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m a i n l y  a s  e g g s  o n  R o s a c e a  i n  E n g l a n d  a n d  m i g r a t e s  t o  c e r e a l s  i n  

s p r i n g .  I t  f e e d s  p r e d o m i n a t e l y  o n  c e r e a l  l e a v e s  w h e r e  i t  

o c c a s i o n a l l y  c a u s e s  s e r i o u s  y i e l d  l o s s ,  a s  i n  1 9 7 9 .

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

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

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

l o w .  A p h i c i d e  d i d  n o t  a f f e c t  y i e l d  i n  1 9 8 7  a n d  1 9 8 9  b u t  

s i g n i f i c a n t l y  i n c r e a s e d  t h e  y i e l d  i n  1 9 8 8 .  I n p u t  o f  n i t r o g e n  

i n c r e a s e d  t h e  y i e l d  i n  1 9 8 7  a n d  1 8 8 8  b u t  n o t  i n  1 9 8 9 .  F u n g i c i d e  

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

i n  t h e  t h r e e  y e a r s .

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

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

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

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

r e l a t i o n s h i p s  b e t w e e n  c r o p s ,  t h e  a p h i d  a n d  w e a t h e r .  A  s i m u l a t i o n  
m o d e l  w a s  d e v e l o p e d  t o  s t u d y  t h e  p o p u l a t i o n  d y n a m i c s  a n d  d a m a g e  

p o t e n t i a l  o f  t h e  a p h i d .  T h e  m o d e l  w a s  u s e d  t o  a n a l y z e  t h e  p r o f i t  
o f  d i f f e r e n t  c o n t r o l  s t r a t e g i e s .

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

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

l o s s  i n  1 9 7 9 ,  b u t  n o t  i n  o t h e r  y e a r s .  T h e  r e a s o n s  f o r  t h e s e  

r e s u l t s  w e r e  p r e s e n t e d .  T h e  m o d e l  i n d i c a t e s  t h a t  c r o p  g r o w t h  
s t a g e ,  t e m p e r a t u r e ,  r e p r o d u c t i o n  a n d  s u r v i v a l  a r e  t h e  i m p o r t a n t  

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

T h e  m o d e l  i n d i c a t e s  t h a t  o n e  s p r a y  w a s  n e c e s s a r y  t o  a c h i e v e  
t h e  m a x im u m  p r o f i t  d u r i n g  l a t e  f l o w e r i n g  a n d  e a r l y  m i l k y  r i p e  

s t a g e  i n  1 9 7 9 .  T h e  p r o f i t a b i l i t y  o f  n o - c o n t r o l ,  p r o p h y l a c t i c  a n d  
c o n t r o l  b a s e d  o n  a  f o r e c a s t  w a s  i n v e s t i g a t e d  w i t h  d i f f e r e n t  

o u t b r e a k  p r o b a b i l i t i e s  a n d  f o r e c a s t  a c c u r a c i e s .
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Preface

C e r e a l  a p h id s  w ere  n o t r e g a r d e d  a s  b e in g  o f  econom ic 
im p o r ta n c e  u n t i l  t h e  1 9 5 0 's i n  E urope (Dean, 197 4a ; V ickerm an  & 
W ra tte n , 1 9 7 9 ). F o llo w in g  th e  o u tb r e a k s  o f  S l t o b i o n  a v e n a e  in  
1968, many s t u d i e s  h av e  b een  done on t h i s  a p h id  ( s e e  re v ie w s  by 
V ickerm an  & W ra tte n , 1979; C a r t e r  e t  a l . ,  1980 an d  a l s o  se e  
C h a p te r  o n e ) . In  1979, an  o u tb r e a k  o f  M e t o p o lo p h iu m  d ir h o d u m  

o c c u r r e d  an d  a  l o t  o f  a t t e n t i o n  was c e n t r e d  on i t  (Cannon, 1981 
and  T h o rn b ac k , 1 9 8 3 ). How ever, s im u la t io n  s t u d i e s  have  n o t  b een  
done t o  i n v e s t i g a t e  th e  p o p u la t io n  dynam ics and  damage p o t e n t i a l  
o f  t h i s  s p e c i e s .

The o b j e c t i v e  o f  t h i s  s tu d y  was t o  d e v e lo p  a  c o m p u te r m odel 
w hich  s im u la te d  th e  p o p u la t i o n  dynam ics o f  M . d ir h o d u m  an d  i t s  
damage p o t e n t i a l  on w in te r  w h e a t . The m odel was u s e d  t o  s tu d y  
a p h id  p o p u la t i o n  dynam ics an d  t o  a n a ly z e  c o n t r o l  s t r a t e g i e s .

The f i r s t  c h a p te r  i s  a  re v ie w  o f  s t u d i e s  on a p h id  b io lo g y ,  
e c o lo g y  an d  dam age. The se c o n d  i s  a  f i e l d  s tu d y  on e f f e c t s  o f  
d i f f e r e n t  p r o d u c t io n  l e v e l s  on damage c a u s e d  by a p h id  i n f e s t ­
a t i o n s .  The t h i r d  c h a p te r  d e s c r ib e s  b i o l o g i c a l  s t u d i e s  o f  th e  
a p h id  on w in te r  w heat i n  th e  l a b o r a to r y  and  f i e l d .  The f o u r th  
c h a p te r  d e s c r i b e s  th e  d e v e lo p m e n t o f  a s im u la t io n  m o d e l. The 
f i f t h  c h a p te r  p r e s e n t s  t h e  r e s u l t s  from  th e  m odel an d  th e  f i n a l  
c h a p te r  i s  a  g e n e r a l  d i s c u s s i o n .
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CHAPTER ONE: REVIEW OF APHID STUDIES

1 .1  A p h id  b i o lo g y

1 . 1 . 1  L i f e  c y c l e

M . d ir h o d u m  o v e r w in te r s  h o l o c y c l i c a l l y  a s  e g g s  on R o sacea  
( H i l l e  R is  L am bers, 1947) (F ig . 1 .1 )  a l th o u g h  i t  c an  a l s o  o v e r ­

w in te r  v i v ip a r o u s l y  on c e r e a l s  an d  g r a s s e s  (G eo rg e , 1974) . 
A p te ro u s  f u n d a t r i c e s  h a tc h  from  e g g s on R o sa ce a  a t  b u d b u r s t  
d u r in g  th e  s p r i n g .  T hese  f u n d a t r i c e s  p ro d u c e  a l a t e  an d  a p te r o u s  
f u n d a t r i g e n i a e . The t h i r d  g e n e r a t i o n  i s  a lw ay s a l a t e  ( H i l l e  R is  
L am bers, 1 9 4 7 ). T hese  a l a t e s  m ig r a te  t o  c e r e a l s  an d  g r a s s e s  in  
mid-M ay an d  e a r l y  Ju n e  an d  p ro d u c e  a p te r o u s  e x u le s  w h ich  s t a y  on 
G ram ineae  f o r  s e v e r a l  g e n e r a t i o n s  d u r in g  th e  summer. P o p u la ­
t i o n s  can  d e v e lo p  r a p i d l y  from  Ju ne  t o  A u g u s t, d e p e n d in g  on th e  
s i z e  o f  s p r in g  m ig r a t io n ,  w e a th e r  and  n a t u r a l  e n em ie s  (Dewar & 
C a r t e r ,  1 9 8 4 ). A la t i f o r m  e x u le s  d e v e lo p , d e p e n d e n t on a p h id  
d e n s i t y  and  c ro p  d e v e lo p m e n t s t a g e  ( C a r te r  e t  a l . ,  1 9 8 2 ) , and  a s  
th e  c e r e a l s  r ip e n  th e y  e m ig ra te  t o  g r a s s e s .  From A u g u st o n w ard s, 
s h o r t e n in g  d a y le n g th  an d  lo w e r te m p e r a tu r e s  in d u c e  f i r s t  th e  
a p p e a ra n c e  o f  g y n o p a ra e , and  th e n  m a le s . T hese  r e t u r n  t o  r o s e s ,  
f a v o u r in g  b u sh e s  i n  d e n se  w ood land  and  t a l l  h ed g ero w s r a t h e r  
th a n  th o s e  i n  open  w ood land  (Hand and  W il l ia m s , 1980) . The 
g y n o p a ra e  p ro d u c e  o v ip a r a e  w hich  m a tu re  i n  t im e  t o  m ate  w ith  th e  
m a le s . T hese  o v ip a ra e  th e n  l a y  th e  o v e r w in te r in g  e g g s .
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A n h o lo c y lic  p o p u la t io n s  m ig r a te  t o  e m e rg in g  c e r e a l s  i n  
S ep tem b er and  O c to b e r . T h e i r  s u r v i v a l  i s  i n f l u e n c e d  by th e  
s e v e r i t y  o f  w in te r  (Hand & W il l ia m s , 1980; S m ith , 1 9 8 1 ).

1 .1 .2  M ig ra t io n  and  c o l o n i z a t i o n  o f  c e r e a l s
M ig r a t io n  i s  a common f e a t u r e  i n  many a p h id  s p e c i e s .  M . 

d ir h o d u m  s t a r t s  m ig r a t in g  t o  c e r e a l s  i n  s p r i n g .  However low 
a e r i a l  d e n s i t i e s  o f  a p h id s  i n  e a r l y  s p r in g  a r e  d i f f i c u l t  t o  
d e t e c t  (T a y lo r , 1 9 7 7 ). A e r i a l  p o p u la t io n s  h a v e  b e e n  sam p led  
u s in g  s u c t i o n  t r a p s  (T a y lo r , 1 9 7 4 ), w a te r  t r a p s  (A 'B ro o k , 1973a, 
b) an d  s t i c k y  t r a p s  (H e a th c o te , 1957 , 1970; A 'B ro o k , 1973a , b ) . 
T h ese  t r a p s  v a ry  i n  e f f i c i e n c y  f o r  i n d i v i d u a l  s p e c ie s  and  a l s o  
w ith  t im e . F o r i n s t a n c e ,  y e llo w  w a t e r - t r a p s  a r e  l e s s  a t t r a c t i v e  
t o  c e r e a l  a p h id s  th a n  o t h e r  s p e c ie s  (H e a th c o te , 1957; H e a th c o te  
e t  a l . ,  1 9 6 9 ) . S u c t io n  t r a p s  sam p le  num bers o f  a p h id s  p e r  u n i t  
volum e o f  a i r  an d  a r e  n o n - s e l e c t i v e  among m ig r a t in g  s p e c ie s  
(H e a th c o te , 1 9 5 7 ) , p r e s e n t i n g  a  r e l i a b l e  e s t i m a te  o f  t h e  a e r i a l  

p o p u la t i o n s  w i th in  a r a d iu s  o f  20-50  km a ro u n d  e a c h  t r a p  (Tay­
l o r ,  1979) . T h e r e f o r e ,  i n  W este rn  E urope an d  N o rth  A m erica , 
s u c t i o n  t r a p s  a r e  now i n c r e a s i n g l y  u s e d  t o  m o n ito r  a e r i a l  a p h id  
p o p u l a t i o n s .

T a y lo r  (1965) and  Dry an d  T a y lo r  (1970) n o te d  t h a t  te m p e ra ­
t u r e  be low  14°C i n h i b i t e d  a p h id  t a k e - o f f  an d  C o ck b a in  (1961)
r e p o r t e d  t h a t  u n d e r  a  c e r t a i n  t e m p e r a tu r e ,  a p h id s  (A p h is  f a b a e  

Scop) w ere u n a b le  t o  f l y .  W a lte rs  an d  D ixon (1 9 8 4 ), u s e d  
s u c t i o n  t r a p  c a tc h e s  an d  m e te o r o lo g ic a l  d a t a  t o g e t h e r  w ith  
l a b o r a t o r y  e x p e r im e n ts ,  t o  o b t a i n  a minimum t a k e - o f f  te m p e r a tu r e
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t h r e s h o l d  f o r  M . d ir h o d u m .  The t h r e s h o l d  was 20 .5°C  w h ich  was
h i g h e r  th a n  t h a t  f o r  S .  a v e n a e  (16°C e s t im a te d  fro m  t h e  s u c t i o n  
t r a p s  an d  19°C from  l a b o r a t o r y  s t u d i e s  a t  c o n s t a n t  te m p e r a tu r e )  
(W a lte rs  an d  D ixon , 1 9 8 4 ) .

Some o b s e r v a t i o n s  i n d i c a t e  t h a t  h ig h  w in d s d e la y  b u t  do n o t  
p e rm a n e n tly  i n h i b i t  a p h id  t a k e - o f f  (W a lte rs  & D ix o n , 1984) w h i le  
o t h e r s  s u g g e s t  t h a t  th e y  a l s o  i n h i b i t e d  a p h id  t a k e - o f f  (Malwyn, 
1936; Thomas & V e v a i, 1 9 4 0 ) . W ind d i r e c t i o n  d i r e c t l y  a f f e c t s  
f l i g h t  d i r e c t i o n  when i t s  s p e e d  i s  i n  e x c e s s  o f  t h e  f l i g h t  sp e e d  
o f  t h e  i n s e c t  (T a y lo r  & P a lm e r , 1 9 7 2 ) .

The R o th a m ste d  S u c t io n  T rap  I n s e c t  S u rv e y , o p e r a t i n g  s in c e  
1964 , h a s  p ro v id e d  u s e f u l  in f o r m a t io n  on t h e  m ig r a t io n s  o f  many 
a p h id  s p e c ie s  (T a y lo r  & P a lm e r , 1 9 7 2 ) . The t r a p s  sam p le  l a r g e  
vo lu m es o f  a i r  p e r  u n i t  t im e  a n d  u s u a l l y  c a t c h  c e r e a l  a p h id s  
b e f o r e  th e y  a r e  sam p led  i n  c e r e a l  c ro p s  (D ean, 1973 ; Dean & 
L u u r in g , 1970 , G eo rge, 1974; T a y lo r ,  1 9 7 4 ). C a r t e r  e t  a l  (1982) 
u s e d  s u c t i o n  t r a p  and  s t i c k y  t r a p  sa m p le s  fro m  1965 t o  1971 t o  
s t a n d a r d i z e  t h e  tw o t r a p  ty p e s  f o r  M . d ir h o d u m .  T h a t s tu d y  
i n d i c a t e s  t h a t  t h e  a b u n d an ce  o f  a e r i a l  p o p u la t i o n s  o f  M . d i r ­

hodum  h a s  in c r e a s e d  from  1942 t o  1980.

S o u rc e s  o f  m ig r a n t  M . d ir h o d u m  on c e r e a l s  a r e  n o t  c l e a r .  
L e a th e r  an d  W a lte rs  (1984) a rg u e d  t h a t  im m ig ra n ts  on c e r e a l s  a r e  
n o t  from  p r im a ry  h o s t s  b u t  from  s e c o n d a ry  h o s t s .  M ig r a n ts ,  w hich  
f l y  from  r o s e s  i n  mid-M ay (Dewar e t  a l . r 1980) a n d  s e t t l e  on 
c e r e a l s  an d  g r a s s e s  (Dewar e t  a l . ,  1 9 8 0 ) , a r e  o f t e n  r a r e  i n  
s u c t i o n  t r a p  sa m p le s  (T a y lo r ,  1 9 7 2 ) . Dewar e t  a l .  (1980) showed
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t h a t  t h e  d a te  o f  t h e  p o p u la t i o n  p e ak  o f  M . d ir h o d u m  c a u g h t  a t  
e a c h  s i t e  was c o r r e l a t e d  w ith  l a t i t u d e ,  b e in g  l a t e r  a t  n o r t h e r l y  
s i t e s  i n  1979 . F u r th e rm o re ,  t h e  t im in g  an d  s i z e  o f  t h e  s p r i n g  
m ig r a t io n  a r e  in f l u e n c e d  by  w e a th e r  (Dewar e t  a l . ,  1980 ; W a lte rs  
& D ix o n , 1 9 8 4 ) . H igh w in d s an d  low  te m p e r a tu r e  d e la y  c e r e a l  
a p h id  m ig r a t io n  (W a lte rs  & D ixon , 1 9 8 4 ) . The s i z e  o f  p r e v io u s  
au tum n m ig r a t io n  a l s o  a f f e c t s  t h e  s i z e  o f  t h e  n e x t  s p r i n g  
m ig r a t io n  ( C a r te r  e t  a l . ,  1 9 8 0 ) .

M . d ir h o d u m  c o lo n iz e s  c e r e a l s  o v e r  t h e  w ho le  f i e l d  w h i le  S .  

a v e n a e  a n d  R . p a d !  o c c u r  i n i t i a l l y  a t  f i e l d  e d g e s  (D ean, 1973, 
Dean & L u u r in g , 1 9 7 0 ) . How ever, C a r t e r  e t  a l .  (1980) a n d  L a t t e u r  
(1976) d i d  n o t  h av e  t h i s  ed g e  e f f e c t  i n  t h e i r  s t u d i e s  a n d  R a u ta -  

p a a  (1976) a l s o  d id  n o t  o b s e rv e  an y  ed g e  e f f e c t s  i n  f i e l d s .  
T h is  p ro b a b ly  r e s u l t s  from  th e  n a tu r e  o f  s u r r o u n d in g  h a b i t a t s  i n  
t h e  a r e a s .  The f i e l d s  i n  t h e  s t u d i e s  o f  L a t t e u r  a n d  C a r t e r  e t  
a l .  w ere  n o t  s u r ro u n d e d  by  h e d g e ro w s, t h e r e f o r e ,  e d g e  e f f e c t s  
may b e  a b s e n t  w h i le  t h e  f i e l d s  i n  t h e  o t h e r  s t u d i e s  w ere  
s u r ro u n d e d  by  h ig h  h edgerow s o r  w o o d lan d . H edges a f f e c t  i n s e c t  
d e p o s i t i o n  m ore th a n  w in d  d i r e c t i o n  an d  m ore i n s e c t s  w e re  c a u g h t 
i n  s u c t i o n  t r a p s  a lo n g  h ig h  h e d g e s  th a n  low  o n e s  (Bawden & D ean,
1 9 7 7 ) .

Dewar (1980) o b s e rv e d  t h a t  48% o r  m ore M . d ir h o d u m  o c c u r r e d  
on p l o t s  w i th  t h e  h ig h  n i t r o g e n  in p u t  l e v e l  l a t e r  i n  t h e  s e a so n  
i n  a  m u l t i d i s c i p l i n a r y  e x p e r im e n t a l th o u g h  r a t e s  o f  p o p u la t i o n  
i n c r e a s e  w ere  t h e  same i n  p l o t s  w i th  d i f f e r e n t  n i t r o g e n  l e v e l s .  
K o w a lsk i an d  V i s s e r  (1983) s u g g e s te d  t h a t  a p h id s  may p r e f e r  t o  
s e t t l e  on h ig h  n i t r o g e n  c r o p s .
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1 .1 .3  P o p u la t io n  d e v e lo p m e n t on t h e  s e c o n d a ry  h o s t
P o p u la t io n  d e v e lo p m e n t o f  M . d ir h o d u m  v a r i e s  on d i f f e r e n t  

s e c o n d a ry  h o s t s .  Dean (1973 , 1974b) s t u d i e d  t h e  s u r v i v a l ,  
d e v e lo p m e n t an d  f e c u n d i ty  o f  M . d ir h o d u m , S .  a v e n a e  a n d  R . p a d i  

on s e e d l i n g s  o f  o a t s ,  w h ea t an d  b a r l e y  an d  on b a r l e y  l e a f  d i s c s  
a t  a  r a n g e  o f  c o n s t a n t  t e m p e r a tu r e s .  P o p u la t io n s  o f  M . d ir h o d u m  

d e v e lo p  f a s t e r  on b a r l e y  th a n  on e i t h e r  w h ea t o r  o a t s  a s  
d e v e lo p m e n t, s u r v i v a l  a n d  f e c u n d i ty  r a t e s  a r e  h i g h e s t  on b a r l e y .  
O a ts  i s  t h e  l e a s t  f a v o u r a b le  h o s t  o f  t h e  t h r e e  c e r e a l s  (T h o rn b - 
a c k ,  1 9 8 3 ) .

