  to the s m a l l e r  of th o se  s i t e s  

s tu d ied ) ,  and a p ea k  f lo w e r in g  s e a s o n  o f  two m o n th s ,  about 300, 000  

s e e d s  a r e  r e l e a s e d  in e a c h  population . T h is  a b i l i t y  to p rod u ce  

e n o r m o u s  n u m b e r s  of s e e d s  u n der  a d v e r s e  c o n d it io n s  s u r e ly  i s  a 

m a jo r  fa c to r  in the s u c c e s s  of the p la n ts .
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A l l  th r e e  s p e c i e s  a r e  ty p ic a l  o f  c o lo n iz in g  s p e c i e s ,  in  that  

th ey  a r e  u s u a l ly  found g ro w in g  in d is tu r b e d  a r e a s  (in s o u th e a s te r n  

A r iz o n a ,  they  a r e  m o s t  c o m m o n  in o v e r g r a z e d  g r a s s la n d s ,  a lo n g  

r o a d s id e s  that a r e  f r e q u e n t ly  m o w e d ,  s c r a p e d ,  t r a v e r s e d  by h ea v y  

m a c h in e r y ,  e tc .  ), and th ey  d is a p p e a r  a s  o th er  v e g e ta t io n  m o v e s  in. 

D e n se  s tan d s  r a r e ly  in c lu d e  in d iv id u a ls  of o th er  s p e c i e s  of p la n ts .

The r e p r o d u c t iv e  b io lo g y  d e s c r ib e d  in  th is  p a p er  i s  in  a c c o r d a n c e  w ith  

that d e s c r ib e d  fo r  o th e r  w e e d y  p lan ts  (B a k e r ,  1965), in that r e l ia n c e  

i s  p la c e d  on e n o r m o u s  s e e d  s e t ,  a long  f lo w e r in g  s e a s o n ,  rapid  

grow th , and p ro d u ct io n  of s e e d  by s m a l l  s e e d l i n g s .  T h is  c o m b in a t io n  

of c h a r a c t e r i s t i c s  p r o m o te s  both  the g e n e t ic  v a r ia t io n  n e c e s s a r y  fo r  

s u r v iv a l  fr o m  y e a r  to  y e a r ,  and the g e n e t ic  u n ifo r m ity  fa v o r in g  rap id  

c o lo n iz a t io n  of e a c h  lo c a l i t y  during a y e a r  (A lla rd ,  1965). T h u s,  th e s e  

s p e c i e s  m e e t  m an y  of the c r i t e r ia  s e t  out by  B a k e r  (1965) for  the  

"id ea l w eed " .

C a su a l  o b s e r v a t io n  of o th er  w e e d y  s p e c i e s  in C h a m a e sy c e  (E. 

m a c u la ta  and E . P r e s l i i ) ,  w h ich  h ave  cy a th ia  c o n s id e r a b ly  s m a l l e r  

than th o se  s tu d ied  h e r e ,  s u g g e s t s  that h igh  s e e d  s e t  can  be cou p led  

w ith  the v ir tu a l  a b s e n c e  o f  in s e c t  v i s i t o r s .  A c c o r d in g  to r e c e n t  

ta x o n o m ic  t r e a tm e n ts  (W e b ste r ,  1967; W h e e le r ,  1941; R ic h a r d so n ,  1968), 

m a n y , if  not m o s t  s p e c i e s  in  the su b g en u s  g r o w  a s  w e e d s  in w a s te  

p la c e s ,  and m an y  (63% of th o se  c o n s id e r e d  by W h e e le r )  have p e ta lo id  

a p p en d a g e s  s m a l le r  than E . a lb o m a r g in a t a . T h is  s u g g e s t  that s e l f -  

p o ll in a t io n  i s  w id e s p r e a d  in th is  s u b g e n u s .  I n v e s t ig a t io n  of a  la r g e r
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s a m p le  of s p e c i e s  w i l l  be n e c e s s a r y  to e s t a b l i s h  the p r e v a le n c e  of  

s e l f - p o l l in a t io n  in  the grou p s  and the im p o r ta n c e  o f  th is  r e p r o d u c t iv e  

p a t te r n  to the w e e d in e s s  of so  m a n y  of it s  s p e c i e s .

In c o n c lu s io n ,  the r e p r o d u c t iv e  p a ttern s  of th e s e  th r e e  s p e c ie s  

a r e  d i f fe r e n t ly  o r g a n iz e d ,  but the end r e s u l t  - co p io u s  s e e d  s e t  - is  

the s a m e .  E . a lb o m a r g in a ta  h a s  a r e p r o d u c t iv e  s y s t e m  that g iv e s  it  

g r e a t  f le x ib i l i ty ;  su ch  a w ide v a r ie ty  of in s e c t s  v i s i t  the p lan ts  that  

a l l  p op u la tion s  can  r e ly  on a t  l e a s t  s o m e  v i s i t o r s .  A l s o ,  the long  

p e r io d  o f  s t ig m a t ic  r e c e p t iv i t y  e n s u r e s  that e v e n  w ith  v e r y  lo w  r a te s  

of  v is i ta t io n ,  m o s t  cya th ia  w i l l  a t  l e a s t  be s e l f -p o l l in a te d .  E . c a p i t e l - 

la ta  m a in ta in s  an  e q u iv a le n t  f l e x ib i l i t y ,  in sp ite  of red u c e d  in s e c t  

v is i t o r  d iv e r s i t y  and ab u nd an ce , b e c a u s e  it  h a s  a g r e a t e r  c a p a c i ty  for  

s e l f - p o l l in a t io n .  E .  h y s s o p ifo l ia  h as  su b st itu ted  s e l f - p o l l in a t io n  for  

r e l ia n c e  on in s e c t s  a l to g e th e r ;  it  w ould  be in te r e s t in g  to d e te r m in e  if  

it  h as  s a c r i f i c e d  s o m e  g e n e t ic  v a r ia b i l i ty  b e c a u s e  of the m u ch  lo w e r  

r a te  of o u tc r o s s in g .

V a r ia b i l i ty  in F o ra g in g  B e h a v io r  

The p a ttern s  of d i f f e r e n c e  and s im i l a r i t y  am o n g  the b e e s  can  

be u se d  to a n a ly z e  the fo l lo w in g  to p ic s :  1) What k inds  of b e h a v io r  

a r e  c o m m o n  to a l l  the b e e s ,  and w hich  b e h a v io r a l  e l e m e n t s  v a r y  am ong  

the s p e c i e s ?  D o es  fo ra g in g  b e h a v io r  p ro v id e  a p p r o p r ia te  m a t e r ia l  

for  e th o lo g ic a l  a n a ly s i s ?  2) How f le x ib le  i s  the fo ra g in g  b e h a v io r  of  

b e e s ?  Can in d iv id u a l b e e s  a d ju s t  th e ir  b eh a v io r  w hen  th ey  fo r a g e  on
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d if fe r e n t  s p e c i e s  of p la n ts ?  3) Is th e r e  an  "optim al"  w a y  of obtain ing  

food  fr o m  E uphorbia  that i s  e v id e n t  f r o m  the data on t h e s e  s p e c i e s  of 

b e e s ?  H as s e le c t io n  for  e f f ic ie n c y  had any e f f e c t  on the e v o lu t io n  of 

b e e s '  feed in g  b e h a v io r ?  4) Can b e h a v io r a l  v a r ia t io n  am on g  the b e e s  

f o s t e r  c o m p e t i t iv e  c o e x i s t e n c e ?  T h e se  to p ic s  w i l l  be c o n s id e r e d  in  

turn.

E t h o lo g ic a l  A s p e c t s  of B e e  F o r a g in g  B e h a v io r

T ab le  12 s u m m a r iz e d  th o se  q u a lita t ive  b e h a v io r s  that w e r e  

p e r fo r m e d  by a l l  of the b ee  s p e c i e s ,  r e g a r d l e s s  of food p lant. In 

g e n e r a l ,  the le g  m o v e m e n ts  u s e d  to e x t r a c t  p o l le n ,  p a s s  it  p o s te r io r ly ,  

and pack  it into the sc o p a e  a r e  s im i la r  am on g  w id e ly  d if fe r e n t  gro u p s  

of b e e s .  In ad d it ion  to th o se  b e e s  s tu d ied  h e r e ,  o th er  that have b een  

re p o r te d  to c o l l e c t  and m a n ip u la te  p o l le n  in th is  w ay  inc lude A g a p o s  - 

te m o n  spp. , on a v a r ie ty  o f  f lo w e r s  (R o b e r ts ,  1969). M e g a c h i le  b r e v i s  

Say on P s o r a l e a , R h u s , and G u t ie r r e z ia  (M ich en er ,  1953), A p is  

m e l l i f e r a  L . on a v a r ie t y  of p lants  (P a r k e r ,  1926), D i a l i c t u s  

i m i t a t u s  on R hus and P la n ta g o  (M ich en er  and W il le ,  1961), A n d ren a  

c h a ly b a ea  (C r e s so n )  on C a m is s o n ia ,  and s e v e r a l  o ther A n d ren a  s p e c i e s  

on A g o s e r i s  (T horp , 1969), and N om ia  m e la n d e r i  C o c k e r e l l  on a lfa l fa  

(B ohart,  1958). T hus, th is  s e q u e n c e  of le g  m o v e m e n ts  is  c o m m o n  to 

s p e c i e s  w ith  sc o p a e  of p lu m o s e  h a ir s  on the f e m o r a  (A g a p o s te m o n , 

D ia l ic tu s ) ,  s c o p a e  of p lu m o s e  h a ir s  on the t ib ia e  and b a s i t a r s i  

(E x o m a lo p s i s ), s c o p a e  o f  r e la t iv e ly  s p a r s e ,  s im p le  h a ir s  on the t ib iae  

and b a s i t a r s i  (Andrena c h a ly b a ea ,  p anurgine b e e s ) ,  and sc o p a e  of
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p lu m o s e  h a ir s  on the a b d o m in a l  v e n te r  (M e g a c h i l e ). T h is  s e q u e n c e  

o c c u r s  on  f lo w e r s  o f  d iv e r s e  m o r p h o lo g y  - f la t ,  open  b lo s s o m s  

(E u phorbia ),  c u p -s h a p e d  b l o s s o m s  (C a m is s o n i a ), c o m p o s i t e  h ea d s  

( A g o s e r i s ,  G u t i e r r e z i a ), and f la g - s h a p e d  b l o s s o m s  ( P s o r a le a ) ,  and  

b r u s h  type b l o s s o m s  a r r a n g e d  in s p ik e s  (P lan tago ) .  A  few  e x a m p le s  

of b e e s  w h ich  d if fe r  p a r t ly  o r  c o m p le t e ly  f r o m  th is  b e h a v io r  s e q u e n c e  

h a v e  b e e n  d e s c r ib e d ;  th ey  in c lu d e  P r o t e r i a d e s , w h ich  e x t r a c t s  p o l le n  

f r o m  C ryptantha  u s in g  c u r le d  b r i s t l e s  on the g a le a e  and la b ia l  p a lp s ,  

but u s e s  the c o m m o n  le g  m o v e m e n ts  fo r  t r a n s fe r  of p o l le n  and s c o p a l  

p ack in g  (T im b e r la k e  and M ic h e n e r ,  1950),  H o p li t is  a n th o co p o id es  

(S ch en ck ) on E c h iu m  v u lg a r e  (E ic k w o rt ,  1973) and M e g a c h i le  u m a t i l - 

l e n s i s  M itc h e l l  on O e n o th e r a  (B oh art  and Y o u s s e f ,  1972) w h ich  g a th er  

the a n th e r s  to g e th e r  w ith  the h in d le g s  and p ush  th em  a g a in s t  the  

a b d o m in a l  s c o p a l  h a ir s ,  P t i l o g l o s s a , B o m b u s , and o th e r s  w hich  

e x t r a c t  p o l le n  f r o m  f lo w e r s  w ith  tubular a n th e r s  (su ch  a s  C a s s ia  and  

S o la n u m ) by b it in g  the b a s e  o f  the a n th er  and v ib ra t in g  the w in g s  in  

o r d e r  to sh ake  the p o lle n  out onto the a b d o m in a l  v e n te r  (W il le ,  1963).