T h e re  a r e  a l s o  v a r i e t a l  d i f f e r e n c e s  w i t h in  o n e  ty p e  o f  
c e r e a l .  K olbe  (1969) t e s t e d  t e n  W est German w in t e r  w h e a t v a r i e ­
t i e s  a n d  fo u n d  t h a t  t h e r e  w ere  s e v e n  t im e s  a s  many M . d ir h o d u m  

on c v . Hanno a s  on c v . H e in e s . W in te r  w h ea t c v . N o rd a  w as r e s i s ­
t a n t  t o  M . d ir h o d u m  i n  B elg ium  ( L a t t e u r ,  1 9 7 6 ) . W in te r  w h e a t, 
Anna M ig lo r i  an d  M a s te r ,  w ere  a l s o  p a r t i a l l y  r e s i s t a n t  c u l t i v a r s  
(Lowe, 1 9 7 8 ) . H ow ever, r e s u l t s  fro m  d i f f e r e n t  t r i a l s  w ere  v a r i ­
a b l e  an d  m ore r e l i a b l e  an d  c o n s i s t e n t  a s s e s s m e n t  m eth o d s a r e  
r e q u i r e d  (Lowe, 1977 , 1 9 7 8 ) . S p i l l e r  an d  L le w e lly n  (1986) u s e d  
tw o w h e a ts ,  T r i t i c u m  a e s t iv u m  ( s u s c e p t i b l e ) , a n d  T .  m o n o co ccu m  

( r e s i s t a n t )  , t o  m e a su re  honeydew  p r o d u c t io n  o f  M . d ir h o d u m .  They 
fo u n d  t h a t  m ore honeydew  was e x c r e t e d  by  t h e  a p h id  w h ich  f e d  on 
t h e  s u s c e p t i b l e  T .  a e s t iv u m .

C rop g ro w th  s t a g e  a l s o  a f f e c t s  p o p u la t io n  d e v e lo p m e n t (Lowe,
1978) . M . d ir h o d u m  i s  m ore fe c u n d  on w h ea t d u r in g  f lo w e r in g  
(G .S . 60-69 ) and  m ilk y  r i p e  s t a g e  (G .S . 71 -79 ) t h a n  on  s e e d l in g s  
(G .S . 1 0 - 1 2 ) .  I n  c o n t r a s t ,  on b a r l e y  i t  i s  m ore fe c u n d  on 
s e e d l i n g s  th a n  on p l a n t s  a t  b o o t in g  t o  i n f l o r e s c e n c e  (G .S .
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4 1 -6 0 ) (T h o rn b ack , 1983) . M . d ir h o d u m  h a s  a  h ig h e r  s u r v i v a l  r a t e  
a n d  i s  m ore fe c u n d  b e f o r e  t h e  m ilk y  r i p e  s t a g e  on w in t e r  w heat 
(W a tt, 1979; V e r e i j k e n ,  1 9 7 9 ) . Honek (1985) fo u n d  t h a t  t h e  
a n n u a l  v a r i a t i o n  i n  M . d ir h o d u m  was p o s i t i v e l y  c o r r e l a t e d  w ith  
p l a n t  v ig o u r  m e a su re d  by  a v e ra g e  l e a f  a r e a  p e r  t i l l e r .

1 .1 .4  F e e d in g  s i t e s  a n d  l o c a l  d i s p e r s a l
M . d ir h o d u m  i s  a lm o s t  e n t i r e l y  a  l e a f  f e e d e r  on  a l l  c e r e a l s .  

I t s  p o p u la t i o n  i n i t i a l l y  b e g in s  on t h e  lo w e r  l e a v e s  a n d  i t  moves 
up  t h e  p l a n t s  t o  o ccu p y  t h e  h ig h e r  l e a v e s  a s  t h e  lo w e r  l e a v e s  
s e n e s c e  (W ra tte n , 1975 ; C annon, 1982; 1 9 8 5 ) . Cannon (1982) 
o b s e r v e d  68.5% o f  t h e  p o p u la t i o n s  w ere  on t h e  f l a g  l e a v e s  on 
w in t e r  w h ea t l a t e r  i n  t h e  s e a s o n  (from  4 Ju n e  t o  2 A u g u s t ) . B ut 
Dean (1973) fo u n d  t h a t  84.6% o f  a l l  i n d i v i d u a l s  w ere  on th e  
lo w e r  l e a v e s ,  w i th  o n ly  15% on t h e  f l a g  l e a v e s  on b a r l e y .  
L a t t e u r  (1976) r e c o r d e d  70% o f  M . d ir h o d u m  on t h e  u p p e r  tw o 
l e a v e s  a t  t h e  b e g in n in g  o f  f lo w e r in g  (G .S . 61) a n d  t h e  w hole  
p o p u la t i o n  was on t h e s e  l e a v e s ,  w i th  90% on t h e  f l a g  l e a v e s  a t  
t h e  m ilk y  r i p e  s t a g e  (G .S . 7 1 ) .  T h is  s u g g e s ts  t h a t  M . d ir h o d u m  

p r e f e r s  t o  f e e d  on lo w e r  l e a v e s  on b a r l e y .

O b s e r v a t io n s  by  Dewar e t  a l .  (1982) and  Cannon (1984) show ed 
t h a t  a d u l t  an d  f o u r t h  i n s t a r  nymphs o f  M . d ir h o d u m  w ere  m ore 
l i k e l y  t o  d i s p e r s e  th a n  y o u n g e r  nym phs. Sopp e t  a l .  (1987) 
o b s e r v e d  t h a t  M . d ir h o d u m  was m ore p ro n e  t o  f a l l  fro m  p l a n t s  
t h a n  S . a v e n a e .  U sin g  s t i c k y  t r a p s  t o  i n t e r c e p t  t h e  f a l l i n g  
a p h id s ,  S u n d e r la n d  e t  a l .  (1986) show ed t h a t  a b o u t  20-50% o f  t h e  
s h o o t  p o p u la t i o n  f e l l  t o  t h e  g ro u n d  e a c h  day  a n d  t h i s  c o u ld  
i n c r e a s e  t o  100% l a t e  i n  t h e  s e a s o n .  G r i f f i t h s  e t  a l .  (1985) 
o b s e r v e d  t h a t  b e tw e e n  4% t o  71% o f  t h e  a p h id  p o p u la t i o n  was on
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t h e  s o i l  s u r f a c e  d u r in g  i n s p e c t i o n .  Sopp e t  a l .  (1987) o b ta in e d  
a  n e g a t iv e  c o r r e l a t i o n  b e tw e en  t h e  p e r c e n ta g e  o f  a p h id s  f a l l i n g  
on  g ro u n d  a n d  t h e  d e n s i t y  on p l a n t s , b u t  a  p o s i t i v e  r e l a t i o n s h i p  
b e tw e e n  t h e  a b s o l u t e  num ber o f  a p h id s  on t h e  g ro u n d  an d  t h e  
d e n s i t y .  The f a t e  o f  t h e s e  a p h id s  h a s  r a r e l y  b e e n  s t u d i e d .  Sopp 
e t  a l .  (1987) fo u n d , from  a  v i s u a l  e x a m in a t io n  o f  t h e  g ro u n d  
a r e a ,  t h a t  a b o u t  30% o f  t h e  a p h id s  on t h e  g ro u n d  w ere  d e a d  due  
t o  a  unknown r e a s o n .  G round p r e d a t o r s  may consum e a  p r o p o r t i o n  
o f  t h e  a p h id s ,  w h ich  i s  s u g g e s te d  t o  b e  im p o r ta n t  i n  p r e v e n t in g  
a p h id  o u tb r e a k s  (S u n d e r la n d  & V ick erm an , 1980 ; C h iv e r to n ,  1986; 
S c h e l l e r ,  1 9 8 4 ) . F i n a l l y ,  a  p r o p o r t i o n  o f  t h e  a p h id s  c lim b  b a c k  
t o  p l a n t s ,  w h ich  may a c t  a s  a  m eans o f  l o c a l  r e d i s t r i b u t i o n  o f  
t h e  a p h id  p o p u la t i o n  on c e r e a l s  (W inder, 1 9 9 0 ) .

1 .1 .5  W ea th e r f a c t o r s
T e m p e ra tu re  i s  t h e  m ost im p o r ta n t  f a c t o r  i n f l u e n c i n g  a p h id  

p o p u la t i o n  d e v e lo p m e n t. M . d ir h o d u m  h a s  a  lo w e r  optim um  te m p e ra ­
t u r e  th a n  S .  a v e n a e  an d  R . p a d i  (Dean, 1974b) . The optim um  
te m p e r a tu r e  f o r  d e v e lo p m e n t, s u r v i v a l  an d  r e p r o d u c t io n  i s  20°C.
I t  s u r v iv e s  b e t t e r  b e tw e en  10-15°C th a n  b e tw e e n  20-25°C  an d  
nymphs d i e  b e f o r e  c o m p le tin g  t h e i r  d e v e lo p m e n t a t  27.5°C  (D ean,
1974b; Hand an d  W il l ia m s , 1980) . Warm c o n d i t io n s  fro m  mid-M ay t o  
t h e  e n d  o f  Ju n e  a r e  p o s i t i v e l y  c o r r e l a t e d ,  a n d  v e r y  h ig h  
t e m p e r a tu r e  (> 27°C) o v e r  t h e  same p e r i o d  a r e  n e g a t i v e l y  
c o r r e l a t e d ,  w i th  p e a k  ab u n d an ce  o f  M . d ir h o d u m  (H onek, 1985) .

Low t e m p e r a t u r e s  i n  w i n t e r  c a n  d e la y  c r o p  d e v e lo p m e n t  a n d  

a l l o w  t h e  c e r e a l  a p h id s  m o re  t im e  t o  f e e d  on  t h e  c ro p s  t h e
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f o l lo w in g  summer (Dewar, Woiwod & J a n v r y ,  1980) an d  M . d ir h o d u m  

g ro w th  i s  f a s t e r  i n  c o o le r  an d  m ore hum id m ic r o c l im a te s  (Honek, 
1987) . H ow ever, t h e  e f f e c t s  o f  t e m p e r a tu r e s  b e lo w  10°C h a v e  n o t  
b e e n  s t u d i e d .

Low te m p e r a tu r e ,  h e av y  r a i n f a l l  a n d  l a c k  o f  s u n s h in e  a d v e r ­
s e l y  a f f e c t  c e r e a l  a p h id  p o p u la t i o n s  on c r o p s ,  e s p e c i a l l y  d u r in g  
May a n d  Ju n e  when im m ig ra t io n  o f  a l a t e s  a n d  t h e i r  s u b s e q u e n t  
r e p r o d u c t io n  l e a d  t o  t h e  e s t a b l i s h m e n t  o f  c o lo n i e s  (Dean & 
L u u r in g ,  1970; D ean, 1973; 1974a , b ;  J o n e s ,  1 9 7 2 ) . H igh r a i n f a l l  
e n c o u ra g e s  t h e  d e v e lo p m e n t o f  f u n g a l  d i s e a s e s  o f  a p h id s  a s  i t  
p r o v id e s  s u f f i c i e n t  h u m id ity  f o r  t h e i r  g ro w th . I n  B r i t t a i n y ,  t h e  
r a i n f a l l  i s  n e g a t i v e l y  a s s o c i a t e d  w ith  p e a k  a p h id  num bers 
( P i e r r e  & D e d ry v e r, 1984 , 1 9 8 5 ) .

1 .1 .6  N a tu r a l  en em ies
T h e re  a r e  t h r e e  g ro u p s  o f  n a t u r a l  en em ies  o f  c e r e a l  a p h id s :  

p r e d a t o r s ,  p a r a s i t o i d s  a n d  p a th o g e n s . They may so m etim es p r e v e n t  
a p h id  p o p u la t i o n  o u tb r e a k s  ( C a r te r ,  1989) . H ow ever, d i f f i c u l t i e s  
i n  q u a n t i f y i n g  t h e  e f f e c t i v e n e s s  o f  t h e s e  n a t u r a l  e n e m ie s  i n  
r e d u c in g  c e r e a l  a p h id  p o p u la t io n  g ro w th  i n  t h e  f i e l d  s t i l l  
re m a in  ( C a r te r  e t  a l . ,  1980; D ixon , 1989; C a r t e r ,  1 9 8 9 ) .

A p h id  p r e d a t o r s  a r e  d iv id e d  i n t o  tw o c a t e g o r i e s ;  ( i )  a p h id -  
s p e c i f i c  a n d  ( i i )  p o ly p h a g o u s  p r e d a t o r s .  A p h i d - s p e c i f i c  p r e d ­
a t o r s  a r e  c o c c i n e l l i d s  an d  s y r p h id s .  I n  some y e a r s ,  c o c c i n e l l i d s  
may p r e v e n t  a p h id  p o p u la t io n s  r e a c h in g  t h e  econom ic  t h r e s h o l d  
when t h e  c e r e a l s  a r e  f a v o u r a b le  f o r  a p h id  d e v e lo p m e n t (Cham bers 
e t  a l . ,  1983 , 1 9 8 6 ) . The num ber o f  c o c c i n e l l i d s  i s  p o s i t i v e l y
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c o r r e l a t e d  w ith  t h e  num ber o f  a p h id s  i n  t h e  p r e v io u s  summer 
( C a r t e r ,  D ixon  & R a b b in g e , 1982) . F i e l d  c ag e  s t u d i e s  a l s o  
s u g g e s t  t h a t  c o c c i n e l l i d s  c o u ld  b e  im p o r ta n t  i n  r e d u c in g  a p h id  
a b u n d a n c e  (R a u ta p a a , 197 2 , 1975; Cham bers e t  a l . ,  1 9 8 3 ) . S im u la ­
t i o n  s t u d i e s  a l s o  r e v e a l  t h a t  e f f e c t s  o f  t h e s e  p r e d a t o r s  a r e  
s e n s i t i v e  t o  t h e  a p h id  p o p u la t i o n  dyn am ics ( C a r te r  e t  a l . ,  
1 9 8 2 ) . T h e re  a r e  many p o ly p h a g o u s  p r e d a t o r  s p e c i e s  in c l u d in g  
b e e t l e s ,  m i te s  an d  s p i d e r s .  Some s p e c i e s  consum e a p h id s  a t  low  
d e n s i t i e s  a n d  a r e  u s u a l l y  p r e s e n t  i n  c ro p s  when a p h id s  a r r i v e .  
T h e r e f o r e  th e y  can  b e  e f f e c t i v e  i n  r e d u c in g  t h e  s i z e  o f  a p h id  
p o p u l a t i o n s  e a r l y  i n  t h e  s e a s o n  ( C a r t e r ,  1 9 8 9 ) .

T h re e  s p e c ie s  o f  f u n g a l  p a th o g e n  b e lo n g in g  t o  t h e  same o r d e r  
o f  E m to m o p h th o r a le s  w ere  r e c o r d e d  t o  a t t a c k  c e r e a l  a p h id s  i n  
B r i t a i n  (Dean & W ild in g , 1971 , 1973; J o n e s  & D ean, 1 9 7 5 ) . T h e ir  
im p o r ta n c e  i n  r e d u c in g  f i e l d  a p h id  p o p u la t i o n s  v a r i e s  fro m  y e a r  
t o  y e a r  a n d  from  l o c a l i t y  t o  l o c a l i t y  (Dean & W ild in g , 1973; 
J o n e s  & D ean, 1975) . When c o n d i t io n s  a r e  hum id a n d  d i s e a s e d  
a p h id s  a p p e a r  e a r l y  i n  t h e  s e a s o n , t h e s e  p a th o g e n s  a r e  im p o r ta n t  
i n  r e d u c in g  a p h id  a b u n d an ce  ( L a t t e u r ,  1 9 7 3 ) .

P a r a s i t o i d s  b e lo n g  t o  tw o f a m i l i e s  o f  H ym en op te ra ; A p h e l i -  
n id a e  a n d  A p h id i id a e .  The l a t t e r  i s  m ore common ( C a r t e r ,  1 9 8 9 ) . 
They c a n  b e  a c t i v e  e a r l y  i n  t h e  s e a s o n  a n d  v e r y  num erous (Pow­
e l l ,  1 9 8 3 ) . T h e i r  r o l e  i n  r e d u c in g  a p h id  ab u n d an c e  i s  o f t e n  
u n d e r e s t im a te d  i n  t h e  f i e l d  ( C a r te r ,  1 9 8 9 ) . F o r  i n s t a n c e ,  a  
s i m u l a t i o n  s tu d y  i n d i c a t e s  t h a t  t h e  p o p u la t i o n  o f  S . a v e n a e  
c o u ld  b e  se v e n  t im e s  h ig h e r  a t  f lo w e r in g  i n  t h e  a b s e n c e  o f  
p a r a s i t i s m  (V o rle y  & W ra tte n , 1 9 8 5 ) . H ow ever, h y p e r p a r a s i t s m  
may b e  im p o r ta n t  i n  s u p p r e s s in g  t h e  i n c r e a s e  o f  p a r a s i t o i d s
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e s p e c i a l l y  to w a rd s  t h e  en d  o f  t h e  s e a s o n  ( C a r te r  e t  a l . ,  1 9 8 9 ), 
a n d  i t  r e d u c e s  t h e i r  e f f e c t i v e n e s s  i n  r e d u c in g  a p h id  p o p u la t i o n  
g r o w th .

1 .2  A p h id  p o p u la t i o n  m odels
A p h id s  a r e  m a jo r  p e s t s  i n  t h e  w o r ld  a n d  t h e i r  s u c c e s s f u l  

c o n t r o l  u s in g  p e s t  m anagem ent p r i n c i p l e s  r e q u i r e s  an  u n d e r ­
s t a n d i n g  o f  t h e i r  p o p u la t i o n  d y n a m ic s . H ow ever, a p h id  p o p u la ­
t i o n s  p a s s  th ro u g h  s e v e r a l  g e n e r a t i o n s  i n  a  y e a r ,  t h e s e  g e n e ra ­
t i o n s  o v e r l a p ,  a n d  p o p u la t io n s  r a r e l y  r e a c h  a  s t a b l e  a g e  s t r u c ­
t u r e  ( C a r t e r  e t  a l . ,  1978; B arlow  & D ix on , 1980) m ak ing  a n a l y s i s  
o f  t h e i r  p o p u la t i o n  dynam ics c o m p lic a te d .