T h e s e  sc a n ty  r e c o r d s  of e x c e p t io n s  to the s tand ard  b e h a v io r a l  

s e q u e n c e  s u g g e s t  that one e x t r in s i c  fa c to r ,  h ig h ly  u n u su a l a n th er  

m o r p h o lo g y ,  and one in t r in s ic  f a c to r ,  o c c u r r e n c e  of the s c o p a l  h a ir s  

on the a b d o m en  ( i . e .  , in  the M e g a c h i l id a e  and F id e l i id a e )  a r e  the 

m a jo r  c a u s e s  of e x c e p t io n a l  b e h a v io r ,  w hen  it o c c u r s .  M o re  e x te n s iv e  

data m a y  o f c o u r s e  expand the n u m b er  of f a c to r s  that c a u s e  a d e p a r ­

tu re  f r o m  the c o m m o n  s e q u e n c e .
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T he o c c u r r e n c e ,  but not the t im in g ,  of the h in d leg  rub b en ea th  

the a b d o m e n  i s  a l s o  c o m m o n  to m a n y  s p e c i e s .  In ad d it io n  to a l l  of 

the b e e s  s tu d ied  h e r e ,  A g a p o s te m o n  (R o b e r ts ,  1969) p e r fo r m s  th is  

m o v e m e n t ;  h o w e v e r ,  l i t t le  a t ten t io n  h a s  b e e n  paid  by in v e s t ig a to r s  to 

th is  b e h a v io r ,  and the ex te n t  of i t s  o c c u r r e n c e  i s  unknown.

T h u s,  the e v id e n c e  a v a i la b le  to date s u g g e s t s  that the le g  

m o tio n s  a s s o c ia t e d  w ith  p o l le n  a c q u is i t io n  and m a n ip u la t io n  a r e  p r i m i ­

t ive  f e a t u r e s  of b ee  b e h a v io r ,  and , by  im p l ic a t io n ,  d e p a r tu r e s  f r o m  

t h e s e  b e h a v io r s  r e p r e s e n t  d e r iv e d  c o n d it io n s .  O b v io u s ly ,  c o n s id e r a b ly  

m o r e  w o r k  on a g r e a t e r  v a r ie ty  of b ee  s p e c i e s  w i l l  be n eed ed  to s u b ­

s ta n t ia te  th is  h y p o th e s i s .  A  d e ta i le d  in v e s t ig a t io n  o f  fo ra g in g  b e h a v io r  

a m o n t  the M e g a c h i l id a e  m ig h t  b e  p a r t ic u la r ly  in fo r m a t iv e ,  s in c e  th is  

f a m i ly  h a s  show n c o n s id e r a b le  v a r ia b i l i ty  in  the le g  m o v e m e n ts  

a s s o c i a t e d  w ith  p o l le n  c o l le c t in g .

In ad d it ion  to  the le g  m o v e m e n ts  u s e d  fo r  p o l le n  g a th er in g ,  

s e v e r a l  o f  the a s p e c t s  of t e m p o r a l  s e q u e n c e  s tu d ied  ab ove  can  be  

ad d ed  to the l i s t  of b e h a v io r a l  e l e m e n t s  c o m m o n  to a l l  of the b e e s  in  

th is  s tud y . A l l  b e e s  tend to f ly  a f t e r  v is i t in g  a s in g le  f lo w e r  about  

50% of  the t im e ,  a f r e q u e n c y  c o n s id e r a b ly  g r e a t e r  than that e x p e c te d  

by  c h a n c e  a lo n e .  T hu s, the n o n -r a n d o m  a r r a n g e m e n t  of the b a s ic  

e le m e n t s  of fo ra g in g  - f lo w e r  v i s i t s  and f l ig h ts  b e tw e e n  f lo w e r s  - 

m a y  be  a g e n e r a l  c h a r a c t e r i s t i c  o f  b e e s  fo r a g in g  on p lants  w ith  

a g g r e g a te d  f lo w e r s .  S e c o n d ly ,  a l l  b e e s  spend  a g r e a t e r  p ro p o r t io n  

o f  th e ir  t im e  v is i t in g  f lo w e r s  than f ly in g  b e tw e e n  f lo w e r s .  T h ird ly ,
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a l l  b e e s  fo ra g in g  on E . c a p ite l la ta  m ak e  o v e r  h a lf  th e ir  m o v e s  to  

f lo w e r s  of the s a m e  p lant. (T h is  i s  a l s o  c e r ta in ly  tru e  fo r  the b e e s  

fo ra g in g  on E . a lb o m a r g in a ta , e v e n  though the p r e c i s e  r e la t iv e  

fr e q u e n c y  of su c h  b e h a v io r  w a s  not m e a s u r e d .  )

The c l a s s  of b e h a v io r s  that a r e  v a r ia b le  am on g  the s p e c i e s  is  

m u c h  la r g e r  than the c l a s s  of b e h a v io r s  c o m m o n  to a l l  of the b e e s .

T h e s e  t r a i t s  in c lud e  not on ly  th o se  l i s t e d  in T ab le  13, but a l s o  a l l  of  

the a s p e c t s  of t e m p o r a l  o r g a n iz a t io n  of fo ra g in g  d i s c u s s e d  in C hapter  

6 . A  n u m ber  of b e h a v io r s  that a r e  p e r fo r m e d  by a l l  s p e c i e s  a r e  s e e n  

a t  va ry in g  fr e q u e n c e s  or  r a te s  in the d if fe r e n t  s p e c i e s  ( e . g .  , g r o o m ­

ing p a u s e s ,  f r e q u e n c ie s  of m o v e m e n ts  b e tw e e n  p la n ts ) .

M any of the b e h a v io r a l  e l e m e n t s  that a r e  l i s t e d  in  the " var iab le"  

c a te g o r y  of T able 13 have  s tro n g  e c o lo g ic a l  e f f e c t s  on in s e c t - p la n t  

in te r a c t io n s  and in t e r s p e c i e s  in t e r a c t io n s .  F o r  e x a m p le ,  a d h e r e n c e  

of  p o lle n  to the fa c e  and v e n te r ,  p o s tu r e  of the b ee  on the f lo w e r ,  type  

of m o t io n  of the b ee  and ten d en cy  to v i s i t  a d ja c e n t  f lo w e r s  d e te r m in e  

the e f f e c t iv e n e s s  of the b e e  a s  a p o ll in a to r ,  and a s  an  a g e n t  of o u t-  

c r o s s in g  v e r s u s  s e l f in g .  C h a r a c te r s  su ch  a s  rap id ity  of le g  m o v e m e n t s ,  

r e a c t io n s  to p a s s in g  c lo u d s ,  p e r c e n ta g e  of t im e  fo r a g in g ,  d is ta n c e  

c o v e r e d ,  f r e q u e n c y  of and in t r a s p e c i e s  in te r a c t io n s  m a y  c o n tr ib u te  to 

the c o m p e t it iv e  a b i l i t i e s  of e a c h  s p e c i e s  ( s e e  b e lo w ).  (T h e se  e c o l o g i ­

c a l ly  s ig n if ic a n t  b e h a v io r s  tend, in ad d it ion ,  to be the m o s t  v a r ia b le  

w ith in  b ee  s p e c i e s  on d if fe r e n t  p lan ts  (M ic h e n e r ,  1953) and u nder  

d if fe r e n t  co n d it io n s  of p lant d e n s ity  (M anning, 1956). D i f f e r e n c e s  in
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b e e  p o s tu r e  and m o t io n ,  in  p a r t ic u la r ,  a c c o u n t  for  m o s t  of th is  in t r a -  

s p e c i e s  v a r ia b i l i ty .

The v a r ia b le  b e h a v io r s  a r e  l ik e ly  to be u s e fu l  in ta x o n o m ic  

and e th o lo g ic a l  a n a ly s e s .  In C h apter  5 it  w a s  show n that the p a tte r n s  

of s p e c i e s  s im i l a r i t y  in  q u a lita t iv e  a s p e c t s  o f  b e h a v io r  r e s e m b le  the  

p a t te r n s  of ta x o n o m ic  r e la t io n s h ip  c u r r e n t ly  a c c e p te d .  In a d d it io n  to  

p a tte r n s  of o v e r a l l  s im i l a r i t y ,  p a r t ic u la r  b e h a v io r s  m a y  p r o v e  to be  

im p o rta n t  c h a r a c t e r s  for  the p u r p o s e s  of c l a s s i f i c a t io n .  F o r  e x a m p le ,  

p a r a l l e l  leg  m o v e m e n t s ,  body  v ib r a t io n ,  le n g th y  p o l le n  p ack ing  m o v e ­

m e n ts  in  the v e r t i c a l  p o s i t io n ,  and in v o lv e m e n t  of the p ro  s te r n a  and  

p r o c o x a e  w e r e  s e e n  on ly  in the two s p e c i e s  of P e r d i ta ,  H. n an u lu s,

N. h e l ia n th i  and C. s q u a m ife r a  r e s e m b le d  e a c h  o th er  in pack ing  the  

sc o p a e  during f l ig h t ,  in g a th er in g  p o l le n  w h i le  s ta t io n a r y  and a s t r id e  

the f l o w e r s ,  in the h o v er  f l ig h t  b e fo r e  lan d in g , and in an  in t e r m e d i a t e - 

s i z e d  fo ra g in g  a r e a .  C a l l i o p s i s  and N o m a d o p s is  a r e  thought to be  

c l o s e l y  r e la te d  on m o r p h o lo g ic a l  g ro u n d s  (R ozen , 1951, 1958), and  

fu r th er  in v e s t ig a t io n  m a y  d e m o n s tr a te  that th ey  s h a r e  fo ra g in g  

b e h a v io r s  not g e n e r a l ly  c o m m o n  to p a n u r g in e s .  A lth ou gh  the o v e r a l l  

s im i l a r i t y  of s p e c i e s  w ith  r e s p e c t  to the t e m p o r a l  a s p e c t s  of fo ra g in g  

(C hapter 6 ) d o e s  not r e f l e c t  ta x o n o m ic  r e la t io n s h ip ,  p a r t ic u la r  a s p e c t s  

of t im in g  and se q u e n c e  in fo r a g in g  b e h a v io r  m a y  a l s o  be d is t in c t iv e  o f  

s o m e  s p e c i e s .  F o r  e x a m p le ,  the n e a r ly  r e g u la r  a l t e r n a t io n  of f lo w e r  

v i s i t s  and f l ig h ts  in H. nanulus s e t  th is  s p e c i e s  a p a r t  f r o m  the o th e r s  

s o  c l e a r ly  that fo ra g in g  in d iv id u a ls  cou ld  b e  c o r r e c t l y  id e n t if ie d  b y  the
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o b s e r v e r  on the b a s i s  of th is  b e h a v io r  a lo n e .  T h us, the e l e m e n t s  of  

fo ra g in g  b e h a v io r  d e s c r ib e d  h e r e  sh ow  a s u f f ic ie n t  ran ge  o f  v a r ia b i l i t y  

a m o n g  the s p e c i e s  that in the fu tu r e ,  m o r e  e x t e n s iv e  a n a ly s i s  of  

fo r a g in g  b e h a v io r s  m a y  p ro v e  a s  u s e fu l  to the s tudy  of b ee  s y s t e m a -  

t i c s  a s  have  s tu d ie s  of n e s t  a r c h i te c tu r e  am o n g  b e e s  (M ic h e n e r ,  1974; 

S a k a g a m i and M ic h e n e r ,  1962).

F le x ib i l i t y  of In d iv id u a ls  in R e s p o n s e  to P la n t  V a r ia t io n

A l l  of the s p e c i e s  s tu d ied  m o d ify  o n ly  tw o a s p e c t s  o f  th e ir  

fo ra g in g  b e h a v io r  w hen  they  s w itc h  fr o m  u n ifo r m  m a ts  of cya th ia  

(E. a lb o m a r g in a ta )  to d i s c r e t e  c lu m p s  of cy a th ia  (E. c a p i t e l la t a ); b e e s  

v i s i t  f e w e r  h e a d s  p er  m in u te  than th ey  do s o l i t a r y  c y a th ia ,  and they  

sp en d  m o r e  v a r ia b le  am o u n ts  o f  t im e  p er  h ead  than th e y  do p er  

cy a th iu m . T h e se  r e s u l t s  a r e  n ot  s u r p r is in g ,  s in c e  m o r e  food i s  

a v a i la b le  on a head  than on a s in g le  c y a th iu m , and the h ea d s  a r e  m o r e  

v a r ia b le  in  s i z e  than i s  a cy a th iu m . The m e a n  d u ra tion  of f lo w e r  

v i s i t s ,  and a l l  a s p e c t s  of f l ig h t  b e h a v io r ,  h o w e v e r ,  g e n e r a l ly  w e r e  

n ot changed  in  r e s p o n s e  to p lan t  d i f f e r e n c e s .  No b e e  s p e c i e s ,  then,  

w a s  a s  f le x ib le  in  d ea lin g  w ith  v a r ie d  p lant m o r p h o lo g y  a s  m ig h t  have  

b e e n  e x p e c te d .

S p e c i e s - s p e c i f i c  in f lu e n c e s  e v id e n t ly  a c c o u n t  for  m u c h  m o r e  

of the o b s e r v e d  v a r ia b i l i ty  in  b ee  fo ra g in g  b e h a v io r  than do r e s o u r c e - 

r e la te d  in f lu e n c e s .  A lth ou gh  m y  r e s u l t s  c o n c e r n  b e h a v io r a l  v a r ia t io n  

on p lan ts  w h ich  d if fe r  in the a r r a n g e m e n t  of s im i l a r  f lo w e r s  (cya th ia ) ,  

the l im ite d  data in the l i t e r a t u r e ,  d i s c u s s e d  a b o v e ,  s u g g e s t  that few
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t r a i t s  o th er  than b od y  p o s tu r e ,  body  m o tio n ,  and fo ra g in g  ra te  

( f lo w e r s /m in )  v a r y  w ith in  a s p e c i e s  of b ee  on p lan ts  of v e r y  d if fe r e n t  

m o r p h o lo g y .  If th is  c o n c lu s io n  i s  c o n f ir m e d  in fu ture s tu d ie s  of b e e  

fo ra g in g  b e h a v io r ,  it  w i l l  im p ly  that in t r in s ic  f a c to r s  can  b e  m o r e  

p e r v a s iv e  in  d e te r m in in g  p a ttern s  of fo ra g in g  b e h a v io r  than fa c to r s  

r e la te d  to  the n a tu re  of the food . In v ie w  of th is  p o s s ib i l i t y ,  s p e c i e s  - 

s p e c i f i c  a s p e c t s  of b e h a v io r  shou ld  be taken  into a c c o u n t  in  any  i n v e s ­

t ig a t io n  of fo r a g in g  " s t r a te g ie s " .

"O ptim al"  F o r a g in g  B e h a v io r  of B e e s

The f e a tu r e s  that w e r e  g e n e r a l  a m o n g  the b e e s  stu d ied  a r e  

sh a r p ly  a t  v a r ia n c e  w ith  the h y p o th e s i s  that fo ra g in g  b e h a v io r  is  

m o ld e d  by s e le c t io n  for  m a x im u m  e f f i c i e n c y  (E m len ,  1966; M acA rth u r  

and P ia n k a , 1966; S c h o e n e r ,  1971). F i r s t l y ,  b e e s  tend to re tu rn  

r e p e a te d ly  to the s a m e  f lo w e r s  a n d /o r  h ea d s  o v e r  the c o u r s e  of  

s e v e r a l  m in u te s ,  e v e n  though m u c h  or a l l  the n e c ta r  and p o l le n  is  

g a th e r e d  on the f i r s t  v i s i t .  T h is  im p l i e s  that the " d e c is io n "  of a b e e  

to a l ig h t  on a f lo w e r  and c o m m e n c e  fo ra g in g  is  not n e c e s s a r i l y  

d ep end en t on  a p r io r  a s s e s s m e n t  of the r e s o u r c e s  to b e  ga ined  fr o m  

that f lo w e r .  It i s  p o s s ib l e ,  of c o u r s e ,  that s m a l l  a m ou n ts  of p o l le n  

and n e c ta r ,  not v i s ib l e  to the hum an o b s e r v e r ,  r e m a in  a f te r  the f i r s t  

v i s i t ,  and a r e  "worth" the t im e  and e n e r g y  expend ed  w hen  the b ee  

r e tu r n s  tw o, th r e e ,  four or m o r e  t im e s ;  but th is  i s  d if f ic u lt  to b e l i e v e .  

S e c o n d ly ,  s o m e  of the f lo w e r s  that h ave  h igh ly  c o n sp ic u o u s  p o l le n  and  

n e c ta r  a r e  o ften  sk ip ped  d ir ing  a p o l l e n - c o l l e c t in g  run, e v e n  though
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th e y  m a y  b e  d ir e c t ly  in the path of the b e e .

F u r th e r  e v id e n c e  a g a in s t  the e f f ic ie n c y  h y p o th e s is  c o m e s  fr o m  

two b e h a v io r s  that a r e  v a r ia b le  a m o n g  the s p e c i e s .  The b e e s  v a r y  in  

the c o m p le t e n e s s  of th e ir  fo ra g in g  e f fo r ts  on a g iv e n  f lo w er;  P .  

m in im a  and D. p e r p a r v u s  g a th er  p o l le n  fr o m  e v e r y  a n th e r ,  but 

H. nanulus and E .  sp . A  fo r a g e  on on ly  s o m e  of the a n th e r s  of e a c h  

f lo w e r .  It is  hard  to u n d ersta n d  w hy the la t t e r  s p e c i e s  should  not  

sp en d  the s l ig h t ly  in c r e a s e d  t im e  n e c e s s a r y  to ob ta in  a l l  the food  

p o s s i b l e  p er  stop  on a f lo w e r ,  u n le s s  th is  kind of e f f ic ie n c y  h a s  l e s s  

e v o lu t io n a r y  im p o r ta n c e  than o th er  f a c t o r s .  The r e la t io n s h ip  b e tw e e n  

the r e la t iv e  p ro p o r t io n s  of t im e  sp en t fo ra g in g  and f ly in g ,  and the  

r a t io  of " p u r s u i t / s e a r c h "  w a s  e x a m in e d  in  C hapter  6 . It w a s  show n  

th e r e  that c o n tr a r y  to e x p e c ta t io n ,  the s p e c i e s - s p e c i f i c  e f f e c t  w a s  of  

m u c h  g r e a t e r  im p o rta n ce  in  ex p la in in g  v a r ia t io n  in  the ra t io  than w a s  

the p lan t fa c to r .  If m a x im iz a t io n  o f  fo ra g in g  e f f ic ie n c y  i s  a p r im e  

fa c to r  in  b ee  ev o lu t io n , one m ig h t  e x p e c t  to find that s e a r c h  t im e  h as  

b e e n  m in im iz e d .  It i s  c u r io u s ,  th e r e f o r e ,  that a m o n g  the E uphorb ia  - 

v is i t in g  b e e s ,  o r g a n is m s  of a p p r o x im a te ly  the sa m e  s i z e  have  

r e sp o n d e d  to an  id e n t ic a l  food  d e n s ity  and d is tr ib u t io n  w ith  su ch  

d if fe r e n t  t im e - a l lo c a t i o n  " s t r a t e g i e s ” . F o r  e x a m p le ,  H. nanulus  

sp en d s  c o n s id e r a b ly  m o r e  t im e  in f l ig h t  than C. s q u a m if e r a , w hen  

both a r e  fo ra g in g  on E .  a lb o m a r g in a ta . P u l l ia m  (1974) p r e d ic t s  that  

s e a r c h  t im e  w i l l  d e c r e a s e  w ith  in c r e a s in g ly  c lu m p ed  food  d is tr ib u t io n .  

A lth o u g h  the h ea d s  of E .  c a p ite l la ta  w ould  ap p ear  to o f fe r  ju s t  su ch  an
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op p o rtu n ity  to d e c r e a s e  s e a r c h  t im e  p e r  unit food in tak e, no s p e c i e s  

of b ee  s tu d ied  h e r e  r e s p o n d s  in  the p r e d ic te d  w ay.

It s e e m s ,  then , that the b e h a v io r  of th e s e  a n im a ls  h as  b e e n  

s e l e c t e d  fo r  s o m e th in g  o th er  than s h o r t - t e r m  e f f ic ie n c y ,  and not ju s t  

to " m a x im iz e  the n e t  c a lo r ic  in take p e r  in d iv id u a l of that s p e c i e s  p er  

unit t im e "  (E m le n ,  1966). One p o s s ib l e  ex p la n a t io n  m ig h t  be that  

rap id  m o v e m e n t  and the con tin u ou s  a l t e r n a t io n  of m o v e m e n t  and  

im m o b i l i ty  r e s u l t s  in  lo w e r  p r e d a t io n  than that w h ich  w ould  a c c o m ­

pany the m o r e  le n g th y  f lo w e r  v i s i t s  n e c e s s a r y  to e x tr a c t  c o m p le te ly  

the a v a i la b le  r e s o u r c e s .  A s  P u l l ia m  (1974) po in ts  out, m a x im u m  

fe e d in g  e f f i c i e n c y  m e a s u r e d  in  c a l o r i e s  p er  unit t im e  d oes  not  

n e c e s s a r i l y  le a d  to m a x im u m  f i t n e s s .  It i s  m o r e  l ik e ly  that a v a r ie ty  

of s e l e c t i v e  f o r c e s ,  p e rh a p s  o u tw e igh in g  c a lo r ic  e f f ic ie n c y  in im p o r ­

ta n c e ,  have  a f f e c t e d  the ev o lu t io n  of fo r a g in g  b eh a v io r .  The r e p e a te d  

v i s i t s  to f lo w e r s  m a y  be in e f f ic ie n t  in the sh o r t  term ; y e t  they  m a y  be  

h ig h ly  e f f ic ie n t  in  d e l im it in g  and m a in ta in in g  a feed in g  a r e a  that is  

h ig h ly  p r o f i ta b le  e a c h  day. The b e h a v io r  of E x o m a lo p s is  a s  it  ends  

fo r a g in g  i s  v e r y  s im i l a r  to the o r ie n ta t io n  f l ig h ts  p e r fo r m e d  by b e e s  

le a v in g  n e s t s ,  and s u g g e s t s  that a t  l e a s t  th is  s p e c i e s  r e tu r n s  to the 

s a m e  fo r a g in g  a r e a  r e p e a te d ly .  T horp  (1969) has found that A .  

ch a ly b a ea  r e p e a te d ly  r e tu r n s  to the s a m e  s m a l l  forag in g  a r e a  o v e r  a 

p e r io d  of d a y s ,  and L in s l e y  e t  a l .  (1959) h as  found the s a m e  to be  true  

of s o m e ,  but not a l l ,  o f  the s p e c i e s  o f  A n d ren a  a s s o c ia t e d  w ith  

R anu n cu lu s .
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The v a r io u s  m a th e m a t ic a l  m o d e ls  of feed in g  e f f i c i e n c y  a l l  

p r e d ic t  that s p e c ia l i z a t io n  in  the c h o ic e  of food w i l l  in c r e a s e  a s  the  

o v e r a l l  abundance  of a l l  food s o u r c e s  i n c r e a s e s ,  ( s e e  d i s c u s s i o n  in  

P u l l ia m ,  1974); it  i s  thus p o s s ib l e  that c o n s id e r a t io n s  o f  e f f ic ie n c y  

a r e  m o r e  im p o rta n t  in  the e v o lu t io n  of o l ig o le c ty ,  i t s e l f ,  than in  the 

e v o lu t io n  of the b e h a v io r a l  e le m e n t s  of fo r a g in g .  In d iv id u a ls  o f  

m a n y  p o ly le c t ic  s p e c i e s  ( e . g . ,  A p i s , B o m b u s , L a s io g lo s s u m  s . l . ,  

M e g a c h i le )  a r e  o ften  h ig h ly  " con stan t"  in  th e ir  fo ra g in g  b e h a v io r  

(D arw in , 1891; F r e e ,  1966; G rant, 1950; Hurd and M ic h e n e r ,  1955).