A tte m p ts  a t  u s in g  s t a t i s t i c a l  m o d e ls  t o  d e s c r i b e  r e l a t i o n ­
s h ip s  b e tw e e n  a p h id  p o p u la t io n  a n d  o t h e r  f a c t o r s  h a v e  b e e n  m ade. 
F o r  i n s t a n c e ;  i n  a  s tu d y  o f  l im e  a p h id ,  E u c a l l i p t e r u s  t i l i a e  

(L .)  p o p u l a t i o n s ,  B arlo w  & D ixon (1980) show ed t h a t  t h e  p e ak  
d e n s i t y  o f  o v ip a r a e  i n  autum n was r e l a t e d  t o  t h e  maximum p o p u la ­
t i o n  o f  f u n d a t r i c e s  i n  th e  p r e c e d in g  s p r in g ;  W a l te r s  (1983L), i n  
d e v e lo p in g  a  m ethod  f o r  lo n g - te r m  p r e d i c t i o n s  o f  o u tb r e a k s  o f  
t h e  g r a i n  a p h id ,  S .  a v e n a e , show ed t h a t  t h e  t im in g  a n d  s i z e  o f  
t h e  p o p u l a t i o n  p e a k  c o u ld  b e  p r e d i c t e d  from  t h e  mean te m p e r a tu r e  
i n  J a n u a r y .  E n t w i s t l e  & D ixon (1986) fo u n d  t h a t  t h e  p e a k  a p h id  
d e n s i t y  i n  a  w h ea t f i e l d  was p o s i t i v e l y  c o r r e l a t e d  w i th  th e  
p o p u l a t i o n  d e n s i t y  a t  t h e  en d  o f  a n t h e s i s .  The a d v a n ta g e  o f  t h i s  
t y p e  o f  m odel i s  t h a t  i t  i s  e a s y  t o  u s e  i n  f o r e c a s t i n g .  H ow ever, 
a s  t h e s e  m o d e ls  a r e  u s u a l l y  d e r iv e d  w ith  a  l a c k  o f  b i o l o g i c a l  
b a c k g ro u n d , th e y  may f a i l  when a p p l i e d  i n  new c i r c u m s ta n c e s  and  
c a n n o t  b e  u s e d  t o  e x p la in  t h e  r e a s o n s  f o r  t h e  b reakd ow n  i n  th e  
r e l a t i o n s h i p  (W ard, R abb ing e  & D ix o n , 1 9 8 8 ) .
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S im u la t io n  m o d e ls  a r e  i d e a l  i n  s tu d y in g  a p h id  p o p u la t i o n  a s  
a g e  s t r u c t u r e  a n d  o v e r la p p in g  g e n e r a t i o n s  a r e  e a s i l y  in c o r p o ­
r a t e d .  They a r e  c o n s t r u c t e d  u s in g  b i o l o g i c a l  in f o r m a t io n  a l ­
th o u g h  t h e y  may r e q u i r e  many p a r a m e te r s .  V a lu e s  f o r  t h e s e  a r e  
o b t a i n e d  fro m  l a b o r a t o r y  e x p e r im e n ts  an d  f i e l d  w ork , w h ich  i s  
v e r y  tim e -c o n s u m in g .

H ughes & G i l b e r t  (1 9 6 8 ), a n d  G i l b e r t  a n d  H ughes (1 9 7 1 ), 
d e v e lo p e d  one o f  t h e  f i r s t  s im u la t io n  m o d e ls  f o r  a p h id s  ( th e  
c a b b a g e  a p h id ,  B r e v i c o r y n e  b r a s s l c a e  ( L .) )  w h ich  c o n c e n t r a t e d  on 
t h e  e f f e c t s  o f  n a t u r a l  e n em ie s  on a p h id  p o p u la t i o n  d e v e lo p m e n t. 
The m odel u s e d  a  p h y s i o l o g i c a l  t im e  s c a l e  w i th  a p h id  i n s t a r -  
p e r i o d s  a s  u n i t s  ( th e  a v e ra g e  num ber o f  d a y d e g re e s  o f  t h e  f o u r  
i n s t a r s  ab o v e  t h e  d e v e lo p m e n t th r e s h o ld )  . I t  was u s e d  t o  
i n v e s t i g a t e  s t o c h a s t i c  v a r i a t i o n  o f  p o p u la t i o n  d y n am ic s , 
p a r a s i t i s m  s t r a t e g i e s  a n d  t h e  a p p l i c a t i o n  o f  t h e  m odel i n  
b i o l o g i c a l  c o n t r o l .  The m odel s u g g e s te d  t h a t  t h e  p a r a s i t o i d s  
m ax im ise d  i t s  r e p r o d u c t io n ,  w i th o u t  e n d a n g e r in g  t h e i r  h o s t  
p o p u l a t i o n  a n d  m ore d e t a i l e d  in f o r m a t io n  o f  p a r a s i t o i d  b e h a v io u r  
was r e q u i r e d  on t h e  e f f e c t s  on a p h id  p o p u l a t i o n s .

I n  t h e  N e th e r la n d s ,  a  s i m u la t io n  m odel o f  t h e  p o p u la t i o n  
d e v e lo p m e n t o f  S .  a v e n a e  i n  w in te r  w heat was d e v e lo p e d  (R abbi -  
nge  e t  a l . ,  1979) . I t  was u s e d  t o  s tu d y  p o p u la t i o n s  o f  S . a v e n a e  

a n d  i t s  n a t u r a l  en em ies  o v e r  t h r e e  y e a r s . The m odel was 
i n i t i a l i z e d  w ith  an  a p h id  d e n s i t y  a l r e a d y  on t h e  c r o p .  H ow ever, 
a s  kno w ledge  o f  t h e  r e l a t i o n s h i p  b e tw e en  a p h id  d e n s i t y  a n d  th e  
e f f e c t s  o f  t h e i r  n a t u r a l  e n em ie s  an d  w ing  f o r m a t io n  w ere  
unknow n, t h e  m odel d id  n o t  p r e d i c t  a c c u r a t e l y  t h e  p o p u la t i o n  
c o l l a p s e .
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C a r t e r  e t  a l .  (1982) d e v e lo p e d  a  s i m u la t io n  m odel t o  
d e s c r i b e  t h e  p o p u la t i o n  dyn am ics o f  t h e  g r a i n  a p h id ,  S .  a v e n a e .  

The m odel w as a l s o  i n i t i a l i z e d  w ith  im m ig ra t io n  e s t i m a te d  from  
s u c t i o n  t r a p  sa m p le s  a n d  t h e  f i r s t  f i e l d  c o u n t o f  a p h id  d e n s i t y  
i f  f i e l d  p o p u la t i o n s  e x i s t e d  a t  t h e  s t a r t  o f  t h e  s i m u l a t i o n .  
T e m p e ra tu re , e x p r e s s e d  i n  p h y s i o l o g i c a l  t im e  was t h e  m ain  
d r i v i n g  v a r i a b l e .  The m odel in c lu d e d  e f f e c t s  o f  c ro p  d e v e lo p m e n t 
a n d  some n a t u r a l  e n em ie s  on t h e  a p h id  p o p u la t i o n .  I t  g e n e r a l l y  
p r e d i c t e d  f i e l d  o b s e r v a t i o n s  a c c u r a t e l y  b u t  was l e s s  r e l i a b l e  
when n a t u r a l  en em ie s  w ere  im p o r ta n t  i n  r e g u l a t i n g  a p h id  p o p u l a t ­
io n s  . The m odel r e v e a le d  t h a t  t h e  r o l e s  o f  n a t u r a l  e n e m ie s  i n  
p r e v e n t i n g  a p h id  i n c r e a s e  w ere  p o o r ly  u n d e r s to o d  a n d  m ore w ork 
i s  n e e d e d . T h is  s im u la t io n  a p p ro a c h  h a s  a l s o  b e e n  u s e d  t o  s tu d y  
p l a n t  r e s i s t a n c e  on p o p u la t i o n  g ro w th  o f  R h o p a lo s ip h u m  p a d i  

( W ik te l iu s  & P e t t e r s o n ,  1985) an d  r e s i s t a n t  p l a n t  b r e e d in g  f o r  
i n s e c t s  ( C a r te r  & D ix on , 1 9 8 1 ) .

1 .3  C e r e a l  a p h id  damage an d  i t s  c o n t r o l
I n  B r i t a i n ,  t h e r e  a r e  t h r e e  e c o n o m ic a l ly  im p o r ta n t  c e r e a l  

a p h id  s p e c i e s :  S . a v e n a e , M . d ir h o d u m  a n d  R . p a d i .  R .  p a d i  

c a u s e s  c ro p  dam age p r i m a r i l y  by  t r a n s m i t t i n g  b a r l e y  y e l lo w  d w a rf 
v i r u s  (BYDV) t o  a l l  ty p e s  o f  c e r e a l s ,  e s p e c i a l l y  b a r l e y .  S .  

a v e n a e  i s  im p o r ta n t  a s  a  v i r u s  v e c t o r  an d  th ro u g h  t h e  dam age i t  
d o e s  d i r e c t l y  an d  M . d ir h o d u m  i s  o n ly  im p o r ta n t  i n  t h e  l a t t e r  
c a t e g o r y .  The e f f e c t  o f  honeydew  e x c r e t e d  by  a p h id s  i s  th o u g h t  
t o  b e  m ore im p o r ta n t  th a n  t h e  damage c a u s e d  by  f e e d in g  (R abb inge  
e t  a l . r 1981 ; R ab b in g e  & C a r t e r ,  1984; Roerm ond e t  a l . ,  1 9 8 6 ) . 
A num ber o f  s t u d i e s  on i t s  damage p o t e n t i a l  h av e  b e e n  c a r r i e d  
o u t  ( f o r  i n s t a n c e ,  W ra t te n ,  1979; Lee e t  a l . ,  1981; H o lt  e t  a l . ,

1984) a n d  s e v e r a l  c o n t r o l  schem es an d  s t r a t e g i e s  h a v e  b e en
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s t u d i e d  a n d  d e v e lo p e d  (Mann e t  a l . ,  1986 ; W ra tte n  & Mann, 1986; 
Z adoks e t  a l . r 1 9 8 4 ) .

1 .3 .1  Y ie ld  l o s s  s t u d i e s
The num ber o f  g r a i n s  p e r  e a r  i s  d e te rm in e d  b e f o r e  a n t h e s i s  

(T h o rn e , 1 9 7 3 ) . A p h id s re d u c e  g r a in  num ber b e f o r e  a n t h e s i s  an d  
a l t e r  t h e  t r a n s l o c a t i o n  o f  n u t r i e n t s  t o  t h e  g r a i n s  d u r in g  m ilk y  
r i p e  s t a g e ,  a n d  may t h e r e f o r e  a f f e c t  g r a i n  q u a l i t y  a n d  th o u s a n d  
g r a i n  w e ig h t  (W ra tte n , 1 9 7 8 ) . F u n g a l d i s e a s e s ,  w h ich  may b e  
s t i m u l a t e d  by  honeydew , can  chan ge  p l a n t  p h y s io lo g y  a n d  re d u c e  
y i e l d  a n d  q u a l i t y  (Lee e t  a l . ,  1981; W ra tte n , 1 9 7 5 ) .

A h e a v y  i n f e s t a t i o n  can  r e s u l t  i n  a  s i g n i f i c a n t  y i e l d  l o s s  
(W ra tte n , 1978; G eorge & G a ir ,  1 9 7 9 ). H ow ever, y i e l d  l o s s  by  AT. 
d ir h o d u m  was n o t  r e p o r t e d  b e f o r e  t h e  1960s (K o lb e , 1 9 6 9 ) . Lowe 
(1974) d e m o n s t ra te d  t h e  e f f e c t  o f  M . d ir h o d u m  on s p r i n g  w h e a t i n  
a  g l a s s h o u s e .  H igh an d  low  i n f e s t a t i o n s  o f  2200 a n d  340 a p h id  
u n i t s  (A .U .D ., c a l c u l a t e d  a s  one a p h id  u n i t  e q u a l  t o  one  a d u l t ,  
o r  1 .5  f o u r t h  i n s t a r ,  o r  2 t h i r d  i n s t a r ,  o r  3 .5  s e c o n d  i n s t a r  o r  
5 f i r s t  i n s t a r  nymphs) d u r in g  t h e  p e r io d  fro m  s tem  e lo n g a t io n  t o  
r i p e n i n g ,  c a u s e d  36.9% an d  11% y i e l d  l o s s ,  r e s p e c t i v e l y ,  
com p ared  w i th  t h e  c o n t r o l .  An i n f e s t a t i o n  (110 A .U .D . fro m  29 
J a n u a r y  t o  9 F e b ru a ry )  d i d  n o t  a f f e c t  y i e l d .  A s i m i l a r  y i e l d  
l o s s  -  a p h id  d e n s i t y  r e l a t i o n s h i p  was r e p o r t e d  i n  f i e l d  cag e  
e x p e r im e n ts  (W ra tte n , 1975 ; 1978) .

A s i g n i f i c a n t  y i e l d  l o s s  o c c u r r e d  i n  w in t e r  w h e a t (15%) when 
a p h id s  w ere  p r e s e n t  from  t h e  s t a r t  o f  b o o t in g  (G .S . 41) t o  th e  
en d  o f  a n t h e s i s  (G .S . 69) . A s i m i l a r  a c c u m u la te d  a p h id  in d e x  
(503) (one  a p h id  u n i t  i s  e q u a l  t o  one  a d u l t  o r  tw o 4 th  a n d /o r
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t h r e e  o t h e r  i n s t a r  nym phs, t h e  same a s  i n  f o l lo w in g  e x p e r im e n ts )  
d i d  n o t  c a u s e  a  s i g n i f i c a n t  y i e l d  l o s s  from  m id - a n th e s i s  (G .S . 
65) t o  e a r l y  m ilk  (G .S . 73) (H o lt gJb. a i»  ■, 1984) . H ow ever, t h e  
i n i t i a l  num ber o f  a p h id s  i n  b o th  t r i a l s  was low  a n d  a p h id  
p o p u la t i o n s  o n ly  b u i l t e d  up to w a rd s  t h e  en d  o f  t h e  t r e a t m e n t .  
T h e r e f o r e ,  t h e  s i g n i f i c a n t  y i e l d  l o s s  f o r  t h e  e a r l y  t r e a t m e n t  
may h a v e  b e e n  b e c a u s e  t h e  p e a k  p o p u la t i o n  o c c u r r e d  d u r in g  
f lo w e r in g  w h ich  i s  a  p a r t i c u l a r l y  s u s c e p t i b l e  s t a g e  (Basedow e t  
a l . ,  1 9 8 5 ) . I n  an  e x p e r im e n t u s in g  t h r e e  n a rro w  c ro p  g ro w th  
p e r i o d s ,  t o t a l  g r a i n  w e ig h t p e r  e a r  an d  mean th o u s a n d  g r a in  
w e ig h t  w ere  s i g n i f i c a n t l y  a f f e c t e d  by  t h e  t im in g  o f  a p h id  
i n f e s t a t i o n s  o f  s i m i l a r  s i z e s  (H o lt e t  a l . ,  1 9 8 4 ) . An e a r l y  
i n f e s t a t i o n  from  th e  s t a r t  o f  s tem  e lo n g a t io n  (G .S . 31) t o  th e  
s t a r t  o f  b o o t in g  (G .S . 41) d id  n o t  c a u s e  y i e l d  r e d u c t i o n ,  b u t  
i n f e s t a t i o n s  from  th e  s t a r t  o f  b o o t in g  (G .S . 41) t o  m id - f lo w e r ­
in g  (G .S . 65) a n d  m id - f lo w e r in g  t o  l a t e  m ilk  (G .S . 77) d id  
r e s u l t  i n  s i g n i f i c a n t  y i e l d  r e d u c t io n s  (8%, 27% r e s p e c t i v e l y )  .

On b a r l e y ,  damage h a s  b e en  s t u d i e d  o v e r  t h r e e  p e r io d s  o f  
c ro p  g ro w th  s t a g e :  ( i )  from  t h e  s t a r t  o f  s tem  e lo n g a t i o n  (G .S . 
31) t o  t h e  b e g in n in g  o f  a n t h e s i s  (G .S . 6 1 ) , ( i i )  m i d - i n f l o r ­
e s c e n c e  (G .S . 55) t o  m id -m ilk  (G .S . 75) an d  ( i i i )  w a te ry  r i p e  
(G .S . 71) t o  e a r l y  dough (G .S . 80) (Lee e t  a l . ,  1 9 8 1 ) . Y ie ld s  

w ere  re d u c e d  s i g n i f i c a n t l y  i n  t h e  f i r s t  tw o t r e a t m e n t s  (by 16% 
a n d  11% r e s p e c t i v e l y ) , b u t  n o t  i n  t h e  t h i r d .  H ow ever, t h e  s i z e s  
o f  t h e  i n f e s t a t i o n s  w ere  d i f f e r e n t ,  a s  t h e  f i r s t  tw o t r e a t m e n t s  
h a d  s i m i l a r  a p h id  i n d i c e s ,  376 a n d  394 r e s p e c t i v e l y ,  b u t  th e  
t h i r d  on e  h a d  a  s m a l l e r  in d e x  o f  194 .

M . d ir h o d u m  was f i r s t  r e c o r d e d  i n  New Z e a la n d  i n  1982 when
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h e av y  i n f e s t a t i o n s  o c c u r r e d  (S tu fk e n s  & F a r r e l l ,  1984; 1985a) 
a n d  was f i r s t  r e c o r d e d  i n  A u s t r a l i a  i n  1984 (C a rv e r , 1 9 8 4 ) . 
S tu f k e n s  an d  F a r r e l l  (1985b) fo u n d  t h a t  c o n t r o l  o f  M . d ir h o d u m  

on b a r l e y  a t  f l a g  l e a f  e x te n s io n  (G .S . 4 1 ) ,  a n d  i n  t h e  f i e l d s  a t  
b o th  f l a g  l e a f  e x te n s io n  an d  m id - in f lo r e s c e n c e  (G .S . 55) show ed 
s i g n i f i c a n t  y i e l d  i n c r e a s e s  w i th  310 a n d  230 a c c u m u la te d  a p h id  
d a y s  (AAD) r e s p e c t i v e l y ,  com pared  w i th  2350 AAD i n  u n s p ra y e d  
f i e l d s .  H ow ever, i n  s p r in g  o a t s  s p ra y e d  a t  m id - in f l o r e s c e n c e ,  no 
s i g n i f i c a n t  y i e l d  i n c r e a s e  o c c u r r e d  com pared  w i th  c o n t r o l  p l o t s  
i n f e s t e d  w i th  2200 AAD. S p ra y s  a t  b o th  f l a g  l e a f  e x te n s io n  and  
m id - in f l o r e s c e n c e  show ed a  s i g n i f i c a n t  y i e l d  i n c r e a s e  w i th  150 
AAD, com pared  w i th  1350 AAD i n  c o n t r o l  f i e l d s  on b a r l e y .  They 
fo u n d  no s i g n i f i c a n t  y i e l d  i n c r e a s e  t o  th e  t r e a t m e n t s  on w in te r  
w h e a t w h ich  may b e  due t o  t h e  low  i n f e s t a t i o n s  (420 AAD i n  
u n s p ra y e d  f i e l d s  an d  30 t o  310 AAD i n  t h e  s p ra y e d  f i e l d s )  .

R e s u l t s  fro m  th e s e  e x p e r im e n ts  i n d i c a t e  t h a t  f lo w e r in g  i s  
t h e  m o st s u s c e p t i b l e  c ro p  g ro w th  s t a g e  t o  a p h id  dam age. O th e r  
y i e l d  l o s s  s t u d i e s  show a  s i m i l a r  c o n c lu s io n .  S p ra y in g  a g a i n s t  
M . d ir h o d v m  a n d  S .  a v e n a e  w i th  20 t o  200 a p h id s  p e r  s h o o t  r e s u l ­
t e d  i n  42% y i e l d  in c r e a s e  a t  t h e  b e g in n in g  (G .S . 61) t o  en d
(G .S . 69) o f  a n t h e s i s ,  com pared  w i th  u n s p ra y e d  f i e l d s  (K o lb e ,
1969) a n d  14% i n c r e a s e  a t  t h e  en d  o f  f lo w e r in g  (G .S . 69) (K o lbe ,
1970) . S p ra y in g  a t  t h e  en d  o f  a n t h e s i s  (G .S . 69) h a d  t h e  h i g h e s t  
y i e l d  i n c r e a s e  (Basedow e t  a l . ,  1 9 8 5 ) .