E a c h  b ee  w i l l  c o l l e c t  p o l le n  lo a d s  f r o m  on ly  one s p e c i e s  of p lant on 

e a c h  fo r a g in g  tr ip ,  and often  v i s i t  on ly  one s p e c i e s  o f  p lan t  for  

s e v e r a l  d ays  or lo n g e r ,  a lth ou gh  the s p e c i e s  a s  a w h o le  u t i l i z e s  a  

la r g e  n u m b e r  of p lant s p e c i e s .  The s tr o n g ly  c lu m p ed  d is tr ib u t io n  of 

m o s t  h e r b a c e o u s  p lant s p e c i e s  (G r e ig -S m ith ,  1964) m a y  have i n t e r ­

a c te d  w ith  an  o v e r a l l  abundance of food  in s u c h  a w ay  that f id e l i ty  to 

s i m i l a r  p a tc h e s  of v e g e ta t io n  h a s  b e e n  m a x im a l ly  e f f ic ie n t .  D arw in  

((pp. 4 1 8 -4 3 8 ,  1891) s u g g e s te d  that both  the f lo w e r  c o n s ta n c y  of A p is  

w o r k e r s ,  and the n e c ta r -r o b b in g  b e h a v io r  of B o m b u s  a r e  ad ap tation s  

fo r  m in im iz in g  fo ra g in g  t im e ,  and po in ted  out that both  of th e se  

b e h a v io r s  a r e  s e e n  on ly  in d e n s e  p lan t p o p u la t io n s .  He thus o r ig in a te d  

the h y p o th e s i s  that the h ig h ly  r e s t r i c t i v e  feed in g  h a b its  of b e e s  a r e  

r e la te d  to c o n s id e r a t io n s  of e f f ic ie n c y .  If th is  in d eed  w a s  (and i s )  a 

guid ing  fa c to r  in  the e v o lu t io n  of b e e  fo ra g in g  b e h a v io r ,  it  w ould  m ake  

o l ig o le c t y  (a s p e c i e s  c h a r a c t e r i s t i c )  and c o n s ta n c y  (an in d iv id u a l or
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p op u la tion  c h a r a c t e r i s t i c )  d if fe r e n t  e v o lu t io n a r y  r e s p o n s e s  to the s a m e  

s e le c t io n  p r e s s u r e s  e x e r te d  b y  the n a tu re  of the food s o u r c e  and the  

p r e m iu m  on e f f ic ie n t  u s e  o f  t im e .

B e h a v io r  in  R e la t io n  to P a r t i t io n in g  of F o o d  R e s o u r c e s

F in a l ly ,  the r e le v a n c e  of the d o cu m en ted  d i f f e r e n c e s  in b e h a v io r  

to r e s o u r c e  p a r t it io n in g  and the a v o id a n c e  of c o m p e t i t io n  m u s t  be 

e v a lu a te d .  On the b a s i s  of a c o m b in a t io n  of q u a lita t iv e ,  s p a t ia l  and  

te m p o r a l  a s p e c t s  of fo r a g in g ,  two b a s ic  m e th o d s  of g a th er in g  f lo w e r  

food fr o m  E u phorbia  can  be d is c e r n e d .  1) The s m a l l  s p e c i e s  - P .  

m in im a ,  P .  o b s c u r e l la ,  and D. p e r p a r v u s  - tend to m o v e  b e tw e e n  

a d ja c e n t  f l o w e r s ,  e x t r a c t  a l l  a v a i la b le  r e s o u r c e s  fr o m  e a c h  f lo w e r ,  

spend  the lo n g e r  t im e s  p er  f lo w e r ,  and do not c e a s e  fo ra g in g  w hen  

c lo u d s  m o m e n ta r i ly  o b s c u r e  the su n . 2) The la r g e r  s p e c i e s  m o v e  

ra p id ly  o v e r  the f l o w e r s ,  b r u sh in g  lo o s e  p o l le n  into th e ir  scop ae;  

th ey  c o v e r  la r g e r  a r e a s  a t  a g r e a t e r  r a te ,  c e a s e  fo ra g in g  during  

t e m p o r a r y  sh a d e .  T h e s e  g ro u p s  cou ld  be c a l le d  ' 'd ig g ers"  and  

,rb r u s h e r s "  r e s p e c t i v e ly .  The le n g th  of the f i la m e n ts  and p e d ic e l s  of  

the m a le  f lo w e r s  of e a c h  cy a th iu m , and the a n g le  w h ich  th ey  fo r m  w ith  

the p e ta lo id  a p p en d a g e s  a r e  v a r ia b le  in  both  E .  c a p ite l la ta  and E . a lb o ­

m a rg in a ta ;  s in c e  I o b s e r v e d  that the " d ig g ers"  but not the " b r u sh e r s"  

w e r e  ca p a b le  of obta in ing  food fr o m  p a r t ly  c o n c e a le d  or  u n u su a lly  

p la c e d  a n t h e r s ,  b e h a v io r a l  s e p a r a t io n  s e e m s  a t  l e a s t  p o s s i b l e .  W ithin  

e a c h  group , th e r e  i s  a d d it io n a l  d i f fe r e n t ia t io n  o f  s p e c i e s  on the b a s e s  

of the g ro u p s  of t r a i t s  d i s c u s s e d  a b o v e .  The a g g r e g a te  e f f e c t  of the
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v a r io u s  b e h a v io r a l  d i f f e r e n c e s  d o cu m en ted  a b o v e  i s  that e a c h  b e e  w i l l  

a l ig h t  on a  d i f f e r e n t  p r o p o r t io n  of f lo w e r s ,  d i f f e r e n t ly  a r r a n g e d ,  p er  

unit  a r e a  and t im e .  In so fa r  a s  t h e s e  p a ttern  and fo r a g in g  m eth od  

v a r ia n ts  tend  to  b r in g  c o e x i s t in g  s p e c i e s  into co n ta c t  w ith  p r e v io u s ly  

u n v is i t e d  a n th e r s  th ey  a r e ,  a t  l e a s t  t h e o r e t ic a l ly ,  c a p a b le  of red u c in g  

c o m p e t it io n .

C o m p e t i t io n  and F ood  L im ita t io n  in  B e e  P o p u la t io n s  

R e c o g n it io n  of the fa c to r s  that r e g u la te  the s i z e  o f  a p op u la tion  

of b e e s  h a s  b e e n  a c o m p le x  and d if f ic u l t  ta s k ,  b e c a u s e  o f  the la c k  of  

te c h n iq u e s  for  f ie ld  and la b o r a to r y  study of a l l  but a few  e c o n o m ic a l ly  

im p o r ta n t  s p e c i e s .  A s  a r e s u l t ,  m u ch  of the c u r r e n t  u n d e rs ta n d in g  

of the p o p u la t io n  d y n a m ic s  of s o l i t a r y  b e e s  i s  b a s e d  on q u a lita t iv e  

o b s e r v a t io n s  of p op u la tion  c h a n g e s ,  and in f e r e n c e s  b a s e d  on  e c o l o g ic a l  

th e o r y .  One of the p r in c ip a l  h y p o th e s e s  r e s u lt in g  f r o m  t h e s e  s o u r c e s  

of  in fo r m a t io n  i s  that p o l le n  (and p e r h a p s  n e c ta r )  i s  p r e s e n t  in sh o r t  

su p p ly ,  and that t h e r e fo r e  b ee  pop u la tion  s i z e  i s  l i m i t e d  by  the a v a i l ­

a b i l i t y  of food . It fo l lo w s  fr o m  th is  h y p o th e s i s  that b e e s  that fe e d  on  

the s a m e  p la n ts  a t  the s a m e  t im e  m u s t  be  c o m p e t in g .

In o r d e r  to  a s s e s s  the h y p o th e s is  that b ee  p o p u la t io n s  a r e  

l im i t e d  by  the food  su pp ly , and that c o e x i s t in g  s p e c i e s  a r e  th e r e fo r e  

c o m p e t in g  w ith  e a c h  o th e r ,  i t  is  n e c e s s a r y  to e x a m in e  the e v id e n c e  

that h a s  b e e n  a d v a n ced  to su p p o rt  the h y p o th e s i s ,  the v a l id i ty  of th is  

e v id e n c e ,  and the e v id e n c e  that o th er  l im it in g  fa c t o r s  a r e  a t  l e a s t  a s
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im p o r ta n t  in b e e  pop ula tion  e c o lo g y .  The a r g u m e n ts  for  the p r e s e n c e  

o f  c o m p e t it iv e  in te r a c t io n s  a m o n g  s p e c i e s  o f  b e e s  in c lu d e  both  f ie ld  

o b s e r v a t io n s  and lo g ic a l  in f e r e n c e .  T h e s e  a r g u m e n ts  w i l l  be ex a m in e d  

in turn.

F ie ld  S tu d ies  of F ood  U t i l i z a t io n  and C o m p e t it io n  A m o n g  C o e x is t in g  

S p e c ie s  of B e e s

The p r e s e n c e  of n u m e r o u s  s p e c i e s  o f  b e e s  u t i l i z in g  the sa m e  

plant a t  the s a m e  t im e  h as  o ften  b e e n  taken  a s  p r e s u m p t iv e  e v id e n c e  

of in t e r s p e c i f i c  c o m p e t i t io n  am on g  b e e s .  T h is  type  of a r g u m e n t  for  the  

h y p o th e s is  of c o m p e t io n  i s  e n c o u n te r e d  in m o n o g r a p h ic  s tu d ie s  of  

g ro u p s  of b e e s  ( e . g . ,  in C a l l i o p s i s , Shinn, 1967), a s  w e l l  a s  in  o b s e r ­

v a t io n a l s tu d ie s  of b ee  c o m m u n it ie s  ( e . g .  , L i n s l e y  e t  a l .  , 1973).

In s o m e  s tu d ie s ,  data have  b e e n  c o l l e c t e d  that p u rp o rt  to sh ow  

e c o l o g ic a l  d if fe r e n t ia t io n  w ith  r e s p e c t  to food  g a th e r in g .  F o r e m o s t  

a m o n g  th e s e  have  b een  d i f f e r e n c e s  in  the d a i ly  t im e  o f  o n s e t  of fo ra g in g  

and c o n c o m m itta n t  d i f f e r e n c e s  in  the d a i ly  t im e s  of p eak  abundance  

(L in s le y  e t  a l .  , 1959, 1963 a , b; S c h l is in g ,  1970; T horp , 1969).