Roerm ond e t  a l .  (1986) c o n s t r u c t e d  a  s i m u l a t io n  m odel t o  
s tu d y  t h e  dam age p o t e n t i a l  o f  S . a v e n a e , i n c o r p o r a t i n g  t h e  
i n f l u e n c e  o f  S . a v e n a e  on s e v e r a l  p h y s i o l o g i c a l  p a r a m e te r s :  
c a r b o h y d r a te  a n d  n i t r o g e n  c o n te n t  i n  th e  g r a i n .  I n  t h e  m o d e l,
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tw o ty p e s  o f  dam age w ere  in c lu d e d .  P r im a ry  dam age i s  c a u s e d  by 
w ith d ra w a l  o f  c a r b o h y d r a te  an d  n i t r o g e n  w h ich  l e a d s  t o  l e s s  
c a r b o h y d r a te  ta k e n  up by  g r a in s  a n d  an  i n c r e a s e  o f  n i t r o g e n  
t r a n s l o c a t i o n  from  l e a v e s .  T h is  l e a d s  t o  a  r e d u c t i o n  i n  p h o to ­
s y n t h e s i s  o f  t h e  l e a v e s  an d  an  i n c r e a s e  i n  l e a f  s e n e s c e n c e .  
S e c o n d a ry  dam age i s  c a u s e d  by  a  r e d u c t io n  i n  maximum g r o s s  
p h o to s y n th e s i s  a n d  l i g h t  u s e  e f f i c i e n c y  by  c o v e ra g e  o f  e a r s  and  
l e a v e s  w ith  honeydew . The m odel a c c u r a t e l y  p r e d i c t e d  t h e  y i e l d  
r e d u c t i o n  i n  f i e l d  o b s e r v a t i o n s  a n d  i t  was c o n c lu d e d  t h a t  m ore 
dam age i s  c a u s e d  by  e x c r e t i o n  o f  honeydew , w h ich  i n t e r f e r e s  w ith  
l e a f  p h o to s y n th e s i s ,  th a n  damage fro m  d i r e c t  f e e d in g .

C e r e a l  a p h id s  can  re d u c e  g r a i n  p r o t e i n  c o n te n t  w h ich  i s  
im p o r ta n t  f o r  b r e a d  b a k in g  (R a u ta p a a , 1968; W r a t te n ,  1 9 7 5 ) . 
Q u a n t i t a t i v e  y i e l d  l o s s  o n ly  o c c u r r e d  when M . d ir h o d u m  was 
c o n f in e d  on f l a g  l e a v e s ,  b u t  a p h id s  c o n f in e d  on  t h e  se c o n d  an d  
t h i r d  l e a v e s  r e d u c e d  g r a i n  p r o t e i n  c o n te n t  (W ra tte n , 1 9 7 8 ) . 
F u r th e rm o re  t h e  n i t r o g e n  c o n te n t  i n  lo w e r  l e a v e s  w h ich  w ere  
i n f e s t e d  was h ig h e r  a t  s e n e s c e n c e  com pared  w i th  u n i n f e s t e d  l e a ­
v e s  . Such c h a n g e s  a r e  due d i r e c t l y  t o  a p h id  f e e d in g  w h ich  s e n e s -  
c e s  l e a v e s  a n d  i n t e r c e p t s  n i t r o g e n  t r a n s l o c a t i o n  from  le a v e s  
(W ra tte n , 1978) . H ow ever, t h e  i n d i r e c t  e f f e c t s  o f  a p h id  f e e d in g  

dam age, honeydew  e x c r e t i o n  a n d  d i s e a s e  g ro w th , a l s o  re d u c e  
p r o t e i n  c o n te n t  i n  g r a in s  (W ra tte n , 1 9 7 5 ) . F i n a l l y ,  f l o u r  c o lo u r  
was d a rk e n e d  by  AT. d ir h o d u m  i n f e s t a t i o n s  (W ra tte n , 1978)

1 .3 .2  F o r e c a s t i n g  an d  c o n t r o l
The m ain  aim  o f  a  f o r e c a s t i n g  schem e i s  t o  p r e d i c t  when an d  

how much y i e l d  l o s s  c a u s e d  b y  a p h id s  i s  l i k e l y  t o  o c c u r .  T h is
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p r e v e n t s  t h e  o v e ru s e  o f  i n s e c t i c i d e s  a n d  s h o u ld  r e s u l t  i n  th e  
maximum p r o f i t .  W ith o u t an  a c c u r a t e  f o r e c a s t i n g  sy s te m , f a rm e rs  
a r e  l i k e l y  t o  a p p ly  a p h ic id e s  p r o p h y l a c t i c l y  (W att, 1 9 8 3 ) . W ith  
t h e  i n c r e a s e  i n  c o n c e rn  o v e r  e n v iro n m e n ta l  c o n ta m in a t io n  by  
i n s e c t i c i d e s ,  a c c u r a t e  f o r e c a s t i n g  sy s te m s  a r e  m ore n e c e s s a r y .  
A f o r e c a s t i n g  sy s te m , h o w ev e r, s h o u ld  n o t  n e e d  la b o u r-c o n s u m in g  
c ro p  i n s p e c t i o n s  b u t  m u st b e  s im p le  a n d  a c c u r a t e  (D ixon , 1 9 8 7 ).

1 . 3 . 2 . 1  C e r e a l  a p h i d  e c o n o m ic  t h r e s h o l d

I f  an  econom ic t h r e s h o l d  i s  e x c e e d e d , c o n t r o l  i s  j u s t i f i e d  
a s  t h e  v a lu e  o f  t h e  p o t e n t i a l  l o s s  o f  y i e l d  s a v e d  by  c o n t r o l  i s  
g r e a t e r  th a n  t h e  c o n t r o l  c o s t s .  A num ber o f  econ om ic  t h r e s h o l d s  
h a v e  b e e n  s u g g e s te d  on c e r e a l  a p h id s  i n  d i f f e r e n t  c o u n t r i e s  (Way 
& Cam m ell, 1 9 7 9 ) . I n  B r i t a i n  s p r a y in g  i s  j u s t i f i e d  e c o n o m ic a l ly  
when an  i n c r e a s i n g  d e n s i t y  o f  S . a v e n a e  r e a c h e s  f i v e  p e r  e a r  a t  
t h e  s t a r t  o f  f lo w e r in g  (G .S . 61) (G eo rg e, 1974 ; G eorge  & G a ir ,
1979) an d  5 p e r  f l a g  l e a f  an d  i n c r e a s i n g  f o r  M . d ir h o d u m  d u r in g  
f lo w e r in g  (G eorge & G a ir ,  1979) ( th e  c u r r e n t  t h r e s h o l d  i s  
5 / s h o o t ,  W a l te r s ,  p e r .  com m .). In  W est G erm any, t h e  econom ic 
t h r e s h o l d  i s  one a p h id  p e r  e a r  o r  f l a g  l e a f  a t  t h e  en d  o f  
f lo w e r in g  a n d  s i x  a f t e r w a r d s  (Way & C am m ell, 1 9 7 9 ) . W e tz e l & 
F r e i e r  (1980) r e p o r t e d  2 -5  a p h id  p e r  e a r  a t  t h e  b e g in n in g  o f  e a r  
f i l l i n g  f o r  S . a v e n a e  an d  15 p e r  t i l l e r  a t  f lo w e r in g  f o r  AT. 
d ir h o d u m  a s  t h e  c e r e a l  a p h id  econom ic  t h r e s h o l d s .  A s i m i l a r  
t h r e s h o l d  t o  t h a t  i n  B r i t a i n  was r e p o r t e d  i n  C h in a  f o r  S . a v e n a e  

(L iu , S t o l t z  & N i, 1 9 8 6 ) . W ra tte n  (1979) o b t a in e d  a  damage 
t h r e s h o l d ,  i n  te rm s  o f  an  a p h id  in d e x  (one u n i t  i s  e q u a l  t o  one 
a d u l t ,  o r  f o u r t h  i n s t a r  a n d  o r  t h r e e  f i r s t  t o  t h i r d  i n s t a r  
nym phs), t o  b e  21 t o  25 on e a r  an d  f l a g  l e a f  com bined  a t  w a te ry  
r i p e  when s i g n i f i c a n t  y i e l d  l o s s  o c c u r r e d .  T h is  t h r e s h o l d  was
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n o t  u s e f u l  i n  c o n t r o l  d e c i s i o n  m ak in g , b e c a u s e  t h e  econom ic 
damage h a d  a l r e a d y  b e e n  done  when t h e  a p h id  p o p u la t i o n  re a c h e d  
t h a t  l e v e l .

1 . 3 .2 .2  F o r e c a s t i n g

R au tu p a a  (1976) s u g g e s te d  a  m ethod  t o  f o r e c a s t  t h e  p e ak  
num ber o f  R . p a d i  2 -3  w eeks b e f o r e  t h e  p e a k  was r e a c h e d  u s in g  
t h e  num ber o b s e rv e d  3 t o  10 d a y s  a f t e r  t h e  f i r s t  a l a t e  was fo u n d  
i n  t h e  c ro p .  As i t  i s  d i f f i c u l t  t o  d e te rm in e  when t h e  f i r s t  
a p h id  la n d e d  on c ro p ,  W ik le t iu s  (1982) s u g g e s te d  m o d ify in g  th e  
R a u tu p a a 's  m odel by  u s in g  s u c t i o n  t r a p s  t o  m o n i to r  t h e  t im e  o f  
t h e  i n i t i a l  c o l o n i z a t i o n .

Dewar & C a r t e r  (1984) s u g g e s te d  t h a t  t h e  R o th a m ste d  I n s e c t  
S u rv e y  s u c t i o n  t r a p  sy s te m  m ig h t b e  u s e d  d i r e c t l y  i n  f o r e c a s t i n g  
t h e  p e a k  d e n s i t y  o f  c e r e a l  a p h id s .  H ow ever, t h e  s u c t i o n  t r a p  
sa m p le s  a r e  n o t  a lw a y s  r e l a t e d  t o  s u b s e q u e n t  p e a k s  on w heat 
c r o p s ,  e . g .  i n  1980, 1981 a n d  1983 when h ig h  a p h id  num ber c a u g h t 
i n  s u c t i o n  t r a p s  w ere  g e n e r a l l y  f o l lo w e d  by  low  a p h id  p e ak  
d e n s i t i e s  i n  c r o p s . More s t u d i e s  a r e  n e e d e d  b e f o r e  s u c t i o n  t r a p s  
c an  b e  u s e d  i n  f o r e c a s t s .

D i r e c t  c o u n ts  o f  a p h id  num bers a t  h e a d in g  (G .S . 50 -59 ) o r  
b e g in n in g  o f  f lo w e r in g  (G .S . 61) a r e  u s e d  i n  f o r e c a s t i n g ,  t a k i n g  
i n t o  a c c o u n t  r a t e  o f  i n c r e a s e  i n  t h e  f i e l d  o b t a in e d  i n  t h e  p a s t  
( F r e i e r  & W e tz e l, 1980; C a r t e r  e t  a l . ,  1982 ; Z adoks e t  a l . ,  
1984 ; R e in in k , 1985; Mann & W ra tte n , 1 9 8 7 ) . H ow ever, E n tw is t l e  
& D ixon (1986 , 1987) u s e d  m u l t i p l e  r e g r e s s i o n s  t o  p r e d i c t  p e ak  
a p h id  p o p u la t io n s  a n d  y i e l d  l o s s .  They fo u n d  t h a t  t h e  p e a k  
p o p u la t i o n  d e n s i t y  i n  e a c h  f i e l d  was p o s i t i v e l y  c o r r e l a t e d  w ith
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t h e  p o p u la t i o n  d e n s i t i e s  a t  t h e  en d  o f  e a r  em erg en ce  (G .S . 5 9 ) ,  
m id - a n th e s i s  (G .S . 65) an d  t h e  e n d  o f  a n t h e s i s  (G .S . 6 9 ) ,  and  
t h e  o b s e rv e d  r a t e s  o f  i n c r e a s e  o f  t h e  a p h id s  on  t h e  c ro p  
im m e d ia te ly  b e f o r e  t h e s e  s t a g e s .  The a c c u r a c y  o f  t h e s e  f o r e c ­
a s t s ,  b a s e d  on tw o f i e l d  sa m p le s , i n c r e a s e s  fro m  e a r  em erg en ce  
t o  e n d  o f  a n t h e s i s  a n d  th e y  c la im e d  t h a t  t h e  f o r e c a s t  p e ak  
d e n s i t y  a t  m id - a n th e s i s  was m ore a c c u r a t e  th a n  o t h e r  p u b l i s h e d  
m e th o d s .

A d e c i s i o n  t r e e  was c o n s t r u c t e d  t o  a i d  t h e  f o r e c a s t i n g  o f  S .  

a v e n a e  an d  M . d i r h o d u n  (Dewar & C a r t e r ,  1 9 8 4 ) . F a c to r s  su c h  a s  
c ro p  so w ing  d a t e ,  s i z e  o f  autum n m ig r a t io n ,  s e v e r i t y  o f  p r e v io u s  
w i n t e r ,  s i z e  o f  s p r i n g  m ig r a t io n  a n d  in c id e n c e  o f  n a t u r a l  
e n e m ie s  w ere  c o n s id e r e d .  E ach b ra n c h  o f  t h e  t r e e  h a s  s e v e r a l  
p a th w a y s  u n t i l  a  f i n a l  d e c i s io n  i s  r e a c h e d .  T h is  t e c h n iq u e  i s  
u s e f u l  when t h e  in f o r m a t io n  f o r  e a c h  b ra n c h  c an  b e  e s t im a te d  
a c c u r a t e l y .

1 . 3 . 2 . 3  C o m p u te r  p a c k a g e s  d e v e lo p e d  i n  a p h i d  f o r e c a s t s

A num ber o f  f o r e c a s t i n g  sch em es, b a s e d  on c o m p u te r m o d e ls , 
h a v e  b e e n  d e v e lo p e d . I n  t h e  N e th e r la n d s ,  EPIPRE (E p id em ics 
P R E v en tio n  an d  P R E d ic tio n )  i s  a  sy s te m  w h ich  a d v i s e s  f a rm e rs  on 
t h e  n e e d  t o  c o n t r o l  d i s e a s e s  a s  w e l l  a s  a p h id s  i n  c e r e a l s  
(Z ad o k s, R i js d y k  & R a b b in g e , 1 9 8 4 ) . F arm er a r e  e x p e c te d  t o  

m o n i to r  t h e i r  own c ro p s  an d  s e n d  in f o r m a t io n  by  p o s t  r e g a r d in g  
p e s t  a n d  d i s e a s e  l e v e l s  t o  a  c e n t r a l  d a t a b a s e .  T h is  i n f o r m a t io n ,  
a l s o  in c lu d in g  d e t a i l s  o f  c ro p  d e v e lo p m e n t, i s  i n t e g r a t e d  i n t o  
a  c o m p u te r sy s te m . B ased  on dynam ic  d e c i s i o n  r u l e s  d e v e lo p e d  i n  
t h e  sy s te m , a  d e c i s i o n  i s  made i f  a  s p ra y  i s  n e c e s s a r y ,  i . e .  
when t h e  y i e l d  g a in  w i l l  e q u a l  o r  e x c e e d  t h e  c o s t  o f  t h e
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a p p l i c a t i o n .  They a r e  th e n  a d v is e d  on w h e th e r  t o  s p r a y  o r  n o t  
a n d  when t o  sam p le  c ro p s  a g a in  (R abb inge  & C a r t e r , 1 9 8 4 ) . In  
G re a t  B r i t a i n ,  a  v ie w d a ta  sy s te m  h a s  b e e n  d e v e lo p e d  b a s e d  on th e  
c ro p  l o s s  r e l a t i o n s h i p s  d e s c r ib e d  by  W att e t  a l .  (1 9 8 4 ) , W ra tte n  
e t  a l .  (1981) a n d  H o lt e t  a l .  (1984) (Mann e t  a l . r 198 6 ; W ra tte n  
& Mann, 1986) . The p ro g ram  p r e d i c t s  t h e  damage t h a t  an  a p h id  
i n f e s t a t i o n  may i n f l i c t  on a  s p e c i f i c  f i e l d  o f  w in t e r  w h ea t and  
a d v i s e s  t h e  fa rm e r  on a  r a t i o n a l  c o n t r o l  p o l i c y .  I t  a ssu m es t h e  
maximum a p h id  p o p u la t i o n  g ro w th  r a t e  a t  p a r t i c u l a r  g ro w th  s t a g e s  
so  i t  i s  l i k e l y  t o  r e s u l t  i n  an  o v e ru s e  o f  a p h ic id e s

1 . 3 . 2 . 4  M o n i t o r i n g

F i e l d  m o n i to r in g  f o r  f o r e c a s t i n g  i s  e x p e n s iv e  a n d  l a b o u r -  
i n t e n s i v e  (R abb inge  & M a n te l , 1981; R ab b in g e  & C a r t e r ,  1 9 8 4 ) . To 
a v o id  t h i s ,  tw o s im p le r  m ethods h a v e  b e en  p r o p o s e d  ( i )  s u c t i o n  
t r a p  (1 2 .2  m) sa m p le s  can  b e  u s e d  t o  d e te rm in e  t h e  s i z e  and  
t im in g  o f  im m ig ra t io n  an d  so  e s t i m a te  t h e  num ber o f  a p h id s  
l a n d in g  on c ro p s  (T a y lo r , 1972 , 1977; Dewar & C a r t e r .  1984)
w h ich  g iv e s  an  i n d i c a t i o n  t o  f a rm e rs  when t o  i n s p e c t  t h e i r  
c r o p s ,  a n d  ( i i )  a  s i g n i f i c a n t  l i n e a r  r e l a t i o n s h i p  was f i t t e d  
b e tw e e n  a p h id  d e n s i t y  an d  p e r c e n ta g e  o f  i n f e s t e d  s h o o ts  (Rab­
b in g e  & C a r t e r ,  1984) . Such a  r e l a t i o n  i s  u s e d  i n  EPIPRE an d  h a s  
p ro v e d  t o  b e  r e l i a b l e  i n  e s t i m a t in g  a p h id  d e n s i t i e s  (R abb inge  & 
C a r t e r ,  1 9 8 4 ) .

1 . 3 . 2 . 5  D e v e lo p m e n t  o f  c o n t r o l  s t r a t e g i e s

T h e re  a r e  t h r e e  c o n t r o l  s t r a t e g i e s :  no c o n t r o l ,  p r o p h y l a c t i c  
c o n t r o l  an d  c o n t r o l  f o l lo w in g  a  f o r e c a s t .  S ix  f a c t o r s  a r e  
im p o r ta n t  i n  m aking  t h e s e  s t r a t e g i e s :  (1) p r o b a b i l i t y  o f  an
o u tb r e a k ;  (2) e x p e c te d  l e v e l  o f  dam age; (3) t h e  a c c u r a c y  o f  t h e
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f o r e c a s t ;  (4) t h e  c o s t  o f  c o n t r o l ;  (5) a  f a r m e r 's  a t t i t u d e  t o  
r i s k  an d  (6) m a rk e t g r a i n  p r i c e .

A c o s t  b e n e f i t  a n a l y s i s  (W att, 1983) o f  t h e s e  t h r e e  c o n t r o l  
s t r a t e g i e s  c o n c lu d e d  t h a t  t h e  o p t im a l  s t r a t e g y  v a r i e s  d e p e n d in g  
on  t h e  a c c u r a c y  o f  f o r e c a s t i n g  an d  c o n t r o l  c o s t s  a n d  t h e  p ro b a b ­
i l i t y  o f  an  o u tb r e a k .  Such a n a l y s i s  was b a s e d  on  t h e  a s s u m p tio n  
t h a t  t h e  a p h id  p o p u la t i o n  w i l l  n o t  r e s u r g e  a f t e r  a p h ic id e  i s  
a p p l i e d ,  w h ich  l e a d s  t o  a  f a l s e  c o n c lu s io n :  i t  i s  m ore p r o f i t ­
a b l e  i f  t h e  a p h ic id e  i s  a p p l i e d  a s  e a r l y  a s  p o s s i b l e .
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CHAPTER TWO: F IE L D  STU D IES

2 .1  I n t r o d u c t i o n
Some f o r e c a s t i n g  schem es o f  c e r e a l  a p h id  damage ( E n tw is t l e  

& D ixon , 1986; Mann e t  a l . ,  1986) assum e t h a t  a p h id s  c a u s e  th e  
same am ount o f  damage r e g a r d l e s s  o f  e x p e c te d  y i e l d .  I t  h a s  b een  
s u g g e s te d ,  h o w ev e r, t h a t  t h e  damage p o t e n t i a l  o f  c e r e a l  a p h id s  
i s  a f u n c t i o n  o f  p r o d u c t io n  l e v e l  (R abb inge  e t  a l . ,  1 9 8 3 ) .
I n d i r e c t  e f f e c t s  o f  t h e  a p h id s ,  su ch  a s  honeydew  r e d u c in g  
p h o to s y n th e s i s  an d  a c c e l e r a t i n g  l e a f  s e n e s c e n c e ,  c a u s e  m ore 
y i e l d  l o s s  a t  h ig h  p r o d u c t io n  l e v e l s .  F u r th e rm o re ,  h ig h  n i t r o g e n  
in p u t  may r e s u l t  i n  h ig h  a p h id  p o p u la t i o n s  b e c a u s e  o f  i n c r e a s e s  
i n  r e p r o d u c t io n ,  s u r v i v a l  an d  d ev e lo p m e n t r a t e s  and  th e s e  
p o p u la t i o n s  a r e  m ore l i k e l y  t o  r e a c h  t h e  econom ic  t h r e s h o l d  
( V e r e i jk e n ,  1979) . i f  p e r c e n ta g e  damage i s  c o n s t a n t  th e n  th e  
am ount o f  damage (k g /h a )  i n c r e a s e s  a s  y i e l d  e x p e c t a t io n  
i n c r e a s e s .  T h e r e f o r e ,  h ig h  p r o d u c t io n  sy s te m s  s h o u ld  h av e  lo w er 
econ om ic  t h r e s h o l d s .  T h is  f i e l d  t r i a l  was d e s ig n e d  t o  i n v e s t i ­
g a t e  th e  e f f e c t s  o f  a p h id  p o p u la t i o n s  on w in te r  w h ea t r e c e iv in g  
d i f f e r e n t  n i t r o g e n  and  f u n g i c id e  i n p u t s .

2 .2  M ethods
2 .2 .1  E x p e r im e n t d e s ig n

The e x p e r im e n t c o n s i s t s  o f  t h r e e  b lo c k s ,  e a c h  o f  12 p l o t s  
(3x12m) ra n d o m ise d  f o r  t h r e e  t r e a t m e n t s :  a p h ic id e  o r  n on e ,
f u n g i c id e  o r  none and  t h r e e  l e v e l s  o f  n i t r o g e n .  The p l o t s  w ere 
s e p a r a t e d  by  3m sown s p ra y  p a th s  and  b lo c k s  s e p a r a t e d  by  6m.
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W in te r  w h e a t, c v . A v a lo n , was sown on 6 Nov a t  1 9 7 k g /h a , on 
6 O c t. a t  1 6 0 k g /h a  and  30 S e p t,  a t  1 8 0 k g /h a  i n  1986, 1987 and  
1988 r e s p e c t i v e l y .  H e rb ic id e s  and  g ro w th  r e g u l a t o r s  w ere  a p p l i e d  
a c c o r d in g  t o  s t a n d a r d  p r a c t i c e  (T ab le  2 . 1 ) .  N i t ro g e n  was a p p l i e d  
a t  one o f  t h r e e  l e v e l s  t o  e ac h  p l o t .  The s t a n d a r d  in p u t  l e v e l  o f  
t h e  n i t r o g e n  f e r t i l i z e r  was v a r i e d  in  th e  two y e a r s  d e p e n d e n t on 
t h e  p r e v io u s  c ro p  and  th e  e x p e c te d  s o i l  r e s i d u e s . The u p p e r  and  
lo w e r  l e v e l s  w ere  25% m ore o r  l e s s  o f  t h e  s t a n d a r d  r e s p e c t i v e l y  
(T ab le  2 .1 ) .  A p h ic id e  was a p p l i e d  3 t o  5 t im e s  t o  h a l f  o f  th e  

p l o t s  t o  e n s u r e  a p h id  p o p u la t io n s  re m a in e d  be low  damage l e v e l s .  
F u n g ic id e  was a p p l i e d  t h r e e  t im e s  t o  h a l f  o f  t h e  p l o t s  w i th  th e  
o t h e r  p l o t s  r e c e iv in g  no f u n g ic id e  (T ab le  2 .1 ) .

2 .2 .2  S am p lin g
A phid  sa m p lin g  was s t a r t e d  on 2 J u n e , 1987, on 12 May, 1988 

and  14 A p r i l ,  1989 on th e  p l o t s  r e c e iv in g  no a p h ic id e  and 
c o n t in u e d  a t  a p p ro x im a te ly  one week i n t e r v a l s .  Tw enty t o  tw e n ty  
f i v e  s h o o ts  w ere  s e l e c t e d  a t  random  d e p e n d e n t on th e  abund ance  
o f  t h e  a p h id  p o p u la t io n  in  1987 w h ile  in  1988 and  1989 f i f t y  
s h o o ts  w ere  a lw a y s  in s p e c t e d .  E a r s ,  s tem s and  le a v e s  w ere 
i n s p e c t e d  f o r  a p h id s  and  th e  s p e c ie s  and  t h e i r  num bers w ere 
r e c o r d e d .  The num bers o f  e ac h  a p h id  s p e c ie s  was s e p a r a t e d  i n t o  
f i v e  co m p o n en ts ; 1 -3  i n s t a r  nym phs, a p te r i f o r m  and  a l a t i f o r m  
f o u r th  and  a p te r o u s  and  a l a t e  a d u l t s .  M ummified and  d i s e a s e d  
a p h id s ,  and  eggs and  l a r v a e  o f  la c e w in g , s y r p h id  and  l a d y b i r d  
w ere  a l s o  c o u n te d . P l o t s  t r e a t e d  w ith  a p h ic id e  w ere  in s p e c t e d  
d u r in g  e ac h  o b s e r v a t io n  to  e n s u re  a p h id  p o p u la t i o n s  on th e s e  
p l o t s  w ere  be low  dam aging l e v e l s .

3 8



T a b l e  2 . 1  C ro p  a g ro n o m y  o f  e x p e r im e n t s  i n  1 9 8 7 ,  1 9 8 8  a n d  1 9 8 9 .

1 9 8 7

C l o p y r a l i d  a t  0 . 0 7  k g  
a n d  b r o m o x y n i l  a t  
0 . 3 4  k g  w i t h  m e c o p r o p  
a t  2 . 5  k g  i n  2 0 0  1  

G l y p h o s a t e  a t  1 . 4  k g  
i n  2 0 0  1

1 9 8 8

W e e d k i l l e r  ( / h a )

C h l o r t o l u r n  a t  3 . 5 k g  
i n  2 0 0 1

M e c o p r o p  a t  3 . 0 k g  i n  2001

G r o w t h  r e c r u l a t o r  ( / h a )

C h l o r m e q u a t  a t  1 . 6 k g  
i n  2 0 0 1

C h l o r m e q u a t  a t  1 . 3 k g  
i n  2 6 0 1

P r e v i o u s  c r o p s

U / Z n ’f e i C  VJhjtkt i n  1 9 8 5  W i n t e r  b a r l e y  i n  1 9 8 6
P o t a t o e s  i n  1 9 8 6  P o t a t o e s  i n  1 9 8 7

N i t r o g e n  f e r t i l i z e r

' N i t r a m ' :  k g / h a  o n  1 4  
A p r i l

8 0120
1 6 0

A p p l i e d  a t  0 . 1 4  k g  o n  
2 3  J u n e ,  3  a n d  1 6  
J u l y

o r  n o n e

G . S .  3 1 :  P r o c h l o r a z  a t  
0 . 4  k g  a n d  c a r b e n d a -  

z i m  a t  0 . 1 5  k g  i n  3 8 0 1  
o n  6  M a y

G . S .  3 9 :  P r o p i c o n a z o l e  
a t  0 . 1 2 k g  i n  2 0 0  1  o n  
2  8  M a y

G . S .  5 9 :  P r o p i c o n a z o l e  
a t  0 . 1 2 k g  w i t h  c a r b e -  

n d a z i m a t  0 . 2 5 k g  a n d  
m a n e b  a t  1 . 5  k g  i n  
2 0 0  1  o n  2 3  J u n e

o r  n o n e

' N i t r a m ' :  k g / h a  o n  2 2  
A p r i l

1 0 5
1 4 0
1 7 5

A p h i c i d e :  P i r i m i c a r b  ( / h a )

A p p l i e d  a t  0 . 1 4  k g  i n  
2 6 0  1  o n  6  M a y ,  i n  
2 0 0  1  o n  2 0  M a y  a n d  
i n  2 6 0 1  o n  6 ,  2 0  J u n e  
a n d  1 2  J u l y

o r  n o n e

F u n g i c i d e  ( / h a )

G . S .  3 1 :  P r o c h l o r a z  a t  
0 . 4  k g  a n d  c a r b e n d a -  

z i m  a t  0 . 1 5  k g  i n  2 0 0 1  
o n  2 1  A p r i l

G . S .  3 9 :  P r o p i c o n a z o l e  
a t  0 . 1 2 k g  a n d  T r i d e m -  

m o r p h  i n  2 0 0  1  o n  2 0  
M a y

G . S .  6 5 :  F e n p r o p i m o r p h  
a t  0 . 7 5 k g  w i t h  c h l o r -  

o t h a l o n i l  a t  1 . 0 k g  i n  
2 6 0  1  o n  2 0  J u n e

o r  n o n e

1 9 8 9

C h l o r t o l u r n  a t  3 . 5 k g  
i n  2 0 0 1

M e t s u l f u r o n - m e t h y l  a t  
0 . 0 0 6 2 k g  i n  4 0 0 1

C h l o r m e q u a t  a t  1 . 3 k g  
i n  2 0 0 1

W i n t e r  b a r l e y  i n  1 9 8 7  
W i n t e r  o i l s e e d  r a p e  i n  
1 9 8 8

' N i t r a m ' :  k g / h a  o n  1 4  
A p r i l

8 0120
1 6 0

A p p l i e d  a t  0 . 1 4  k g  o n  
3 1  M a y ,  1 3  a n d  2 8  
J u l y

o r  n o n e

G . S .  3 1 :  P r o c h l o r a z  a t  
0 . 4  k g  a n d  c a r b e n d a z i m  
a t  0 . 1 5  k g  i n  2 0 0 1  
o n  1 5  A p r i l

G . S .  3 9 :  P r o p i c o n a z o l e  
a t  0 . 1 2 k g  i n  2 0 0  1  o n  
1 7  M a y

G . S .  6 5 :  P r o p i c o n a z o l e  
a t  0 . 1 2 k g  w i t h  c h l o r o -

t h a n l o n i l  a t  1 . 0 k g  i n  
2 0 0  1  o n  1 3  J u n e

o r  n o n e
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Two p l a n t  sa m p le s  w ere ta k e n  d u r in g  t h e  summ er. The f i r s t  
one was a t  t h e  end  o f  a n th e s i s  (G .S . 69) on 29 Ju n e  i n  1987 and  
a t  t h e  m id d le  a n t h e s i s  (G .S. 65) on 14 Ju n e  i n  1988 and  1989. 
Ten rows x 0 .5  m o f  a b o v e -g ro u n d  m a t e r i a l  p e r  p l o t  w ere  h a r v ­
e s t e d ,  s t a r t i n g  0 .5 m  from  one end  and  one row from  one s i d e  o f  
e a c h  p l o t ,  sa m p le s  w ere s t o r e d  i n  a  c o ld  room (10°C) . T o ta l  
f r e s h  w e ig h ts  w ere  m ea su re d , and  a  su b sam p le  (a p p ro x im a te ly  
500g) was t a k e n ,  chopped  and  o v e n - d r ie d  a t  80°C o v e r n ig h t  and
th e n  w e ig h e d . A n o th e r  su b sam p le  o f  tw e n ty  e a r r i n g  s h o o ts ,  o f  
known f r e s h  w e ig h t ,  from  th e  f r e s h  m a t e r i a l  was s e l e c t e d  a t  
random  and  s t o r e d  a t  10°C. Then, th e  g re e n  l e a f  a r e a s  o f  f l a g ,
s tem  and  o t h e r  l e a v e s  w ere m ea su re d  s e p a r a t e l y  u s in g  a D e l t a - t  
a r e a  m easu rem en t sy s te m  in  1987 and  a P a to n  i n d u s t r i e s  l e a f  a r e a  
m e te r  in  1988 and  1989. T hese  f l a g ,  s tem  and  o t h e r  l e a v e s ,  and  
e a r s  and  d e ad  l e a v e s  th e n  w ere  o v e n - d r ie d  o v e r n ig h t  a t  80°C and
w e ig h ed  s e p a r a t e l y .  A lso , t e n  s h o o ts  from  th e  t o t a l  sam p le  w ere 
ta k e n  f o r  d i s e a s e  a s s e s s m e n t .  The in c id e n c e  l e v e l s  o f  any  fu n g a l  
p a th o g e n s  fo u n d  w ere  r e c o r d e d ,  a c c o r d in g  t o  C e r e a l  D is e a s e  Keys 
(CIBA-GEIGY, 1982) .

The se c o n d  sam p le  was ta k e n  im m e d ia te ly  p r i o r  t o  h a r v e s t  on 
23 J u ly ,  1987, on 26 J u ly ,  1988 and  on 27 J u ly ,  198 9 . The same 
a r e a  o f  above g ro u n d  m a t e r i a l  was ta k e n ,  a d j a c e n t  t o  th e  
e a r l i e r  sa m p le , and  w e ig h ed . A bout 500 g o f  t h e  m a t e r i a l  w ere 
t a k e n ,  chopped  and  o v e n - d r ie d  o v e r n ig h t  a t  80°C, an d  th e n
w e ig h e d . Ten s h o o ts  w ere a l s o  ta k e n  f o r  d i s e a s e  a s s e s s m e n t .  
Y ellow  a r e a s  w ere  v i s u a l l y  a s s e s s e d  i n  1987 an d  1988 .
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The p l o t s  w ere  h a r v e s te d  w ith  a  com bine on 1 S ep te m b e r i n  
1987 , on 23 A u g u st in  1988 and  on 3 A ugu st i n  1989 an d  t h e  y i e l d  
o f  e a c h  p l o t  was o b ta in e d .  T housand  g r a in  w e ig h ts  w ere  m ea su re d  
a f t e r  d r y in g  o v e r n ig h t  a t  80°C.

The num ber o f  s h o o ts  p e r  m2 was c o u n te d  d i r e c t l y  b e f o r e  
h a r v e s t  i n  1988 from  f o u r  ran dom ly  p la c e d  q u a d r a te s  (0 .1  m2) in  
e a c h  p l o t .  T h e re  w ere f o u r  c o u n ts  i n  e ac h  p l o t .  The p e r c e n ta g e s  
o f  l e a f  a r e a  w h ich  had  tu r n e d  y e llo w  w ere a l s o  a s s e s s e d  a t  p r e ­
h a r v e s t  (G .S. 95) on 26 J u ly  i n  1988.

2 .2 .3  D a ta  a n a l y s i s
i )  The l e a f  a r e a s  in  mm2 w ere u s e d  t o  c a l c u l a t e  t h e  LAI:

LAIi = (Xa* * A /B /C /1 0 0 0 0 ) * S e a l  
w here  i  i s  f l a g ,  o th e r  le a v e s  and  s te m s , Xa i s  a r e a s  i n  mm2, A 
i s  t h e  t o t a l  f r e s h  w e ig h t o f  th e  sa m p le s , B i s  f r e s h  w e ig h t o f  
t h e  20 s h o o ts ,  C i s  th e  sa m p lin g  a r e a  (m2) , S e a l  i s  3 .1 4 1 5  when 
i  i s  f o r  s tem  o th e r w is e  i t  i s  1 b e c a u s e  th e  s tem  a r e a  o b ta in e d  
i s  t h e  a r e a  o f  t h e  s tem  d ia m e te r  p r o f i l e  and  was m u l t i p l i e d  by 
3 .1 4 1 5  t o  o b t a in  th e  s u r f a c e  a r e a  o f  t h e  s tem .

i i )  A phid  d e n s i t y  was a n a ly z e d  p e r  10 s h o o ts  on a lo g 10 
s c a l e .

i i i )  D is e a s e  a s s e s s m e n t d a ta  w ere n o rm a l iz e d  due t o  t h e i r  
skew ed d i s t r i b u t i o n  by th e  f u n c t io n :

y = 0 . 51oge{ (lOx + 0 .5 ) / 1 0 0 1 / [ l  -  (lOx + 0 .5 ) /1 0 0 1 ] }
W here x i s  t h e  p e r c e n ta g e  o f  l e a f  a r e a  i n f e c t e d  by  p a th o g e n s  

(Todd, p e r s  comm.) .
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f u n c t i o n :
En = 20A/B/C

W here A, B and  C a r e  a s  i n  th e  above  f u n c t i o n s .
A l l  d a t a  w ere  a n a ly z e d  u s in g  G e n s ta t  5 (Payne e t  a l . ,  1 9 8 7 ).

i v )  E a r  n u m b e r /m 2 (E n) w as  e s t i m a t e d  f r o m  t h e  s a m p le  b y  t h e

2 .3  R e s u l t s  i n  1987

2 .3 .1  Y ie ld s
The a p p l i c a t i o n s  o f  f u n g ic id e  an d  in c r e a s e s  i n  t h e  am ount o f  

a p p l i e d  n i t r o g e n  r e s u l t e d  in  s i g n i f i c a n t  y i e l d  i n c r e a s e s  i n ­
d i v i d u a l l y  (b o th  pcO.OOl) and  a s  an i n t e r a c t i o n  com ponent (p < 0 .-
05) (T ab le  2 . 2 ) .  The h ig h e s t  y i e l d  i n c r e a s e  (15.8%) o c c u r r e d  in  
p l o t s  s p ra y e d  w ith  f u n g ic id e s  com pared  w ith  th o s e  n o t  r e c e iv in g  
f u n g i c i d e ,  r e g a r d l e s s  o f  th e  n i t r o g e n  t r e a t m e n t .  Y ie ld s  o f  th e  
p l o t s  r e c e i v i n g  th e  h ig h e r  and  s t a n d a r d  n i t r o g e n  f e r t i l i z e r  w ere 
s i m i l a r ,  b u t  th e y  w ere b o th  s i g n i f i c a n t l y  h ig h e r  th a n  th e  y i e l d  
o f  p l o t s  r e c e i v i n g  th e  lo w e r n i t r o g e n  l e v e l  (>6.6%) (p < 0 .0 0 1 ) 
(T a b le  2 .3 ) .  A p h ic id e  d id  n o t s i g n i f i c a n t l y  i n c r e a s e  y i e l d s ,  
a l th o u g h  t h e  a v e ra g e  y i e l d  from  t r e a t e d  p l o t s  was s l i g h t l y  
h ig h e r  (3.3%) .