V a r ia t io n  in d a ily  fo ra g in g  t im e  can  on ly  le a d  to re d u c t io n  of c o m p e t i ­

t ion  if  1) f r e s h  p o lle n  i s  exuded  m o r e  or l e s s  c o n s ta n t ly  w h ile  the  

f lo w e r s  a r e  open , a n d /o r  2) the b ee  s p e c i e s  v a r y  in  th e ir  b e h a v io r  in  

s u c h  a w ay that p o l le n  a v a i la b le  to s o m e  s p e c i e s  i s  not a v a i la b le  to  

o t h e r s ,  or 3) in t e r f e r e n c e  b e h a v io r ,  in  w h ic h  one s p e c i e s  i s  a c t iv e ly  

e x c lu d e d  fr o m  the f lo w e r s  by a n o th er  s p e c i e s ,  i s  c o m m o n .  U n fo r tu n ­

a te ly ,  l i t t le  data b e a r in g  on t h e s e  p o in ts  i s  a v a i la b le .  L in s le y  e t  a l .
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(1959, 1963 a , b; 197 3) d e s c r i b e s  s o m e  b e h a v io r a l  d i f f e r e n c e s  am ong  

the o l i g o le g e s  of R anuncu lus and Q enothe ra that m ig h t  su pp ort the  

se c o n d  point ab o v e .  A lth ou gh  t e r r i t o r ia l  b e h a v io r  h as  b e e n  d e s c r ib e d  

fo r  s o m e  m a le  b e e s  ( e . g . ,  P r o to x a e a  g lo r io s a  (F o x ) ,  C a z ie r  and  

L in s le y ,  1963; C a l l io p s i s  a n d r e n ifo r m is  S m ith ,  Shinn, 1967), I h ave  

b e e n  a b le  to: find in the l i t e r a tu r e  on ly  one in s ta n c e  o f  feed in g  a r e a s  

d efen d ed  by f e m a le s ,  p a r t ic u la r ly  a g a in s t  u n r e la te d  b e e s .  In th is  

c a s e ,  fo ra g in g  T rigona  a c t iv e ly  d efend ed  food  s o u r c e s  (Johnson  and  

H ub bell ,  1974); h o w e v e r ,  th e s e  s o c ia l ,p o ly l e c t i c  b e e s  a r e  so  d if fe r e n t  

e c o l o g ic a l ly  fr o m  the s o l i t a r y ,  o l ig o le c t i c  b e e s  under c o n s id e r a t io n  

that the r e v e lv a n c e  of th e ir  f in d in gs  to o th e r  b e e  s p e c i e s  i s  q u e s t io n ­

a b le .  D e s p ite  the n u m e r o u s  in te r a c t io n s  I w i t n e s s e d  on E uphorbia  

a m o n g  c o n s p e c i f i c s  (C hapter 5), I sa w  no in te r a c t io n s  b e tw een  b e e s  

o f  d if fe r e n t  s p e c i e s .  In s u m m a r y ,  th e r e  i s  in s u f f ic ie n t  in fo r m a t io n  

a v a i la b le  to e v a lu a te  the s u g g e s t io n  that v a r ia t io n  in  d a i ly  fo ra g in g  

t im e  can  le a d  to a r ed u c t io n  of c o m p e t i t iv e  p r e s s u r e s .

L in s le y  e t  a l .  (1959) and Thorp (1969) h ave  d e m o n s tr a te d  s o m e  

d i f f e r e n c e s  in s e a s o n a l  p h en o logy . On R a n u n cu lu s ,  fo r  e x a m p le ,  the 

n u m e r o u s  o l i g o le g e s  and p o ly le g e s  b eg in  th e ir  a c t iv e  s e a s o n s  a t  

d if fe r e n t  t im e s  ranging  o v e r  a p er io d  of four to f iv e  w e e k s ;  a t  any  

one t im e ,  h o w e v e r ,  th e r e  a r e  s e v e r a l  b e e  s p e c i e s  r e ly in g  on the 

s a m e  p lant population  fo r  food.

L in s le y  and C a z ie r  (1970) have d e s c r ib e d  a s i tu a t io n  in w h ich  

c o m p e t i t iv e  e x c lu s io n  fr o m  a food  s o u r c e  s e e m s  to have  o c c u r r e d .
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P t i l o g l o s s a  j o n e s i  T im b e r la k e  n o r m a l ly  fo r a g e s  on S o la n u m  e l a e a g n i - 

fo l iu m , d e s p i te  the p r e s e n c e  of s e v e r a l  o th er  b e e  s p e c i e s  fo ra g in g  

on the s a m e  p lan t.  A t  a s i t e  w h e r e  P .  a r i z o n e n s i s  T im b e r la k e  w a s  

u t i l iz in g  S. e la e a g n i f o l iu m , h o w e v e r ,  P'. j o n e s i  f le w  o v e r  the p lant  

population  to a m o r e  d is ta n t  pop ula tion  of an  u n r e la te d  p lant s p e c i e s .  

S in ce  P .  j o n e s i  w a s  found forag in g  on S. e la e a g n ifo l iu m  w h e r e v e r  

P . a r i z o n e n s i s  w a s  a b s e n t ,  but not w h e r e  it  w a s  p r e s e n t ,  it  s e e m e d  

m o s t  l ik e ly  that it w a s  b e in g  ex c lu d e d  fr o m  the p lant by  the la t te r  

s p e c i e s .

I have  d e s c r ib e d  ab ove  how the s p e c i e s  o f  b e e s  fo ra g in g  on  

E u phorbia  ca n  be d iv ided  into two b e h a v io r a l  g r o u p s  w h ich  c o l l e c t  

d if fe r e n t  p o r t io n s  of the a v a i la b le  p o llen ;  " d ig g e r s "  r e m o v e  ex tru d ed  

and s o m e  u n extru ded  p o l le n  f r o m  a l l  the a n th e r s  of a cy a th iu m , and  

s ta y  w ith in  s m a l l  fo ra g in g  a r e a s ,  and " b r u s h e r s "  a c q u ir e  l o o s e ,  

ex tru d ed  p o lle n  by  rapid  s c r a p in g  o v e r  s o m e  of the a n th e r s  of a 

c ya th iu m , and t r a v e l  o v e r  la r g e r  fo ra g in g  a r e a s .  The e x i s t e n c e  of  

t h e s e  two g ro u p s  p r e s e n t s  a t  l e a s t  the p o s s i b i l i t y  that b e h a v io r a l  

d if fe r e n t ia t io n  a l lo w s  the s p e c i e s  a t  a g iv e n  s i t e  to su bd iv id e  the  

p o lle n  r e s o u r c e s .  A  c o m p a r is o n  o f  the data in  T ab le  2 c o n c e r n in g  

the c o m p o s i t io n  of bee  s p e c i e s  a t  e a c h  s i t e  w ith  the b e h a v io r a l  

ca teg o r iesy ie ld s  on ly  l im ite d  su p p ort  fo r  the h y p o th e s i s  that the  

d if fe r e n t ia t io n  of the b e h a v io r a l  g ro u p s  c o n tr ib u te s  to p a r t it io n in g  of  

r e s o u r c e s .  The m o s t  abundant s p e c i e s  a t  th r e e  o f  the s i t e s  (1EA, 

9WSWA, and 18SWA, E . c a p ite l la ta  p la n ts )  w e r e  a l l  f r o m  the s a m e
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b e h a v io r a l  group; a t  1EA, a l l  w e r e  d ig g e r s ,  and a t  the o th er  tw o, a l l  

w e r e  b r u s h e r s .  The two m o s t  abundant s p e c i e s  a t  e a c h  of the o th er  

s i t e s  (12NR and on E . a lb o m a r g in a ta  a t  18SWA) w e r e  one d ig g e r  and  

one b r u s h e r .  T h u s, the b e h a v io r a l  d ich o to m y  b e tw e e n  the two gro u p s  

s e e m s  i r r e le v a n t  to the b ee  c o m m u n ity  s t r u c tu r e .

N u m e r o u s  in v e s t ig a to r s  have  o b s e r v e d  that the a n th e r s  of a 

v a r ie ty  of f lo w e r s  s tu d ied  a r e  d evo id  of p o lle n  by  the end of the d a ily  

fo ra g in g  p e r io d  (e. g. , K n e r e r  and M acK ay , 1969; T horp , 1969), and  

th ey  h ave  c i te d  th is  fa c t  a s  e v id e n c e  of food l im ita t io n .  M o sq u in  

(1971), in a m o r e  c o m p le te  study , s y s t e m a t i c a l l y  o b s e r v e d ,  but did  

not quantify , the am o u n ts  of p o l le n  and n e c ta r  r e s o u r c e s  a v a i la b le  

e a c h  day in a t e m p e r a te  zone  m e a d o w  during a n  e n t ir e  s e a s o n .  He 

found that p o l le n  and n e c ta r  w e r e  c o m p le te ly  c o n su m e d  during the  

sp r in g ,  but during the s u m m e r  they  w e r e  m o r e  p len t ifu l ly  prod u ced  

than cou ld  be u se d  by the f lo w e r - v i s i t in g  in s e c t s .  M y s tu d ie s  of  

a v a i la b le  p o l le n  in E up horb ia  (C hapter 7) in d ica te  that p r e c i s e  m ea^  

s u r e m e n t  of the d e n s i t ie s  of em p ty  and fu l l  a n th e r s  a t  the end of the 

day m a y  r e v e a l  the p r e s e n c e  of m o r e  s u b s ta n t ia l  a m ou n ts  of food  

than m ig h t  be s u s p e c te d  fr o m  c a s u a l  in sp e c t io n .  T h e r e fo r e ,  it  is  

d if f ic u lt  to ev a lu a te  the s ig n i f ic a n c e  of m an y  of the o b s e r v a t io n s  of 

em p ty  a n th e r s  found in the l i t e r a tu r e .

The in v e s t ig a t io n  re p o r te d  in C hapter 7 , in w h ich  a v a i la b le  

p o lle n  h as  b een  quantified  and r e la te d  to the d e n s ity  of b e e s  that a r e  

su r v iv in g  on it ,  p r o v id e s  a m o r e  o b je c t iv e  te,st of the fo o d - l im ita t io n
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a r e  s e e m in g ly  c o n tr a d ic to r y ;  on the one hand, s o m e  p o l le n  is  

e v id e n t ly  a v a i la b le  and u n c o l le c te d  a t  the end of the fo r a g in g  p e r io d ,  

and on  the o th er  hand, w hen  s p e c i e s  c o m p o s i t io n  and r e la t iv e  s i z e  a r e  

ta k en  into a cco u n t ,  th r e e  of the four s i t e s  su p p ort  e q u iv a le n t  d e n s i t i e s  

of  b e e s  r e la t iv e  to the a v a i la b le  food . T h e s e  r e s u l t s  can  be r e c o n c i le d  

in the fo llo w in g  w ay . It i s  l ik e ly  that m o s t  s o l i t a r y  b e e s  p r o v is io n  

o n ly  one c e l l  e a c h  day (B oh art ,  1958; L in d , 1968; R o b e r t s ,  p e r s .  

c o m m . ). F u r th e r m o r e ,  c e l l s  that a r e  not c o m p le t e ly  p r o v is io n e d  b y  

the end of the day a r e  thought to be aban doned , and a n ew  one s ta r te d .  