The a p p l i c a t i o n  o f  f u n g i c id e s  s i g n i f i c a n t l y  in c r e a s e d  
th o u s a n d  g r a in  w e ig h t (11.1% , p < 0 .0 0 1 ) ,  w h e rea s  i n c r e a s i n g  th e  
am ount o f  n i t r o g e n  r e s u l t e d  in  a r e d u c t io n  i n  th o u s a n d  g r a in  
w e ig h t (4.5% , p < 0 .0 0 1 ) (T ab le  2 .4 ) .  A p h ic id e  d i d  n o t  a f f e c t  
t h e  th o u s a n d  g r a in  w e ig h t .  Numbers o f  e a r s  p e r  m2 w ere  h ig h e r  a s
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T a b l e  2 . 2  E f f e c t s  o f  a p h i c i d e ,  f u n g i c i d e  a n d  n i t r o g e n
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T a b le  2 .3  E f f e c t s  o f  a p h ic id e ,  f u n g ic id e  and  n i t r o g e n
on g r a in y i e l d ( t /h a ) i n  1987 •

[ - r a t e s  (k g /h a ) 80 120 160 Mean
F u n g ic id eA p h ic id e -F +F -F +F -F +F

— 6 .2 5 7 .0 0 6 .5 0 7 .4 2 6 .4 6 7 .9 5 6 .9 3
+ 6 .5 4 6 .9 2 6 .6 5 7 .9 0 6 .8 1 8 .1 3 7 .1 6
Mean 6 .3 9 6 .9 6 6 .5 7 7 .6 6 6 .6 4 8 .0 4 7 .0 4

T a b le 2 .4 E f f e c t s o f  a p h ic id e , f u n g i c id e  and n i t r o g e n
on th o u s a n d g r a in w e ig h t ( g )  .

[ - r a t e  (k g /h a ) 80 120 160 Mean
F u n g ic id e
A p h ic id e

-F +F -F +F -F +F
— 3 7 .8 4 2 .0 3 6 .5 4 1 .1 3 5 .6 4 0 .3 3 8 .9
+ 3 8 .2 4 1 .6 3 6 .8 4 0 .1 3 6 .5 3 9 .9 3 9 .0

Mean 3 8 .0 4 1 .8 3 6 .7 4 1 .0 3 6 .1 4 0 .1 3 8 .9

th e  am ount o f  n i t r o g e n  a p p l i e d  in c r e a s e d  a l th o u g h  t h e  e f f e c t  was 
n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  and  th e  e a r  num bers w ere  s i m i l a r  
i n  p l o t s  w ith  and  w ith o u t  f u n g i c id e ,  and  w ith  and  w ith o u t  a p h i ­
c id e  (T ab le  2 .5 )  . The num ber o f  g r a in s  p e r  e a r  was n o t  s i g n i f i c ­
a n t l y  a f f e c t e d  by any o f  th e  t r e a t m e n t s .
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T a b le  2 .5  E f f e c t s  o f  a p h i c id e ,  f u n g i c i d e  an d  n i t r o g e n
on e a r  num bers/m 2 i n  1987

N - r a t e ( k g /h a )  80 120 160 Mean
F u n g ic id e -F +F -F +F -F +F
A p h ic id e 3 9 9 .7 4 1 6 .0 4 1 6 .2 4 5 3 .1 4 8 7 .9 4 7 3 .3 4 4 4 .1

+ 4 3 7 .3 4 1 6 .1 4 2 0 .2 4 5 5 .9 5 0 0 .0 4 6 6 .3 4 4 9 .3
Mean 4 1 8 .5 4 1 6 .1 4 1 8 .2 4 5 4 .5 4 9 3 .9 4 6 9 .8 4 4 5 .2

2 .3 .2  P l a n t  p h y s io lo g y
The a v e ra g e  d ry  w e ig h t o f  t h e  abo v e  g ro u n d  m a t e r i a l  i n  th e  

f i r s t  sam p le  was 8 8 6 .9  g m-2. Dry w e ig h ts  w ere  i n c r e a s e d  s i g ­
n i f i c a n t l y  a s  t h e  l e v e l  o f  n i t r o g e n  in p u t  r o s e  (T a b le  2 . 6 ) .  The 
p e r c e n ta g e  i n c r e a s e  b e tw een  h ig h e r  a n d  s t a n d a r d  n i t r o g e n  l e v e l s  
(8.2% ) was g r e a t e r  th a n  t h a t  b e tw e e n  s t a n d a r d  a n d  lo w e r  l e v e l s  
(5%) . The a v e ra g e  d ry  w e ig h t (1 2 2 7 .9  g m-2) i n  t h e  se c o n d  sam ple  

was 38.5% h ig h e r  th a n  t h e  f i r s t  s a m p le . T h e re  was a  10% i n c r e a s e  
i n  d ry  m a t t e r  b e tw e en  t h e  lo w e s t  a n d  h i g h e s t  n i t r o g e n  l e v e l s  and  
a  10% i n c r e a s e  i n  t h e  p l o t s  r e c e i v i n g  f u n g i c id e  i n  t h e  se c o n d  
sam p le  a n d  no s i g n i f i c a n t  e f f e c t s  o f  f u n g ic id e  on  t h e  d ry  m a t te r  
i n  t h e  f i r s t  sam p le  w ere  fo u n d  (T a b le  2 .6 ) .

Mean t o t a l  LAI was 6 .3 3  an d  mean f l a g ,  o t h e r  l e a v e s  an d  stem  
a r e a  i n d i c e s  w ere  1 .2 6 ,  1 .5 8  an d  3 .5 0  r e s p e c t i v e l y .  N it ro g e n  
t r e a t m e n t  h a d  s i g n i f i c a n t  e f f e c t s  on a l l  com ponen ts o f  t h e  L A I 's  
w h i le  f u n g i c id e  o n ly  a f f e c t e d  lo w e r  LAI (T a b le  2 . 7 ) .  T h e re  was
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a n  i n c r e a s e  o f  1 0 . 8 %  i n  L A I  o f  l o w e r  l e a v e s  f r o m  p l o t s  t r e a t e d  

w i t h  f u n g i c i d e s .  I n c r e a s e s  o f  L A I  f o r  f l a g ,  o t h e r  l e a v e s  a n d  

s t e m  w e r e  1 4 . 8 % ,  1 6 . 0 %  a n d  1 0 . 9 %  b e t w e e n  t h e  l o w e r  a n d  s t a n d a r d  

n i t r o g e n  l e v e l s  a n d  1 7 . 7 % ,  2 3 . 5 %  a n d  1 3 . 9 %  b e t w e e n  t h e  s t a n d a r d  

a n d  h i g h e r  l e v e l s  r e s p e c t i v e l y .

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

i n c r e a s e  i n  t h e  a m o u n t  o f  n i t r o g e n  a p p l i e d  ( F 2 r 22 = 1 4 . 3 3 ;  p < 0 . 0 0 1 ;  

F 2 , 22 = 1 9 . 9 6 ;  p < 0 . 0 0 1  r e s p e c t i v e l y ) ,  b u t  n o t  t h a t  o f  s t e m  o r  d e a d  

l e a v e s .  T h e  d r y  w e i g h t  o f  t h e  l o w e r  l e a v e s  w a s  a l s o  i n c r e a s e d  b y  

1 0 %  b y  t h e  a p p l i c a t i o n  o f  f u n g i c i d e  ( F l f 22 = 4 . 4 5 ;  p < 0 . 0 5 )  .  T h e  d r y  

w e i g h t  o f  d e a d  l e a v e s  w a s  s i g n i f i c a n t l y  d e c r e a s e d  b y  3 3 %  ( F 1 > 2 2 = -

1 0 . 6 6 ;  p < 0 . 0 0 1 ) .

2 . 3 . 3  A p h i d  p o p u l a t i o n s

T h r e e  a p h i d  s p e c i e s  w e r e  f o u n d  d u r i n g  t h e  s u m m e r ;  M .  d i r -  

h o d u m ,  S .  a v e n a e  a n d  M e t o p o l o p h i u m  f e s t u c a e .  M .  d i r h o d u m  w a s  t h e  

p r e d o m i n a t e  s p e c i e s  a n d  a c c o u n t e d  f o r  a n  a v e r a g e  o f  7 0 %  o f  t h e  

e n t i r e  a p h i d  p o p u l a t i o n  b e f o r e  m i d d l e  m i l k  s t a g e  ( G . S .  7 5 ) .  S .  

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

s l i g h t l y  l a t e r  i n  t h e  s e a s o n .  O n l y  a  f e w  M .  f e s t u c a e  w e r e  f o u n d  

o c c a s i o n a l l y  t h r o u g h o u t  t h e  s e a s o n  ( F i g .  2 . 1 ) .

N o  a p h i d s  w e r e  f o u n d  o n  2  J u n e  a n d  p o p u l a t i o n s  i n  t h e  p l o t s  

w e r e  a l s o  l o w  o n  1 0  J u n e  a n d  i n c r e a s e d  g r a d u a l l y  t o  a  p e a k  

d e n s i t y  o f  6 . 6  p e r  s h o o t  o n  8  J u l y  a t  m i d d l e  m i l k  s t a g e  ( G . S .  

7 5 )  ( T a b l e  2 . 8 ) .  T h e  p o p u l a t i o n s  d e c r e a s e d  r a p i d l y  t o  b e l o w  1  

a p h i d  p e r  s h o o t  o n e  w e e k  l a t e r  e x c e p t  o n  p l o t s  t r e a t e d  w i t h  

f u n g i c i d e  a n d  t h e  s t a n d a r d  r a t e  o f  n i t r o g e n .  T h e  h i g h e s t  d e n s i t y  

o f  7 . 8 8  o c c u r r e d  i n  p l o t s  r e c e i v i n g  t h e  l a r g e s t  a m o u n t  o f

4 8
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n i t r o g e n  a n d  l o w e s t  d e n s i t y  o f  5 . 2 9  i n  t h e  p l o t s  r e c e i v i n g  t h e  

l o w e s t  a m o u n t  o f  n i t r o g e n  o n  8  J u l y  w h e n  t h e  n i t r o g e n  h a d  a  

s i g n i f i c a n t  e f f e c t  o n  t h e  t o t a l  p o p u l a t i o n  ( T a b l e  2 . 1 0 ) .

T h e  d e n s i t y  o f  a p h i d s  e a c h  d a y  w a s  c a l c u l a t e d  o n  t h e  

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

t w o  o b s e r v a t i o n s  w a s  e x p o n e n t i a l .  T h e s e  d a i l y  d e n s i t i e s  w e r e  

s u m m e d  t o  g i v e  a n  a c c u m u l a t e d  a p h i d  i n d e x  ( o n e  a p h i d  u n i t  i s  

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

i n s t a r  n y m p h s ) .  T h e  a v e r a g e  a c c u m u l a t e d  a p h i d  i n d e x  w a s  3 2 . 2  p e r  

s h o o t .  T h e s e  i n d i c e s  w e r e  a f f e c t e d  b y  n i t r o g e n  l e v e l s  ( F 2 f 22 = 7 . 6 7 ,  

p  <  0 . 0 1 ,  l o g l O  t r a n s f o r m e d  a n a l y s i s ) ,  b e i n g  h i g h e r  i n  p l o t s  

w i t h  t h e  t w o  h i g h e r  n i t r o g e n  l e v e l s .  I n d i c e s  i n  p l o t s  w i t h  o r  

w i t h o u t  f u n g i c i d e s  w e r e  s i m i l a r  ( F i g .  2 . 2 ) .

T a y l o r  ( 1 9 6 1 ,  1 9 6 5 )  s t a t e d  t h a t  t h e r e  i s  a n  i n t r i n s i c  

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

o f  a  l a r g e  n u m b e r  o f  s p e c i e s ;

S 2= a m b

T h e  p a r a m e t e r  a  i s  d e p e n d e n t  o n  t h e  s a m p l i n g  m e t h o d  a n d  e n ­

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

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

a p p r o a c h e s  0 ,  t h e  p o p u l a t i o n  i s  r e g u l a r l y  d i s t r i b u t e d ;  w i t h  b  

c l o s e  t o  1 ,  i t  i s  r a n d o m l y  d i s t r i b u t e d  a n d  g r e a t e r  t h a n  1 ,  i t  i s  

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

l o g  M .  d i r h o d u m  p o p u l a t i o n  d e n s i t y  a n d  v a r i a n c e  i n  t h i s  e x p e r i ­

m e n t  ( F i g .  2 . 3 ) ;

5 0



100%

coiF i g .  2 . 1  P e r c e n t a g e  o f  e a c h  a p h i d  s p e c i e s  i n  t h e  t o t a l  a p h i d  p o p u l a t i o n  o b s e r v e d  i n  1 9 8 7  ( s a  
a v e n a e ;  m d  -  M .  d i r h o d u m )  .



CM I 
CM *WC
Cm3 
•h cfO E f f e c t s  o f  n i t r o g e n  ( n l  -  8 0 k g ,  n 2  -  1 2 0 k g  a n d  n 3  -  1 6 0 k g / h a )  a n d  f u n g i c i d e  ( f  -  f u n g i c i d e  

n o  f u n g i c i d e  )  o n  a c c u m u l a t e d  a p h i d  i n d i c e s  i n  1 9 8 7 .



Log (variance)

L o g  ( m e a n  d e n s i t y )

F i g .  2 . 3  R e l a t i o n s h i p  b e t w e e n  l o g  ( v a r i a n c e )  a n d  l o g  ( m e a n  

d e n s i t y )  o f  M .  d i r h o d u m  i n  t h e  f i e l d  i n  1 9 8 7 .

5 3



L o g ( S 2 )  =  L o g  ( a )  +  b * L o g ( m )

w h e r e  L o g ( a )  =  0 . 6 5 2 6 ;  p  <  0 . 0 0 1  

b  =  1 . 2 9 8 4 ;  p  <  0 . 0 0 1

r 2 = 0 . 8 8 ;  p  <  0 . 0 0 1

T h e r e  w a s  a l s o  a  s i g n i f i c a n t  r e l a t i o n s h i p  b e t w e e n  t h e  

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

( F i g .  2 . 4 ) ;

p  =  0 . 5 8 4  +  1 0 1 . 4 2 7 * l o g 10  ( d e n )  ;  1? =  0 . 9 3 5 3 ,  p  <  0 . 0 0 1

N e i t h e r  t h e  a m o u n t  o f  n i t r o g e n  a p p l i e d  n o r  t h e  a p p l i c a t i o n  

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

i n  s a m p l e s  e x c e p t  o n  1 6  J u n e  a n d  8  J u l y .  O n  1 6  J u n e ,  a p h i d  

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

l a r g e r  a m o u n t  o f  n i t r o g e n  t h a n  i n  l o w  n i t r o g e n  o n e s  ( F i g .  2 . 5 )  .  

T h e r e  w e r e  t h r e e  t i m e s  m o r e  S .  a v e n a e  o n  p l o t s  t r e a t e d  w i t h  

f u n g i c i d e s  c o m p a r e d  w i t h  t h o s e  u n t r e a t e d  ( T a b l e  2 . 9 ) .  T h e  

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

s i g n i f i c a n t l y  h i g h e r  o n  8  J u l y  w i t h  i n c r e a s e  i n  t h e  a m o u n t  o f  

n i t r o g e n  a p p l i e d  ( T a b l e  2 . 9 ) .  T h e  t o t a l  a p h i d  p o p u l a t i o n  w a s  

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

a n d  f u n g i c i d e  ( T a b l e  2 . 1 0 ) .  T h e r e  w e r e  a l s o  m o r e  S .  a v e n a e  o n  

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

5 4



0 0.2 0 .4  0 .6  0 .8  1

L o g  ( d e n s i t y  +  1 )

F i g .  2 . 4  R e l a t i o n s h i p  b e tw e e n  p e r c e n t a g e  o f  s h o o t s  i n f e s t e d  b y
M e t o p o l o p h i u m  d i r h o d u m  a n d  i t s  d e n s i t y  i n  1 9 8 7 .
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IF i g  2 . 5  E f f e c t s  o f  n i t r o g e n  a n d  f u n g i c i d e  o n  a p h i d  p o p u l a t i o n  d e n s i t y  ( N + l / 1 0  s h o o t s )  i n  1 9 8 7  ( ( a )  

n o  f u n g i c i d e  a n d  ( b )  -  f u n g i c i d e ;  H -  h i g h  n i t r o g e n ,  □ -  s t a n d a r d  n i t r o g e n  a n d O -  l o w  n i t r o g e n .
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T a b le  2 . 1 0  E f f e c t s  o f f u n g i c i d e  a n d  n i t r o g e n  on

t o t a l  a p h i d  p o p u l a t i o n  o n  8  J u l y  i n  1 9 8 7

S o u r c e  o f  v a r i a n c e d f s s m s v .  r .

N - r a t e 2 0 . 0 8 8 2 0 . 0 4 4 1 1 6 . 6 5  * * *

F u n g i c i d e 1 0 . 0 0 0 2 0 . 0 0 0 2 0 . 0 8

N - r a t e *  f u n g i c i d e 2 0 . 0 2 3 7 0 . 0 1 1 8 4 . 4 7  *

R e s i d u a l 1 0 0 . 0 2 6 5 0 . 0 0 2 4

*  -------------------p < 0 . 0 5

* *  ------------------ p < 0 . 0 1

★  - k  - k  ___________ p < 0 . 0 0 1

2 . 3 . 4  D i s e a s e  a s s e s s m e n t

2 . 3 . 4 . 1  O n  1  J u n e

T h e  a r e a  o f  f l a g  l e a f  i n f e c t e d  w i t h  m i l d e w  ( E r y s i p h e  

g r a m i n i s )  w a s  n o t  s i g n i f i c a n t l y  a f f e c t e d  b y  a n y  o f  t h e  t r e a t ­

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

s i g n i f i c a n t l y , -  f r o m  0 . 5 6 %  t o  0 . 3 % ,  w i t h  a p h i c i d e  t r e a t m e n t ,  a n d  

f r o m  0 . 5 6 %  t o  0 . 2 9 %  w i t h  f u n g i c i d e  t r e a t m e n t  ( T a b l e  2 . 1 1 ) .  T h e  

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

c a n t l y  f r o m  0 . 1 5 %  i n  t h e  p l o t s  w i t h  t h e  l o w e s t  n i t r o g e n  l e v e l  t o

0 . 9 3 %  i n  t h e  p l o t s  w i t h  t h e  h i g h e s t  n i t r o g e n  l e v e l  r e g a r d l e s s  o f  

a p p l i c a t i o n s  o f  f u n g i c i d e .
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S e p t o r i a  s p p .  i n f e c t i o n  w a s  n o t  s i g n i f i c a n t l y  a f f e c t e d  b y  

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

a p h i c i d e  a n d  f u n g i c i d e  w e r e  i n f e c t e d  3 0 %  l e s s .  T h e  i n c i d e n c e  o f  

S e p t o r i a  o n  t h e  l o w e r  l e a v e s  w a s  0 . 6 % .  T o t a l  a r e a  i n f e c t e d  b y  

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

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

c i d e  w e r e  s l i g h t l y  l e s s  i n f e c t e d .

2 . 3 . 4 . 2  O n  2 1  J u l y

T h e  i n c i d e n c e  o f  m i l d e w  o n  f l a g  l e a v e s  w a s  s i g n i f i c a n t l y  

h i g h e r  i n  p l o t s  w i t h  t h e  s t a n d a r d  ( 0 . 1 % )  a n d  l a r g e r  ( 0 . 2 % )  

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

2 . 1 2 ) .  M i l d e w  o n  t h e  l o w e r  l e a v e s  w a s  s i g n i f i c a n t l y  g r e a t e r  i n  

p l o t s  w i t h  t h e  t w o  h i g h e r  n i t r o g e n  l e v e l s  ( F 2 2 2 =  7 . 0 2 ;  p < 0 . 0 1 ) .  

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

n i t r o g e n  l e v e l  ( 0 . 2 5 % )  a n d  p l o t s  w i t h  t h e  l o w e s t  l e v e l  w e r e  f r e e  

o f  m i l d e w .

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

a f f e c t e d  b y  f u n g i c i d e  a n d  a p h i c i d e  t r e a t m e n t s  ( T a b l e  2 . 1 3 )  b u t  

n o t  o n  o t h e r  l e a v e s .  T h e r e  w e r e  1 . 3 9 %  a n d  0 . 6 8 %  o f  i n f e c t e d  a r e a  

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

0 . 1 %  a n d  0 . 2 3 %  i n  t r e a t e d  p l o t s  r e s p e c t i v e l y  ( p  <  0 . 0 5 ,  p  <  

0 . 0 0 1  r e s p e c t i v e l y ) .  T h e  i n c i d e n c e  o f  S e p t o r i a  o n  e i t h e r  t h e  

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

l e v e l s .  T h e  i n c i d e n c e  o f  b r o w n  r u s t  ( P u c c i n i a  s p p . )  w a s  o n l y  

a f f e c t e d  b y  f u n g i c i d e  t r e a t m e n t  o n  f l a g  l e a v e s  ( F 1 2 2 = 1 7 . 7 3 ;  P  <  

0 . 0 0 1 )  w h e r e  t h e r e  w a s  0 . 1 2 %  o f  i n f e c t i o n  o n  f l a g  l e a v e s  i n  

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

r e c e i v i n g  f u n g i c i d e .  T h e  i n c i d e n c e  o f  b r o w n  r u s t  w a s  a l s o
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a f f e c t e d  b y  a p h i c i d e  o n  t h e  l o w e r  l e a v e s  ( F 1 2 2 = 5 . 2 8 ;  p  <  0 . 0 5 )  

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

t h a n  o n  t h e  t r e a t e d  p l o t s ,  a l t h o u g h  o v e r a l l  l e v e l s  w e r e  l o w  

( 0 . 0 4 %  a n d  0 . 0 1 %  r e s p e c t i v e l y ) .

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

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

( F i , 22 = 2 6 . 3 2 ;  p  <  0 . 0 0 1  a n d  F l f 22 = 6 . 1 1 ;  p  <  0 . 0 5  r e s p e c t i v e l y )  w i t h  

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

r e c e i v i n g  f u n g i c i d e  ( T a b l e  2 . 1 4 ) .  T h e  m e a n s  o f  t o t a l  d i s e a s e s  

i n f e c t e d  a r e a  w e r e  0 . 7 4 %  o n  f l a g  a n d  5 . 1 %  o n  t h e  l o w e r  l e a v e s .

T a b l e  2 . 1 1  E f f e c t s  o f  a p h i c i d e ,  f u n g i c i d e  a n d  n i t r o g e n  o n  

m i l d e w  i n f e c t i o n  o n  l o w e r  l e a v e s  o n  1  J u n e  i n  1 9 8 7

S o u r c e  o f  v a r i a n c e  d f

A p h i c i d e  ( A )  1

N - r a t e  ( N )  2

F u n g i c i d e ( F )  1

A  *  N  2

A  *  F  1

N  *  F  2

A  *  N  *  F  2

R e s i d u a l  2 2

s s m s v . r .

0 . 7 0 4 9 0 . 7 0 4 9 6 . 0 4

3 . 8 1 8 7 1 . 9 0 9 3 1 6 . 3 5

0 . 7 7 5 3 0 . 7 7 5 3 6 . 6 4

0 . 0 7 9 0 0 . 0 3 9 5 0 . 3 4

0 . 0 8 1 8 0 . 0 8 1 8 0 . 7 0

0 . 1 3 0 4 0 . 0 6 5 2 0 . 5 6

0 . 1 7 9 9 0 . 0 9 0 0 0 . 7 7

2 . 5 6 9 5 0 . 1 1 6 8

*
***
*
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T a b l e  2 . 1 2  E f f e c t s  o f  a p h i c i d e ,  f u n g i c i d e  a n d  n i t r o g e n  o n  

m i l d e w  i n f e c t i o n  o n  f l a g  l e a v e s  o n  2 7  J u l y  i n  1 9 8 7

S o u r c e  o f  v a r i a n c e d f s s m s v . r .

A p h i c i d e ( A ) 1 0 . 0 1 9 1 0 . 0 1 9 1 0 . 1 9

N - r a t e ( N ) 2 3 . 2 6 8 8 1 . 6 3 4 4 1 5 . 9 9

F u n g i c i d e ( F ) 1 0 . 1 8 9 1 0 . 1 8 9 1 1 . 8 5

A  *  N 2 0 . 1 2 8 6 0 . 0 6 4 3 0 . 6 3

A  *  F 1 ;  0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0

N  *  F 2 0 . 9 4 6 1 0 . 4 7 3 1 4 . 6 3

A  *  N  *  F 2 0 . 0 3 8 0 0 . 0 1 9 0 0 . 1 9

R e s i d u a l 2 2 2 . 2 4 8 6 0 . 1 0 2 2

T a b l e  2 . 1 3 E f f e c t s o f  a p h i c i d e ,  f u n g i c i d e a n d  n i t r o g e n

o n  S e p t o r i a o n f l a g  l e a v e s o n  2 7  J u l y i n  1 9 8 7

S o u r c e  o f  v a r i a n c e d f s s m s v . r .

A p h i c i d e ( A ) 1 2 . 0 5 9 6 2 . 0 5 9 6 4 . 8 2  *

N - r a t e ( N ) 2 1 . 9 2 6 5 0 . 9 6 3 3 2 . 2 6

F u n g i c i d e ( F ) 1 1 2 . 2 8 5 4 1 2 . 2 8 5 4 2 8 . 7 8  * * *

A  *  N 2 1 . 0 8 1 9 0 . 5 4 0 9 1 . 2 7

A  *  F 1 0 . 0 2 3 8 0 . 0 2 3 8 0 . 0 6

N  *  F 2 0 . 3 4 8 1 0 . 1 7 4 0 0 . 4 1

A  *  N  *  F 2 1 . 2 1 6 2 0 . 6 0 8 1 1 . 4 2

R e s i d u a l 2 2 9 . 3 9 2 3 0 . 4 2 6 9
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T a b l e  2 . 1 4  T h e  e f f e c t  o f  f u n g i c i d e  o n  a l l  d i s e a s e s

( p e r c e n t a g e  o f l e a f  a r e a

F u n g i c i d e n o n e

O n  f l a g  l e a f 1 . 9 2 %

O n  o t h e r  l e a v e s 6 . 6 7 %

i n f e c t e d )  o n  2 7  J u l y  i n  1 9 8 7

3 1  +  3 9  +  5 9

0.22%
3 . 8 7 %

2 . 3 . 5  N a t u r a l  e n e m i e s

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

t h e  p e r c e n t a g e  o n l y  i n c r e a s e d  t o  0 . 4 %  a t  t h e  m i d d l e  m i l k  s t a g e  

w h e n  t h e  a p h i d  p o p u l a t i o n  w a s  a t  t h e  m a x i m u m .  I t s  p e r c e n t a g e  

i n c r e a s e d  t o  2 3 . 1 5 %  a t  e a r l y  d o u g h  ( G .  S .  8 3 )  w h e n  t h e  a p h i d  

p o p u l a t i o n  d e c l i n e d  t o  0 . 8 / s h o o t .  F u n g a l  d i s e a s e  i n c r e a s e d  

s i g n i f i c a n t l y  l a t e r  i n  t h e  s e a s o n  ( 1 7 . 4 2 %  a t  t h e  e a r l y  d o u g h ) .  

C o c c i n e l l i d  e g g s  a n d  l a r v a e ,  s y r p h i d  a n d  l a c e w i n g  e g g s  w e r e  

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

2 . 4  R e s u l t s  i n  1 9 8 8

2 . 4 . 1  Y i e l d s

T h e  m e a n  y i e l d  w a s  8 . 5  t / h a .  A p h i c i d e ,  n i t r o g e n  a n d  

f u n g i c i d e  s h o w e d  s i g n i f i c a n t  e f f e c t s  o n  y i e l d  ( F 1 2 2 = 2 0 . 5 9 ;  p  <  

0 . 0 0 1 ;  F 2 2 2 = 9 . 3 0 ;  p  <  0 . 0 0 1 ;  F 1 2 2 = 1 9 . 6 6 ;  p  <  0 . 0 0 1  r e s p e c t i v e l y ) .  

Y i e l d s  o f  p l o t s  t r e a t e d  w i t h  a p h i c i d e s  w e r e  i n c r e a s e d  b y  7 . 6 %  

( F i g .  2 . 6 a ) ,  w i t h  f u n g i c i d e  b y  7 . 3 %  ( F i g .  2 . 6 b ) ,  a n d  t h e  h i g h e s t  

n i t r o g e n  l e v e l  r e s u l t e d  i n  a n  i n c r e a s e  o f  8 . 7 4 %  c o m p a r e d  w i t h

6 2



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

b e t w e e n  t h e  l o w  n i t r o g e n  a n d  s t a n d a r d  l e v e l s ,  a n d  s t a n d a r d  a n d  

h i g h  l e v e l s  w e r e  5 . 4 %  a n d  3 %  r e s p e c t i v e l y  ( F i g .  2 . 6 c ) .

T h e  a v e r a g e  t h o u s a n d  g r a i n  w e i g h t  w a s  4 1 . 3  g .  T h e  a p p l i c a ­

t i o n  o f  a p h i c i d e s  a n d  f u n g i c i d e s  c a u s e d  4 . 5 %  ( F l f 22 = 3 1 . 5 5 ;  P  <  

0 . 0 0 1 )  a n d  5 . 5 %  ( F 1 22 = 4 8 . 8 6 ;  p  <  0 . 0 0 1 )  i n c r e a s e s  o f  t h e  t h o u s a n d  

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

c a u s e d  a  s l i g h t  n o n - s i g n i f i c a n t  d e c r e a s e  ( 4 1 . 7 ,  4 1 . 4  a n d  4 0 . 8 g  

f r o m  t h e  l o w e s t  t o  t h e  h i g h e s t ) .

T h e  n u m b e r  o f  g r a i n s / m 2 w a s  s i g n i f i c a n t l y  i n c r e a s e d  i n  p l o t s  

r e c e i v i n g  m o r e  n i t r o g e n  ( F 2 2 2 = 2 6 . 5 3 ;  P < 0 . 0 0 1 )  .  T h e r e  w e r e  2 %  m o r e  

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

t h a t  w i t h  t h e  l o w e s t  n i t r o g e n  i n p u t  a n d  4 . 5 %  m o r e  i n  t h e  p l o t s  

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

P l o t s  t r e a t e d  w i t h  a p h i c i d e  r e s u l t e d  i n  a  3 %  i n c r e a s e  i n  n u m b e r  

o f  g r a i n s / m 2 ( F 1 2 2 = 5 . 2 2 ;  P < 0 . 0 5 ) .  T h e  n u m b e r  o f  g r a i n s / e a r  w a s  

n o t  a f f e c t e d  s i g n i f i c a n t l y  b y  a n y  o f  t h e  t r e a t m e n t s .

2 . 4 . 2  S h o o t  d e n s i t y

T h e  a v e r a g e  d e n s i t y  o f  s h o o t s  w i t h  e a r s  w a s  4 3 3 / m 2 f r o m  

d i r e c t  c o u n t s  w h i l e  t h e  d e n s i t y  w a s  3 4 1 . 3  f r o m  t h e  e s t i m a t e  

c a l c u l a t e d  u s i n g  t h e  f i r s t  s a m p l e .  I n  t h e  d i r e c t  c o u n t s ,  t h e  

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

a m o u n t  o f  n i t r o g e n  ( 4 4 5  s h o o t s / m 2 )  b u t  s i g n i f i c a n t l y  l o w e r  i n  

t h e  p l o t s  r e c e i v i n g  t h e  l o w e s t  a m o u n t  o f  n i t r o g e n  ( 4 0 7  

s h o o t s / m 2 )  ( F 2 1 6 = 8 . 1 ;  P c O . 0 0 1 ) .  F r o m  t h e  s a m p l e  e s t i m a t e ,  t h e  

h i g h e s t  s h o o t  d e n s i t i e s  o c c u r r e d  i n  p l o t s  t r e a t e d  w i t h  f u n g i c i d e
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and no aphicide or with aphicide and no fungicide (Flr22= 5.00; p 
< 0.05) but there were no individual treatment effects.

2.4.3 Plant physiology
Neither total fresh nor dry weights/m2 in the two samples 

were significantly affected by any of the treatments (829.6 g 
and 1326.6 g respectively).

The flag LAI only was increased by applying more nitrogen 
(F2f22= 4.94 ; P<0.05) although the other indices also slightly
increased with the nitrogen input levels (Table 2.15). The 
application of fungicides and aphicides also caused increases, 
but not significantly, in these indices in the first sample 
(Table 2.15).

Table 2.15. Effects of aphicide, fungicide and nitrogen 
on LAIs of flag and lower leaves, and stem on 14 June 
in 1988

Aphicide Fungicide N-rate Mean
- + - + 105 140 175

Flag leaves 1.21 1.32 1.24 1.30 1.14 1.31 1.35 1.27
Other leaves 1.95 2.04 1.95 2.03 1.81 2.02 2.15 1.99
Stem 3.08 3.30 3.20 3.26 3.13 3.20 3.25 3.19
Total 6.24 6.66 6.31 6.59 6.09 6.53 6.74 6.45

65



Only flag and dead leaf dry weight were significantly 
affected by nitrogen fertilizer in the first sample (Table 2.16) 
(F2,22=7.72; p < 0.005; F2f22=4.43; p < 0.05 respectively).

Table 2.16 Effects of aphicide, fungicide and nitrogen 
on dry weights (g)/m2 of flag, lower and dead leaves, 
stems and ears on 14 June in 1988.

Aphicide Fungicide N-rates Mean
— + — + 105 140 175

Flag leaves 59.4 61.7 61.7 60.3 55.4 61.6 46.7 60.6
Other leaves 73.1 76.8 73.8 76.1 70.1 75.2 79.5 75.0
Stem 524.9 537.0 529.9 532.1 538.4 542.9 511.6 531.0
Ear 157.9 159.9 158.6 159.2 156.9 159.2 160.7 158.9
Dead 4.04 4.31 4.07 4.28 6.43 4.29 1.80 4.18
Total 819.3 839.7 828.1 832.0 827.2 843.2 800.3 829.7

2.4.4 Aphid populations
Three aphid species were present; S .  a v e n a e ,  M .  d i r h o d u m  and 

M .  f e s t u c a e .  S .  a v e n a e  was the predominate species during the 
season. M .  f e s t u c a e  was abundant early in the season (from 12 
May to 25 May), but decreased to zero on 22 July while the 
percentage of M .  d i r h o d u m  in the total aphid population increa­
sed from 22 July (Fig. 2.7).
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Fig. 2.7 Percentages of each aphid species in 1988 (md - M .  

d i r h o d u m ; mf - M .  f e s t u c s e ; sa - S .  a v e n a e )  .
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The average peak population occurred on 25th May (1.8 aphids 
per shoot) although some plots reached particularly high 
densities of 4.14/shoot on 12 May, 6.74/shoot on 25 May and 
5.46/shoot on 3 June. After the population reached the peak, it 
stayed at a similar level for a long period (48 days) until 7 
July, after which it declined slightly (Fig. 2.8) . Increases 
in amount of nitrogen or the application of fungicides did not 
affect the number of aphids (Fig 2.9 a & b ) .

The average aphid index was 38 aphid unit days. These 
indices were not affected by any of the treatments (Fig. 2.10) .

2.4.5 Disease assessment

2.4.5.1 O n  1 4  J u n e

The incidence of S e p t o r l a  on flag leaves was significantly 
affected by nitrogen fertilizer (F222=3.79; p < 0.05). Infection 
occurred only in plots receiving the standard amount of nitrogen 
(0.23%) . Mildew infection on the flag leaves was very low 
(0.01%) and not affected significantly by any of the treatments. 
The area infected by S e p t o r l a  on lower leaves was significantly 
lower as the amounts of nitrogen applied increased (F222=9.37; 
p < 0.01). Again, the incidence of mildew on the lower leaves 
was low (0.08%).

2.4.3.2 O n  2 6  J u l y

The average yellow area on the flag was 47.78%. The 
yellow area on flag leaves was significantly lower with applica­
tion of fungicides (F122=7.14; p<0.05) and with increasing
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Fig. 2.8 Total aphid density per shoot in 1988
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Fig. 2.10 Effects of nitrogen and fungicide on aphid indices in 
1988.
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amounts of nitrogen (F2f22=6.08; p< 0.01). The green flag leaf 
areas in plots receiving fungicide were 20% higher. The 
majority of the flag leaves in plots with the low nitrogen level 
were yellow (65%) while the yellow area decreased from 45.8% to 
32.5% in the plots where the nitrogen level was increased from 
140kg to 175kg/ha. On the lower leaves, most were yellow (83.3% 
on average) . The total yellow area was 28% greater in plots 
receiving no fungicide (F1#22=10.51; p < 0.01) but was lower in 
plots receiving the standard and greater amounts of nitrogen 
fertilizer (F2 22=5.48; p < 0.05).

Three diseases were found: S e p t o r i a ,  brown rust and mildew. 
The incidence of mildew was the lowest (0.16%) and not affected 
by any of the treatments. S e p t o r i a  infection was 4.6% on the 
flag leaves and 9% on the lower leaves on average. It was 
significantly higher on the flag leaves (8.7%) (F122=7. 07; p<- 
0.05), and on the lower leaves (10.1%) (F1 22=9.29; p<0.01) in 
plots not receiving fungicides. On the lower leaves, there was 
4 times more S e p t o r i a  (17.5%) in plots receiving the highest 
amount of nitrogen than in plots receiving the two lower levels 
(4.5% at both levels).

The incidence of brown rust on average was 6.8% on the flag 
leaves which was higher than on the lower leaves (1.3%). It was 
significantly lower on the flag leaves (F1>22=26.99; p<0.001) and 
on the lower leaves (Flf22=12.77; p < 0.01) in plots receiving 
fungicides. The flag leaves in plots receiving fungicides had 
much less infection of brown rust (2.0%) than those not receiv­
ing them (11.6%).
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2.4.6 Natural enemies
A  total of thirty one coccinellid eggs, 21 syrphid eggs, 

three lacewing eggs and one staphylinid was recorded on 900 
shoots in the plots not receiving aphicide at the middle booting 
(G.S.  45) . These numbers slightly increased at the middle 
anthesis ( G . S .65). Then they remained at a similar level in the 
next three samples to early milky stage (G.S.  73). Two coccine- 
llids were recorded in the samples when the aphid population 
decreased to 0.22/shoot at the end of milk stage (G.S.  79) . The 
number of mummies recorded accounted for 10.8% of the total 
aphid population and remained at that level until the milk stage 
(G.S.  71). A  few mummies were found after the milk stage when 
the aphid population started decreasing. The level of fungal 
disease was low during the sampling period (less than 3%).