T h is  o b s e r v a t io n  n e c e s s i t a t e s  the a s s u m p t io n  that a s  y e t  u n id en t if ied  

s e le c t io n  p r e s s u r e s  fa v o r  the e a r ly  c e s s a t io n  of p o l le n  fo r a g in g  o v e r  

the c o m p le t io n  of p r o v is io n in g  la te  in the day. If p o l le n  is  not  

abundant, popula tion  s i z e  w i l l  d e c r e a s e  b e c a u s e  o f  a h igh  fr e q u e n c y  of 

e m p ty  c e l l s ,  or  b e c a u s e  a d u lts  p ro d u ced  fr o m  s m a l l  p o l le n  b a l l s  a r e  

l e s s  v ia b le  and l e s s  f e r t i l e .  T h u s, the s i z e  of a b e e  s p e c i e s '  p o p u la ­

t io n  can  r e sp o n d  to c h a n g es  in  food  (po llen) a v a i la b i l i ty ,  a lth ou gh  

s o m e  p o lle n  r e m a in s  u n c o l le c te d .  V a r le y  et  a l .  (1974, pp. 2 2 -2 5 )  

point out that c o m p e t it io n ,  l ik e  a l l  d e n s i ty -d e p e n d e n t  p r o c e s s e s ,  can  

a c t  o v e r  a ran ge  of in t e n s i t ie s  that v a r ia b ly  a f f e c t  the fa te  of the 

population . M ild  c o m p e t i t io n  w i l l  p r o m o te  a s ta b le  p op u la tion  s i z e ,  

a c c o r d in g  to  th e ir  a n a ly s i s ,  and could  be r e c o n c i le d  w ith  the e x i s t e n c e  

of stron g  s e l e c t iv e  f o r c e s ,  su ch  a s  th o se  that e v id e n t ly  p r e v e n t  m i d ­

a f tern o o n  fo r a g in g .  Thus, m y  data su p p ort  the h y p o th e s i s  that
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c o m p e t i t io n  am on g  c o e x i s t in g  s p e c i e s  of b e e s  u t i l i z in g  the s a m e  food  

p lan ts  is  m ild  in it s  e f f e c t s  on p op ulation  s i z e .

Thus the f ie ld  e v id e n c e  for the e x i s t e n c e  of c o m p e t i t iv e  i n t e r ­

a c t io n s  am o n g  b e e s  la r g e ly  c o n s i s t s  of 1) m a n y  c a s e s  in  w h ich  

s e v e r a l  s p e c i e s  of b e e s  r e ly  on one p lant p op u la tion  a t  the s a m e  t im e ,

2 ) o b s e r v a t io n s  o f  b e h a v io r a l  d i f fe r e n t ia t io n  w h ich  do not c l e a r ly  

f o s t e r  the e c o l o g i c a l  s e p a r a t io n  of c o e x i s t in g  s p e c i e s ,  and 3) m y  

f ind ing  that a lth ou gh  the b e e s  fee d in g  on E u p horb ia  a r e  e v id e n t ly  

co m p etin g  fo r  l im ite d  food , the e f f e c t s  of th is  c o m p e t it io n  a r e  p r o b a ­

b ly  not s e v e r e .

T h e o r e t ic a l  P r o b le m s  w ith  the H y p o th e s is  of C o m p e t it io n

A s  I have in d ica te d  a b o v e ,  i t  i s  g e n e r a l ly  a s s u m e d  that food  

i s  a l im it in g  quantity for  b e e s ,  and that t h e r e fo r e  b e e s  feed in g  on the  

s a m e  plant a r e  co m p etin g  w ith  e a c h  o ther  (C ruden, 1972; L in s le y ,

1958; M ic h e n e r ,  1954; R o b e r tso n ,  1914). T h is  a s s u m p t io n  i s  b a s e d  on  

the fo l lo w in g  rea so n in g :  a c c o r d in g  to c u r r e n t  e c o l o g ic a l  th e o r y ,  

s p e c ia l iz a t io n  of an  a n im a l ' s  u se  o f  food (or o th er  r e s o u r c e )  i s  an  

e v o lu t io n a r y  r e s p o n s e  to c o m p e t it io n ,  w h ich  s e r v e s  to  m in im iz e  the  

n eg a t iv e  e f f e c t s  of the in te r a c t io n .  T h e r e fo r e ,  an  o b s e r v e d  c a s e  o f  

e x tr e m e  food  s p e c ia l iz a t io n  ( i . e .  , o l ig o le c ty )  i s  l ik e ly  to b e  the end  

p rod u ct of c o m p e t it io n  for  food . It i s  fu r th er  a s s u m e d  that a lth ou gh  

o l ig o le c ty  m a y  r e d u ce  c o m p e t i t io n  w ith in  a c o m m u n ity ,  it  d o e s  not  

n e c e s s a r i l y  e l im in a te  it  e n t ir e ly .  The e x i s t e n c e  of c o m p e t i t io n  

b etw een  two or  m o r e  s p e c i e s  im p l i e s  that the r e s o u r c e  a t  s ta k e  is
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p r e s e n t  in l im it in g  q u an tit ie s  for  a l l .  If o l i g o le c t i c  b e e s  a r e  c o m p et in g  

fo r  food , then  food can  be p r e s u m e d  to be a l im it in g  r e s o u r c e .  T h is  

r e a s o n in g  i s not lo g i c a l ly  r ig o r o u s  in that the truth  of the la t te r  

p o r t io n  of the in fe r e n c e  "if c o m p e t it io n  o c c u r s  then  s p e c ia l iz a t io n  

w i l l  e v o l v e 1' d o e s  not n e c e s s a r i l y  im p ly  the truth  of the f o r m e r .

Thus th ere  i s  no n e c e s s a r y  r e la t io n s h ip  b e tw e e n  s p e c ia l i z a t io n  and  

c o m p e t it io n ,  u n le s s  the e x i s t e n c e  o f  c o m p e t it io n  i s e s t a b l i s h e d  in d e p e n ­

den tly .

S a le  (1974) h as  po in ted  out that e x te n s iv e  n ich e  o v e r la p  m a y  

s ig n a l  e i th e r  h ig h -  or lo w - in t e n s i t y  com p etit ion .  B ianka  (1974), who  

a l s o  pointed  out th is  fa c t ,  p r o p o se d  that n ich e  o v e r la p  i s  i n v e r s e l y  

r e la te d  to in te n s ity  c£ competition, and is  re la te d -to  the n u m b er  of  

co m p etin g  s p e c i e s ,  a s  w e l l  a s  the n u m ber  and kind of r e s o u r c e s  that  

a r e  in s h o r t  supply  am on g  th em . T h e r e fo r e ,  the p r e s e n c e  o f  n u m e r o u s  

s p e c i e s  of b e e s  r e ly in g  on a p a r t ic u la r  p lan t  popula tion  a t  the sa m e  

t im e  im p l i e s  a low  l e v e l  of c o m p e t i t iv e  in te r a c t io n ,  i f  it  im p l i e s  a n y ­

thing .

E m le n  (1966) h a s  s u g g e s te d  that a d if fe r e n c e  o f  the fr e q u e n c y  

of  e a c h  food i t e m  found in n ature  fr o m  its  fr e q u e n c y  in an  a n im a l ' s  

d ie t  i s  in d ica t iv e  of abundant food. A c c o r d in g  to th is  fo r m u la t io n ,  

o l ig o le c t y ,  or f lo w e r -c o n s ta n t  b e h a v io r  in  b e e s  w ould  im p ly  u n lim ite d  

food  s o u r c e s ,  if  it  can  be a s s u m e d  that a l l  p lant s p e c i e s  in  f lo w e r  a t  

a g iv e n  lo c a l i t y  co n st itu te  the a v a i la b le  food . A lth ou gh  it  can  be  

a r g u e d  that fo r  o l ig o le c t i c  b e e s ,  p h y s io lo g ic a l  c o n s tr a in t s  m a k e  th is
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a s s u m p t io n  u n ten a b le ,  it  i s  c l e a r ly  tru e  fo r  m e m b e r s  o f  su c h  g e n e r a  

a s  A p i s , B o m b u s , A g a p o s t e m o n , s o m e  M e g a c h i le  and s o m e  L a s i o - 

g l o s s u m , w h o s e  p op u la tion s  u s e  a v a s t  a r r a y  of p lant s o u r c e s .  The 

d e g r e e  of c o n s ta n c y  ex h ib ite d  by  in d iv id u a l f o r a g e r  of t h e s e  s p e c i e s  

ca n  be  v e r y  h igh  (B a tra ,  1966; E ic k w o r t  and E ic k w o r t ,  1969, 1971;

F r e e ,  1966; G rant,  1950; M ic h e n e r ,  1953), and thus if  E m le n ' s  f o r m u ­

la t io n  i s  c o r r e c t ,  it  w ould  b e  l ik e ly  that food i s  not l im it in g  to th e s e  

b e e s .  One f in a l  o b s e r v a t io n  i s  g e r m a n e  to th is  d i s c u s s io n ;  n a m e ly ,  

in  a nu m ber  o f  s tu d ie s  o f  o l i g o le c t i c  b e e s  ( e . g .  , L in s le y  e t  a l .  , 1963a; 

T horp , 1969; Hurd and L in s le y ,  1964) a t  a g iv e  s i t e  on ly  one of s e v e r a l  

s i m i l a r ,  c o n g e n e r ic  food p lan ts  i s  v i s i t e d  by the b e e s ,  w h i le  the o th e r s  

go u ntouched. A t  a d if fe r e n t  s i t e ,  the r e la t iv e  p r e f e r e n c e s  am on g  the  

v a r io u s  p lant s p e c i e s  m a y  be r e v e r s e d .  S in ce  p h y s io lo g ic a l  in t o le r a n ­

c e s  s e e m  m o r e  u n lik e ly  in  t h e s e  c i r c u m s t a n c e s ,  th is  s e e m s  to be 

a n o th er  le g i t im a te  c a s e  of n o n co n g r u e n c e  of the p r o p o r t io n a te  r e p r e ­

se n ta t io n  of food i t e m s  in n a tu re  and in  the d ie t .

T h u s, the e v id e n c e  f r o m  both  f ie ld  and th e o r y  m a k e s  a 

c o n tr a d ic to r y  c a s e  for  the h y p o th e s i s  that competition and food  l im ita t io n  

a r e  m a jo r  f e a tu r e s  of the b io lo g y  of s o l i t a r y ,  o l i g o le c t i c  b e e s .

T h ere  i s  s o m e  good  e v id e n c e  fa v o r in g  the h y p o th e s i s :  a fe w  d o c u ­

m e n te d  c a s e s  o f  c o m p e t i t iv e  e x c lu s io n ,  the o b s e r v a t io n s  of a n th e r s  

em p tied  of p o l le n ,  and m y  data on the ra t io  of b e e  d e n s ity  to food  

d e n s ity .  T h e r e  a r e  a l s o  s o m e  r e a s o n s  to doubt the h y p o th e s is :  the
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c o r r e la t io n  p r o p o se d  in  the l i t e r a tu r e  b e tw e e n  h igh  n ich e  o v e r la p  

and lo w - in t e n s i t y  c o m p e t it io n ,  the s u g g e s te d  a s s o c ia t io n  of abundant  

s u p p l ie s  o f  food w ith  h ig h ly  s e l e c t iv e  feed in g  b e h a v io r ,  and the  

a b s e n c e  of b e h a v io r a l  d if fe r e n t ia t io n  that c l e a r ly  a l lo w s  s p e c i e s  to 

u t i l i z e  d if fe r e n t  p o r t io n s  o f  the a v a i la b le  food . T h is  con fu sin g  s ta te  

o f  a f fa ir s  can  be r e s o lv e d  by taking into a c c o u n t  th r e e  f a c t o r s .

F i r s t ,  i t  i s  l ik e ly  that the abundance  of food v a r i e s  f r o m  y e a r  

to y e a r  in d ep en d en tly  o f  the b e e s .  D uring fa v o r a b le  y e a r p ,  c o m p e t it io n  

w ould  be m in im a l ,  w h e r e a s  during le a n  y e a r s ,  c o m p e t it io n  w ould  be  

w id e s p r e a d  and m o r e  in te n s e .  Such f lu c tu a t io n s  in  p lant popula tion  

s i z e  a r e  c o m m o n  in  d e s e r t  e c o s y s t e m s  ( s e e  d e s c r ip t io n  of s tud y  s i t e s ,  

C hapter  1; E p lin g  e t  a l .  , I960). T h is  v a r ia t io n  could  e a s i l y  p ro d u ce  

e r r a t ic  e v id e n c e  of c o m p e t it iv e  in te r a c t io n s .

S eco n d , the m o r p h o lo g y  of the food p lant m a y  a f fe c t  the  

f r e q u e n c y  o f  c o m p e t it iv e  in t e r a c t io n s .  P la n ts  w h ich  f lo w e r  p r o fu s e ly  

and m a k e  la r g e  q u a n tit ie s  of p o l le n  and n e c ta r  e a s i l y  ob ta in ab le  f r o m  

e a c h  f lo w e r  have b een  a p t ly  t e r m e d  " cornu cop ian"  by M o sq u in  (1971). 

T h e s e  k in d s  of p lan ts  a r e  m o r e  l ik e ly  to p r o v id e  food  in e x c e s s  of the  

b e e s '  r e q u ir e m e n t s  than a r e  p lan ts  w h ich  g ro w  in  s m a l l  p op u la tion s  

and p ro d u ce  s m a l l  am o u n ts  of food p er  f lo w e r .  T a r a x a c u m  o f f ic in a le  

i s  a t y p ic a l  c o r n u co p ia n  plant; P r im u la  s p . e x e m p l i e s  the n o n -  

c o r n u co p ia n  typ e .

T hird , I s u g g e s t  that fe w  p op u la tion s  of b e e s  m a in ta in  an  

e q u i l ib r iu m  s i z e  o v e r  long p e r io d s  of t im e ,  but in s te a d ,  e x p e r ie n c e
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s h i f t s  b e tw e e n  rap id , u n c o n tr o l le d  g ro w th  and f lu c tu a t io n s  about an  

e q u i l ib r iu m  pop u la tion  s i z e .  In o th er  w o r d s ,  it  i s  l ik e ly  that a t  l e a s t  

th o se  b e e s  that l iv e  in  a r id  r e g io n s  a r e  su b je c t  to r e l a t iv e l y  freq u en t  

a l te r n a t io n s  in  the o c c u r r e n c e  and in te n s i ty  of d e n s ity - in d e p e n d e n t  

and d e n s ity -d e p e n d e n t  c o n tr o l l in g  f o r c e s .  If th is  i s  the c a s e ,  then  

c o m p e t it io n  am o n g  b e e s  cou ld  be e x p e c te d  to be e r r a t ic  in  o c c u r r e n c e  

and in te n s ity ,  and e v o lu t io n  o f  c o m p e t i t io n -r e d u c in g  b e h a v io r s  (am ong  

o l i g o le g e s  on a g iv e n  p lant) m ig h t  be fo r e s t a l l e d .  T h ere  i s  s o m e  

e v id e n c e  to su pp ort  th is  h y p o th e s i s .  A  n u m b er  of p a p e r s  have  a s c r ib e d  

im p o rta n t  r o l e s  to d e n s i ty - in d e p e n d e n t  fa c to r s ;  d is r u p t io n  fr o m  m a n 's  

a c t iv i t i e s  (Shinn, 1967; p e r s o n a l  o b s e r v a t io n s ) ,  w e a th e r  ( L in s le y ,  1952; 

1958), the a p p e a r a n c e  and d is a p p e a r a n c e  of p lant p op u la tion s  fo r  

r e a s o n s  u n re la ted  to the b e e s  (E ic k w o rt ,  1973; M ic h e n e r ,  1953; 

p e r s o n a l  o b s e r v a t io n s ,  s e e  d e s c r ip t io n  of study  s i t e s ,  C hapter  1).

B e e s  inhabiting  a r id  or  s e m i - a r i d  r e g io n s ,  or  e a r ly  s u c c e s s i o n a l  

s t a g e s  in t e m p e r a te  e c o s y s t e m s ,  w ould  be p a r t ic u la r ly  l ik e ly  to e x ­

p e r i e n c e  th e s e  s o u r c e s  o f  d e n s ity - in d e p e n d e n t  m o r ta l i t y .  T h ere  a r e  

s o m e  r e p o r t s  (L in s le y ,  1958) of lo n g - te r m  p e r s i s t e n c e  of p a r t ic u la r  

p op u la tion s;  o th e r s  found that s i t e s  b e c o m e  e x t in c t  w ith in  a few  y e a r s  

of th e ir  d i s c o v e r y  (R ozen , 1963). T h ere  i s  e v id e n c e  that a t  l e a s t  s o m e  

s p e c i e s  of b e e s  can  d i s p e r s e  w id e ly  (E ic k w o rt ,  1973; L in s le y  e t  a l .  , 

1959; M ic h e n e r ,  1953), a c h a r a c te r  n e c e s s a r y  fo r  s u r v iv a l  if  p op u la tion s  

a r e  l ik e ly  to su ffe r  sudden  d e s tr u c t io n .  F in a l ly ,  the a v a i la b le  data for  

the o th er  p r in c ip a l  d e n s i ty -d e p e n d e n t  fa c to r  - p red a t io n  and p a r a s i t i s m
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- d is p la y  a s  w id e  a ran ge  o f  s ig n i f ic a n c e  in  popula tion  c o n tr o l  a s  d o es  

the e v id e n c e  for  c o m p e t it io n .  In M e g a c h i le  u m a t i l l e n s i s  (B ohart and  

Y o u s s e f ,  1972), p red a t io n  and p a r a s i t i s m  c a u s e  the m o r ta l i ty  of on ly  

about 3% of  the pop ulation . A m o n g  the b e e s  s tu d ied  b y  D anks (1971) 

p r e d a to r s  and p a r a s i t e s  w ith in  the n e s t  d e s t r o y e d  34% of the e g g - t o  - 

pupa population , and L in s le y  (1952) c i t e s  a c a s e  of n ea r  ex t in c t io n  of  

the h o s t  bee  p op u la tion  (D ia d a sia  b itu b ercu la ta  C r e s s o n )  b e c a u s e  of  

p a r a s i t i s m .  If d e n s ity - in d e p e n d e n t  c o n tr o l l in g  fa c t o r s  a r e  m o d e r a te ly  

freq u en t ,  and y e t  s o m e  b e e  p op u la tion s  r e a c h  e q u i l ib r iu m  s i z e ,  then  

the o b s e r v e d  v a r ia t io n  in the a p p a ren t  food l im ita t io n  of b e e s  w ould  

be p r e c i s e l y  that e x p e c te d .

K och  (1974) h as  r e c e n t ly  d e m o n str a te d  that in th e o r y ,  the 

a lte r n a t io n  of d e n s ity - in d e p e n d e n t  and d e n s i ty -d e p e n d e n t  r e g u la t io n  

of population  g ro w th  in co m p e t in g  s p e c i e s  can  f o s t e r  s ta b le  c o e x i s ­

t e n c e .  If m y  s u g g e s t io n  c o n c e r n in g  the s p o r a d ic  n atu re  of c o m p e t it io n  

am on g  s o l i ta r y  b e e s  i s  c o r r e c t ,  h is  m o d e l  m ig h t  h e lp  ex p la in  the  

c o e x i s t e n c e  o f  la r g e  n u m b e r s  o f  b ee  s p e c i e s  u t i l iz in g  the s a m e  food  

p lan ts  a t  the s a m e  t im e .

I co n c lu d e  that the in te n s ity  of c o m p e t it io n  am on g  b e e s  and the  

c o n c o m m ita n t  d e g r e e  of l im ita t io n  of p op ulation  s i z e  by  food s h o r ta g e s  

w i l l  depend on the kind of f lo w e r  p ro v id in g  the food , the a g e  and  

d e v e lo p m e n ta l  h i s t o r y  of the p a r t ic u la r  pop ula tion , and the ran d om  

o c c u r r e n c e  o f  d e n s ity - in d e p e n d e n t  e v e n t s .
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E c o l o g ic a l  In te r a c t io n s  b e tw e e n  E up horb ia  and Its I n s e c t  V is i t o r s

In c o n s id e r in g  the n ature  of the in t e r a c t io n s  b e tw e e n  E uphorbia  

and i t s  in s e c t  v i s i t o r s ,  the a d ap ta tion s  of in d iv id u a ls  6f e a c h  s p e c i e s  

to the o th er  s p e c i e s  should  be d is t in g u is h e d  f r o m  the r e s p o n s e s  of  

w h o le  p o p u la t io n s ,  s in c e  ad ap ta tion  or  coad ap ta tion  on the l e v e l  of  

the in d iv id u a l m a y  be independ ent of the m u tu a l r e s p o n s e s  of p o p u la ­

t io n s .  The in t e r r e la t io n s  that have b een  p o r tr a y e d  h e r e  b e tw e e n  the  

in s e c t s  and the p lan ts  a r e  in d ic a t iv e  of on ly  g e n e r a l ,  n o n s p e c i f ic  

e v o lu t io n a r y  a d ap ta tion s  on the p a r t  of the in d iv id u a ls  of e a c h  group  

to the o th e r s ,  and inc lude fe w  in s ta n c e s  of e f f e c t s  on the popula tion  

b io lo g ie s  of the p a r t ic ip a n ts .

In te r a c t io n s  A ffe c t in g  the Traits of In d iv idua ls

In the p la n ts ,  the e v o lu t io n  of the s i z e  of the p e ta lo id  a p p e n ­

d a g e s ,  g la n d s ,  and a n th e r s  i s  r e la te d  to the e x te n t  of th e ir  d ep en d en ce  

upon in s e c t s  fo r  p o ll in a t io n ,  but th e r e  i s  no e v id e n c e  that th e s e  

s p e c i e s  of E u phorbia  have e v o lv e d  in s u c h  a w ay  a s  to e x p lo i t  a 

p a r t ic u la r  grou p  o f  in s e c t s .  Indeed , a lth ou gh  the v a r io u s  ty p e s  o f  

v i s i t o r s  d if fe r  g r e a t ly  in th e ir  a b i l i ty  to p o l l in a te ,  and in th e ir  

l ik e l ih o o d  of p ro m o tin g  o u t c r o s s in g ,  th e r e  i s  no e v id e n c e  to s u g g e s t  

that the p lan ts  h ave  e v o lv e d  so  a s  to fa v o r  m o r e  e f f e c t iv e  v i s i t o r s  

and e x c lu d e  in e f fe c t iv e  o n e s .  T hus, ad ap ta tion  of the p la n ts  to the 

p o l l in a to r s  e v id e n t ly  c o n s i s t s  of ch a n g es  in  c y a th ia l  d im e n s io n  and  

d e v e lo p m e n t  p ro m o tin g  d ep en d en ce  on in s e c t s  in  g e n e r a l  or  in d e p e n ­

d en ce  v ia  s e l f -p o l l in a t io n .
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The p lan ts  s e e m  to  have had l i t t l e  e f f e c t  on the ev o lu t io n  of 

the in s e c t  v i s i t o r s  to the cya th ia  (e x c e p t  fo r  the b e e s ;  s e e  b e lo w ).  

B e c a u s e  of the tr e m e n d o u s  d iv e r s i t y  of in s e c t s  c o l l e c t e d ,  i t  is  

im p o s s ib le  to g e n e r a l i z e  about the im p a c t  of the a s s o c ia t io n  w ith  

E uphorbia  on the l i f e - h i s t o r i e s  and e c o l o g i e s  o f  e a c h  kind of in s e c t .  

H o w e v e r ,  s o m e ,  l ik e  the p r e d a c io u s  b u g s ,  the w id e ly  fo ra g in g  ant  

s p e c i e s ,  and the f l i e s  and w a s p s  w h ich  a r e  t ied  to a n im a l  s o u r c e s  for  

la r v a l  food , a r e  c l e a r ly  n e ith e r  l ik e ly  to e x p e r ie n c e  E u p h orb ia  a s  a 

l im i t e d  food  r e s o u r c e ,  nor a r e  s tr o n g ly  t ied  to th e s e  p lan ts  m o r p h o ­

l o g i c a l l y  o r  p h y s io lo g ic a l ly .  O th e r s ,  l ik e  the o l ig o le c t i c  b e e s ,  s o m e  

w a sp s  (for e x a m p le  th o se  in  the gen u s  S o l i e r e l la  m e n t io n e d  a b o v e ) ,  

the s p e c i e s  of b e e s  and b o m b y li id  f l i e s  p a r a s i t ic  upon the b e e s  in  th is  

stud y , a t  the l e a s t  a r e  s p e c ia l ly  adapted  to lo c a te  th e s e  p lan ts  and to  

n e s t  and rep r o d u c e  u nder the p h y s ic a l  con d it io n s  found w ith  the plant.

In g e n e r a l ,  the in s e c t  fauna of E uphorbia  fo r m s  a " c o n c o u r se "  in the 

t e r m in o lo g y  of E lto n  (1966), a grou p in g  d is t in g u ish e d  by i t s  t e m p o r a r y  

n a tu re .  The s i z e  of the c o n c o u r s e ,  a t  l e a s t  on E . a lb o m a r g in a ta , 

m u s t  be in  p a r t  due to the f la t ,  open  fo r m  of the cy a th iu m , and to the  

fa c t  that food  p r e s e n ta t io n  o c c u r s  during the m o s t  c o m m o n  a c t iv i t y  

p e r io d  for  in s e c t s ;  no s p e c ia l  a d a p ta tio n s  of fo ra g in g  b e h a v io r  or  

fo ra g in g  t im e s  a r e  r e q u ir e d .  T h u s, the p lan ts  have  not c l e a r ly  c a u s e d  

any e v o lu t io n a r y  m o d if ic a t io n s  in m o s t  of the in s e c t s  that v i s i t  th em .

The b io lo g y  of in d iv idu a l b e e s  o l ig o le c t i c  on E u p h o r b ia , h o w ­

e v e r ,  h as  c l e a r ly  b een  a f fe c te d  b y  the p la n ts .  C lo s e ly  r e la te d
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c o n g e n e r s  of e a c h  of the panurgine  b e e s  l i s t e d  in  T ab le  1, that fe e d  

on E u p h o r b ia ,  have  u n u su a lly  s m a l l  m o u th p a r ts ,  w h e r e a s  b e e s  w ith in  

the s a m e  su b gen u s  or s p e c i e s  group  that fe e d  on p lan ts  w ith  la r g e r  

f lo w e r s  g e n e r a l ly  have  la r g e r  m o u th p a r ts .  T h is  p a ttern  s u g g e s t  

that s m a l l  m o u th p a rt  s i z e  i s  an ad ap tation  e v o lv e d  for  feed in g  on  

E u p h orb ia .  T h e s e  b e e s  a r e  a l l  am on g  the s m a l l e s t  of th e ir  r e s p e c t iv e  

g e n e r a ,  but i s  not c l e a r  that s m a l l  s i z e  i s  an  ad ap tation  e v o lv e d  w ith  

r e s p e c t  to E u p h o r b ia . In a l l  of the g e n e r a ,  th e r e  a r e  o th er  s p e c i e s ,  

fo ra g in g  on u n r e la te d  p la n ts ,  that a r e  a s  s m a l l  or s m a l le r  than the  

b e e s  o l i g o le c t i c  on E u p h o r b ia ; for  e x a m p le ,  a c c o r d in g  to s i z e  data  

fo r  N o m a d o p s is  g iv e n  in  R o z e n  (1958), 31% (11) of the s p e c i e s  a r e  a s  

s m a l l  a s  N. h e l ia n th i  (as a r e  50% of the s p e c i e s  in  su b gen u s  M ic r o n o - 

m a d o p s i s ,  to w h ich  N. h e l ia n th i  b e lo n g s ) .  W h atever  the m e c h a n is m  

i s  that m a in ta in s  o l ig o le c t y  (g en e t ic  c o n tr o l  and p o s s ib ly  p r e im a g in a l  

co n d it io n in g ) ,  it  h a s  b e e n  tuned in th e s e  b e e s  to E u p h o r b ia . F o r a g in g  

b e h a v io r ,  h o w e v e r ,  d o e s  not d is p la y  fu r th er  e v id e n c e  of ad ap ta tion  of 

t h e s e  b e e s  to th e ir  s o le  food  s o u r c e .  No a s p e c t  o f  fo ra g in g  b e h a v io r  

s e p a r a te d  the o l ig o le g e s  f r o m  the p o ly le g e s ,  w h ich  a r e  p r e s u m a b ly  

ad ap ted  for  fo ra g in g  on a v a r ie ty  of f lo w e r s ,  and no b e h a v io r  that  

cou ld  b e  p e c u l ia r  to th is  b e e -p la n t  a s s o c ia t io n  w a s  o b v io u s .

I n te r a c t io n s  am on g  P o p u la t io n s

On the pop ula tion  l e v e l ,  th e s e  s p e c i e s  of E up horb ia  s e e m  to 

have e x p e r ie n c e d  l i t t l e  ev o lu t io n a r y  or  e c o l o g ic a l  e f f e c t s  f r o m  th e ir  

p o l l in a to r s .  The g e o g r a p h ic a l  d is tr ib u t io n s  of the th r e e  s p e c i e s  a r e
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in d ep en d en t  o f  the d is tr ib u t io n s  of the b e e s  (the m o s t  e f f e c t iv e  p o l l in a ­

t o r s  and  a g e n ts  o f  o u tc r o s s in g ) ,  and c e r t a in ly  a r e  u n r e la te d  to the 

d is tr ib u t io n s  o f  the m y r ia d  o th er  i n s e c t s  w h ic h  fr e q u e n t  the p la n ts .

A s  s e e n  a b o v e ,  the lo c a l  d is tr ib u t io n  of p op u la tion s  of the th r e e  

s p e c i e s  is  e q u a lly  u n a ffe c ted  by the c o m p o s i t io n  of the r e s id e n t  in s e c t  

fauna; the n u m b er  and id en t ity  of the v i s i t o r s  v a r i e s  g r e a t ly  f r o m  one  

plant p op u la tion  to a n o th e r .  The s u c c e s s  and p e r s i s t a n c e  o f  the  

p lan ts  u n der  s u c h  v a r ie d  c o n d it io n s  of in s e c t  v i s i t ia t io n  s u g g e s t s  that 

in s e c t  p o l l in a to r s  a r e  r a r e ly  a l im it in g  r e s o u r c e  for  the two s p e c i e s  

that r e q u ir e  th e m . The m o s t  l ik e ly  im p a c t  o f  in s e c t  v i s i ta t io n  on the 

pop u la tion  b io lo g y  of the p lan ts  i s  on the g e n e t ic  popula tion  s tru c tu re ;  

the s i z e  of the p a n m ic t ic  popula tion  (Grant, 1971), the a m o u n t  of  

in b ree d in g  that o c c u r s ,  and the r e s u l ta n t  e f f e c t s  on in t r a -  and i n t e r ­

p op u la tion  g e n e t ic  v a r ia b i l i ty  cou ld  b e  s t r o n g ly  in f lu en ce d  by the  

c o m p o s i t io n  and s i z e  o f  the in s e c t  fauna. F u r th e r  in v e s t ig a t io n s  w il l  

be r e q u ir e d  to c la r i f y  th is  l a s t  point.

A lth o u g h  m o d if ic a t io n  of pop u la tion  p h en om en a  a r e  m o r e  

p ron ou nced  in the o l i g o le c t i c  b e e s  that v i s i t  E up horb ia  than in  any  

oth er  g ro u p , the t i e s  b e tw e e n  the p lan ts  and the b e e s  a r e  g e n e r a l  and 

w ea k .  The b e e s  a r e  o b l ig a te ly  d ep enden t on the p r e s e n c e  o f  E uphorbia  

fo r  e x i s t e n c e ,  but can  m a k e  u s e  of a v a r ie ty  of s p e c i e s  of E u phorb ia  in  

ad d it io n  to th o se  stud ied  h e r e .  (T h is  s ta t e m e n t  i s  b a s e d  on f lo w e r  

r e c o r d  data in  R o zen ,  (1958), Shinn (1967), and T im b e r la k e  (1956, 1964a,  

1964b), and on the r e c o r d e d  p r e s e n c e  of p op u la tion s  o f  s o m e  of th e se
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s p e c i e s  o u ts id e  the ra n g e  of the s p e c i e s  of E u p horb ia  s tu d ied  h e r e .  ) 

T h u s, the b e e s  a r e  f r e e  to ra n g e  o v e r  m u c h  of the s o u th w e s t ,  s in c e  

, E u p horb ia  i s  d iv e r s e  and abundant throughout the r e g io n ,  and the  

known . l im its  of th e ir  d is tr ib u t io n s  m u s t  b e  a t tr ib u ta b le  to  o th er  

f a c t o r s .  The d y n a m ic s  of e a c h  b e e  p op u la tion  m a y ,  in  a d d it ion ,  be  

m o d if ie d  by  the n a tu re  o f  the h o s t  p lant p op u la tion .  I have  d i s c u s s e d  

ab o v e  the r e a s o n s  fo r  b e l ie v in g  that l im ita t io n  of the b e e s '  p op u la tion s  

by  in ad eq u ate  q u a n tit ie s  of food  d o e s  o c c u r ,  but the e f f e c t s  ( p r in c i ­

p a l ly  the o n s e t  of c o m p e t i t io n  am on g  the b e e s )  a r e  m i ld ,  and not  

p r e s e n t  in  e v e r y  pop ula tion .

T hus, in t e r a c t io n s  a m o n g  th e s e  o r g a n i s m s  h ave  b e e n  lo p s id e d  

in  d ir e c t io n  and in te n s i ty ,  w ith  the r e s u l t  that the e l e m e n t s  o f  the  

E u p h o r b ia - i n s e c t  c o m p le x  v a r y  f r o m  v e r y  l o o s e l y  to v e r y  t ig h t ly  

c o u p led .  E .  a lb o m a r g in a ta  and E . c a p ite l la ta  a r e  (m o re  o r  l e s s )  

o b l ig a te ly  d ep en d en t on in s e c t  v is i ta t io n ,  but a r e  not t ig h t ly  bound to  

a n y  one s p e c i e s ,  and E . h y s s o p i f o l ia  p ro b a b ly  d e r i v e s  s o m e  b e n e f it  

f r o m  in s e c t  v i s i t o r s  but i s  not o b l ig a te ly  d ep en d en t on th em . C o n v e r s e ­

ly ,  m o s t  of the in s e c t  v i s i t o r s  d e r iv e  b e n e f i t  f r o m  the p la n ts ,  but on ly  

a few  a r e  o b l ig a te ly ,  or  e v e n  p r in c ip a l ly ,  d ep en d en t on  th e m  fo r  food .

B a k e r  and Hurd (1968) d iv id ed  in s e c t - p la n t  in te r a c t io n s  into  

c a t e g o r i e s  b a s e d  on the p a tte r n  o f  in te r a c t io n  o v e r  e v o lu t io n a r y  t im e;  

t h e s e  c a t e g o r i e s  a r e  m u tu a l ly  con tin u ou s m o d if ic a t io n ,  c o n c u r r e n t  

s t e p w is e  ch a n g e ,  and r e c ip r o c a t in g  s t e p w is e  c h a n g e .  T h is  study  

d e m o n s t r a t e s  that in  an y  of t h e s e  c a t e g o r i e s ,  the in te r a c t in g  g ro u p s
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c a n  a f f e c t  e a c h  o th er  w ith  unequal f o r c e ,  and it s u g g e s t  two r e f i n e ­

m e n t s  of th is  co n c e p tu a l  fr a m e w o r k  fo r  the study  of c o e v o lu t io n .

F i r s t ,  in tera c t in g  g ro u p s  can  a f f e c t  e a c h  o th er  w ith  unequal f o r c e ,  

r e s u l t in g  in  u nequal am o u n ts  of e v o lu t io n a r y  change in  the p a r t ic ip a n ts .  

S econ d , e v o lv e d  m o d if ic a t io n s  o f  in d iv id u a ls  m a y  o r  m a y  not be  

a c c o m p a n ie d  by c h a n g es  in the p o p u la t io n  b io lo g y  of the s p e c i e s .
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