2.5 Results in 1989
The mean yield was 8.5t/ha. Aphicide, nitrogen and fungicide 

did not have significant effects on yield.

Three aphid species were present; R .  p a d i , S .  a v e n a e  and M .  

d i r h o d u m .  S .  a v e n a e  and M .  d l r h o d u m  were abundant during the 
season but the latter was predominate with a maximum density on 
8 June (Fig. 2.11). R .  p a d i  was abundant for a short period in 
the summer (from 24 May to 22 June) (Fig. 2.11).

Significantly less S .  a v e n a e  was presented in plots receiv­
ing fungicides only on 16 June (Fin = 7.00; p < 0.05). Nitrogen 
and fungicide did not affect the aphid densities of M .  d i r h o d u m
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T o ta l  a p h i d  d e n s i t y / 1 0  s h o o ts

Fig. 2.11 Aphid densities per 10 shoots in 1989 (rad - M e t o p o l o p h i u m  d i r h o d u m ;  sa -  S i t o b i o n  a v e n a e ; 
rp - R h o p a l o s i p h u m  p a d i ) .



and R . p a d i  in each sample date, and the densities of. S .  a v e n a e  

in the other samples except on 16 June.

The average total LAI was 6.5. The LAIs of flag, other leaves 
and stems were not significantly affected by any of the treat­
ments (Table 2.17).

Table 2.17 Effects of aphicide, fungicide and nitrogen on LAIs of 
flag and lower leaves, and stem in 1989.

Aphicide Fungicide N-rate Mean
- + - + 80 120 160

Flag .leaves 1.37 1.32 1.30 1.40 1.29 1.41 1.34 1.35
Other leaves 1.79 1.79 1.68 1.90 1.78 1.82 1.76 1.79
Stem 3.38 3.34 3.27 3.45 3.34 3.42 3.42 3.36
Total 6.54 6.45 6.26 6.74 6.31 6.66 6.53 6.5

The mean mildew and brown rust infection on all leaves was
small (0.02% and 0.04% respectively) although S e p t o r i a  infection 
was higher (1.56%)

Aphicide, fungicide and nitrogen did not have significant 
effects on mildew and S e p t o r i a  infection. Significantly more 
brown rust on all leaves was presented in plots not receiving 
fungicides (0.08%) compared with zero in the plots receiving 
fungicides (Flf21 = 28.5, p < 0.001).
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2 . 6  D i s c u s s i o n

Non-protein amino acids affect aphid colonisation in crops 
(Jopdens-Rottger 1979). In addition, Kowalski and Visser (1980) 
found that changes in amino acids levels did not correlate with 
aphid population development, and stated that the response of 
aphids to the proportion of non-protein to protein amino acids 
in leaves was a behavioral one at the time of settling in the 
crop. Dewar (1980) observed differences in populations but not 
rate of the population growth on plots with different levels of 
applied nitrogen. In this study, no significant differences 
were found in aphid populations or on population development 
among plots receiving different amounts of nitrogen, except the 
peak density of M .  d l r h o d u m  (and hence total population) in 
1987. Aphid populations in plots may need to be higher to show 
any significant effects of nitrogen, although the accumulated 
aphid indices were significantly higher in plots receiving 
higher amounts of nitrogen.

Colonization of the cereal aphids was late in 1987 (Fig.
2.5) and were dominated by M .  d i r h o d u m .  The high percentage of 
parasitism and fungal pathogens late in the season may have 
prevented the aphid population increase. Parasitoids and 
predators were abundant early in the season in 1988. This may 
have prevented initial build-up of the aphid population and kept 
the aphid population at a consistent low level during the 
favourable crop growth stage. Winder (1990) found that aphid 
densities were lower in unbarriered plots compared with those in 
barriered ones where colonizations by ground predators had been 
prevented.

76



Incidence of plant diseases were low in the three years. 
Although effects of nitrogen and fungicide were significant on 
the diseases and also consequently on yield. The diseases were 
not common to interact with aphid population development. 
Furthermore, densities of M .  d i r h o d v m ,  which is a leaf-feeder 
and most likely to interact with the leaf diseases, were low in 
the three years.

The effect of nitrogen was significant on the accumulated 
aphid index in 1987, but application of aphicide did not 
significantly increase yield. This may indicate the economic 
threshold of M .  d l r h o d u m  is high (George, 1974). Controlling 
aphids in 1988 resulted in an increase of the thousand grain 
weight (Wratten, 1975; Wratten et al., 1979) and significant 
yield increase. This indicates that infestations of S .  a v e n a e  

can result in significant yield losses at densities below the 
economic threshold of five/ear (George, 1974) when the aphids 
are present for a long period.

Higher nitrogen results in more dry matter, larger leaf 
area, more grains/m2 and higher yield. However, the yield in­
crease did not always respond linearly to the increase of 
nitrogen input (Walker & Ludecke, 1982). The application of 
fungicides increased the thousand grain weight in both years and 
the grains/m2 in 1987.
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C H A P T E R  T H R E E : B IO L O G IC A L  S T U D IE S  O F TH E A P H ID

3.1 Introduction
Development rate, reproductive rate and survival rate are 

important in determining the rate of aphid population increase 
(Carter et al., 1982). They are affected by several factors 
including host plant and temperature. These effects have been 
studied in the laboratory (Dean, 1974; Wratten, 1977) and in the 
field (Dean, 1973; Dixon, 1977; Cannon, 1984, 1985). However, 
the results from these studies are inconsistent. For example, 
the development time of M .  d i r h o d u m  was 30% higher in the field 
(Cannon, 1984) compared with that in the laboratory at 15°

(Dean, 1974). It is important to obtain parameters of popula­
tion growth in the field in order to understand cereal aphid 
outbreaks (Cannon, 1984). However, it is not possible to obtain 
information on individual aphid development and reproduction in 
the field without the limitation of cages. The influence of crop 
development and feeding position on population parameters of the 
rose grain aphid was investigated in the laboratory and further 
studied, using clip cages, in the field.

3.2 Effects of temperature on development, reproduction and
mortality rates

3.2.1 Methods
The experiment, which started in March 1987, was done in a 

growth cabinet (lm x lm x lm) at a series of constant temperat­
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ures: 10, 15, 20, 25 and 30°C and a fluctuating temperature: 

22-12°C; light:dark 16:8h.

A number of pots (diameter, 7cm) were sown with winter 
wheat, cv. Avalon, with three seeds per pot in a glasshouse. The 
number of pots sown varied at each constant temperature from 17 
to 31. The mean temperature in the glasshouse was 20°C. After

germination one seedling was kept in each pot. When these 
seedlings had two leaves fully expanded (G.S. 12) they were 
moved into the growth cabinet and the pots labelled. One 
apterous adult from a culture kept at 20°C (light:dark 15:9) was

confined on the first fully expanded leaf of each seedling, with 
a clip-cage (diameter:height, 2.5:4cm) . The cage and aphid were 
moved to the next leaf if the caged leaf turned yellow.

Observations were made at 08.00, 13.00, 18.00 and 23.00. As 
soon as an adult in a cage had produced its first nymphs, the 
adult was removed and one nymph was kept and the time was recor­
ded. Moult times were recorded when exuviae were found in cages. 
Once the adults produced their first nymphs, one observation per 
day ( per two days at 20°C) was carried out (at 18.00) and the

times of the start of reproduction were recorded. The nymphs 
produced were removed and the numbers recorded. Individual 
observations were stopped when an adult had not reproduced for 
two days or died. Dead or missing aphids during the experiment 
were also recorded.
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3 . 2 . 2  R e s u l t s

3.2.2.1 D e v e l o p m e n t  t i m e

Development times were similar between different aphid 
instars at 10°C (Table 3.1). At higher temperature differences 

in development time between instars were significant (Table 3.1 
and Table 3.3). Total development time was shortest at 25°C

(Table 3.1). Development time increased at 30°C (Table 3.1). 

The duration of the 4th instar was the longest at all tempera­
tures except 10°C. The development times of instar I to III 

were generally very similar. This duration in the pre-reprod- 
uctive delay at 10°C was about 9 to 10 times higher than that at 

other temperatures. The average of the fluctuating temperature 
was 18.67°C. The fluctuation of temperature did not affect the 

aphid development time (Table 3.1).

Relationships between development rates (y) (the reciprocal 
of the development times) and temperatures (t) were linear for 
each instar and the whole generation (birth to start of reprodu­
ction) below 30°C (Table 3.2, Fig. 3.1). The development thres­

holds for each instar were calculated from these equations 
(Table 3.1). The threshold for the whole generation was -0.26°C.

Physiological time, in hourdegrees (H°) was calculated based on 

-0.26°C (Table 3.3).

Mean apterous adult longevity was longest under the fluc­
tuating temperature regime and was similar to that at 10°C. The 

shortest reproductive life was recorded at 20°C. Adult
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Table 3.1 Development times (hours) of the rose grain aphid, M .  d i r h o d u m  (±Se)
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T a b le  3 . 2  R e la t io n s h ip  b e tw e e n  d e v e lo p m e n t r a t e  ( y ( i ) )

(h -1) a n d  t e m p e r a tu r e  ( t )  f o r  d i f f e r e n t  i n s t a r s  o f  t h e  

r o s e  g r a i n  a p h id

I n s t a r  I ,  y ( l )  =

I n s t a r  I I ,  y ( 2 )  =

I n s t a r  I I I ,  y ( 3 )  =

I n s t a r  I V ,  y ( 4 )  =

A g e n e r a t io n ,  y  =

w h e re  *  P < 0 . 0 1 ,  * *

( -2 . 55 + 9 . l i t . ) x 10"4 r  = 0..98 **

( -3 . 83 + 1 . 2 2 t) x 10"3 r  = 0..97*
( -8 . 54 + 103 t) x 10-5 r  = 0.,98**
(35. 8 + 5 . 96t) x 10"4 r  = 0.,98**

(5 .9 3 + 23 • I t )  X 10'4 r  = 0..98***

P < 0..00 5 , * * * p  <  0 ,.001

T a b le  3 .3  D e ve lo p m en t lo n g e v i t i e s  (H°) o f  th e  ro s e  g r a in  

a p h id  b a s e d  on a t h r e s h o ld  te m p e r a tu r e ,  - 0 . 2 6 ° C

T e m p e ra tu re I I I I I I IV P r e d e la y a d u l t

10°C 1 2 1 8 .9 1 1 6 7 . 6 1 1 3 3 .7 1 1 3 8 .8 1 0 1 3 .7 5 6 6 3 . 0

15°C 9 7 2 . 1 1 0 5 9 . 0 9 4 7 . 6 1 3 2 7 . 6 - 5 2 3 7 . 0

20°C 9 9 0 . 7 9 3 8 . 0 1 0 0 8 . 9 1 2 4 0 . 0 2 2 4 . 9 5 0 0 8 . 0

25°C 1 0 9 1 . 2 9 4 7 . 3 1 0 2 0 . 5 1 4 2 2 . 1 2 6 2 . 7 7 5 1 7 . 0

M 1 0 6 8 . 2 1 0 2 8 . 0 1 0 2 7 . 7 1 2 8 2 . 1 5 0 0 . 4 5 8 5 6 . 0

A c c u m u la te d 1 0 6 8 . 2 2 0 9 6 . 2 3 1 2 3 . 9 4 4 0 6 . 0 4 9 0 6 . 4 1 0 7 6 3 . 0
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Instar 1 H-  Instar 2 Instar 3

Instar 4 a generation

F i g .  3 .1  R e la t io n s h ip s  o f  d e v e lo p m e n t r a t e  (h o u r -1 x  10"3) 
a n d  t e m p e r a tu r e  f o r  d i f f e r e n t  i n s t a r s  o f  t h e  
r o s e  g r a in  a p h id
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l o n g e v i t i e s  a t  10°C  a n d  u n d e r  t h e  f l u c t u a t i n g  t e m p e r a t u r e  

w e re  s i g n i f i c a n t l y  lo n g e r  t h a n  t h e s e  a t  1 5 ,  2 0  a n d  25°C  ( T a b le

3 . 4 ) .

3 . 2 . 2 . 2  R e p r o d u c t i o n  r a t e

T h e  l a r g e s t  num ber o f  nymphs w e re  p ro d u c e d  u n d e r  t h e  f l u c ­

t u a t i n g  t e m p e r a t u r e  re g im e  a n d  t h e  s m a l le s t  a t  20°C  a l th o u g h

t h e r e  w e re  no s i g n i f i c a n t  d i f f e r e n c e  i n  f e c u n d i t y  a t  a n y  te m p e r ­

a t u r e  ( T a b le  3 . 4 ) .

T a b le  3 . 4  E f f e c t s  o f  t e m p e r a t u r e  on a d u l t  l i f e s p a n  an d  

t o t a l  nymphs p ro d u c e d  on w h e a t  s e e d l in g s  f o r  t h e  r o s e  

g r a i n  a p h id  ( t h e  same l e t t e r s  i n  b r a c k e t s  a r e  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  a t  p  <  0 . 0 5 )

T e m p e r a tu r e No . o f  a d u l t s M ean l i f e s p a n ( d a y s ) M ean nymphs

10°C 22 2 3 . 0 ( b ) 3 7 . 5 ( a )

15°C 22 1 4 . 3 ( a ) 3 6 . 6 ( a )

20°C 18 1 0 . 3 ( a ) 3 2 . 0 (a)

25°C 16 1 2 . 4 ( a ) 3 3 . 6 ( a )

1 2 -2 2 °C 18 2 3 . 8 ( b ) 4 1 . 0 (a)

T h e  d a i l y r e p r o d u c t iv e r a t e  was h ig h e s t  a t  20 a n d  25°C  (3

ym phs p e r  d a y ) t w ic e  t h a t a t  e i t h e r  10°C  o r  t h e f l u c t u a t i n g
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t e m p e r a t u r e  r e g im e .  R e p r o d u c t iv e  r a t e s  w e re  s i g n i f i c a n t l y  lo w e r  

a t  10°C  a n d  t h e  f l u c t u a t i n g  t e m p e r a t u r e  r e g im e  c o m p a re d  w i t h  

th o s e  a t  1 5 ,  2 0  a n d  25°C  (p  <  0 . 0 0 1 ) .  T h e  n u m b ers  o f  nymphs 

p r o d u c e d  p e r  tw o  d a y s  w e re  m o re  e v e n ly  d i s t r i b u t e d  o v e r  lo n g e r  

p e r io d s  a t  10°C  a n d  t h e  f l u c t u a t i n g  t e m p e r a t u r e  r e g im e  co m p a re d

w i t h  th o s e  a t  1 5 ,  20  a n d  25°C  ( F i g .  3 . 2 )  . P e a k s  i n  t h e  r e p r o ­

d u c t i v e  r a t e s  o c c u r r e d  l a t e r ,  a n d  w e re  s m a l l e r ,  a t  lo w e r  

t e m p e r a t u r e s  ( F i g .  3 . 2 ) .  M o s t nym phs (81% a n d  73%) w e re  p ro d u c e d  

i n  t h e  f i r s t  e i g h t  d a y s  o f  r e p r o d u c t io n  a t  2 0  a n d  25°C  r e s p e ­

c t i v e l y ,  w h i l e  o v e r  t h e  same p e r i o d  55%,  35% a n d  35% w e re  

p ro d u c e d  a t  1 5 ,  10  a n d  1 2 -2 2 °C  r e s p e c t i v e l y .

T h e  i n t r i n s i c  r a t e  o f  in c r e a s e  wa s  lo w e s t  a t  

10°C  a n d  in c r e a s e d  t o  a  maximum a t  25°C  ( T a b le  3 . 5 ) .  M ean  lo n ­

g e v i t i e s  o f  t h e  a p h id s  d e c r e a s e d  a s  t h e  t e m p e r a t u r e  in c r e a s e d .  

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

t h e  h ig h e s t  u n d e r  t h e  f l u c t u a t i n g  te m p e r a t u r e  re g im e  a n d  lo w e s t  

a t  25°C  (T a b le  3 . 5 ) .

3 . 2 . 2 . 3  M o r t a l i t y  r a t e

N y m p h a l m o r t a l i t i e s  w e re  lo w e s t  a t  20°C  ( 5 % ) ,  h ig h e s t  a t  25°C  

(20%) a n d  11  ±  1% a t  t h e  o t h e r  t e m p e r a t u r e s .  T h e  p e r c e n ta g e s  o f  

a d u l t s  s u r v i v i n g  d e c r e a s e d  m o re  r a p i d l y  a t  h ig h e r  t e m p e r a t u r e s  

e x c e p t  a t  20°C  ( F i g .  3 . 3 ) .  A l l  a d u l t s  d ie d  a f t e r  36  d a y s  u n d e r  

t h e  f l u c t u a t i n g  t e m p e r a t u r e  re g im e  ( t h e  lo n g e s t  t im e )  a n d  16  

d a y s  a t  20°C  ( t h e  s h o r t e s t  t im e )  ( F i g .  3 . 3 ) .
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T a b le  3 . 5  L i f e  t a b l e  p a r a m e te r s  o f  t h e  r o s e  g r a i n  a p h id

a t  d i f f e r e n t  t e m p e r a tu r e s

R0 Tc X

T e m p e r a tu r e

10°C 2 5 . 5 6 3 0 . 8 8 0 . 1 0 5 1.111
15°C 3 2 . 0 1 1 9 . 8 4 0 . 1 7 5 1 . 1 9 1

20°C 2 7 . 4 2 1 4 . 4 1 0 . 2 3 0 1 . 2 5 8

25°C 2 1 . 0 6 1 2 . 3 1 0 . 2 4 8 1 . 2 8 1

1 2 -2 2 °C 3 6 . 7 3 2 1 . 2 0 . 1 7 0 1 . 1 8 5

w h ere  R0 i s  th e  n e t  r e p r o d u c t iv e  r a t e  ( th e  num ber o f  t im e s  b y  w h ich  

th e  p o p u la t io n  m u l t i p l i e s  p e r  g e n e r a t io n ) ; Tc i s  . ~ ;

th e  c o h o r t  g e n e r a t io n  t im e  . i s  i n t r i n s i c  r a t e  ( r m = lnRo/Tj., 

and  A, i s  th e  f i n i t e  r a t e  f o r  in c r e a s e  (A = e™) .

3 .3  E f f e c t s  o f  n i t r o g e n  on d e v e lo p m e n t ,  r e p r o d u c t i v e  a n d  

m o r t a l i t y  r a t e s  i n  t h e  f i e l d

3 . 3 . 1  M e th o d s

A f i e l d  s tu d y  was c a r r i e d  o u t  on t h e  e f f e c t s  o f  n i t r o g e n  on 

t h e  a p h id  p o p u la t io n  d e v e lo p m e n t o f  M .  d i r h o d u m  i n  c o n ju n c t io n  

w i t h  t h e  c r o p  lo s s  e x p e r im e n t  ( f o r  d e t a i l s  o f  t h e  e x p e r im e n t ,  

s e e  C h a p te r  2 ) .  T h re e  p l o t s  w i t h o u t  f u n g ic id e  a n d  a p h ic id e  i n  

e a c h  o f  t h e  t h r e e  b lo c k s  w e re  s e le c t e d .  A t  m id d le  a n t h e s is  ( G . S .

88



6 5 ) ,  on  2 7  J u n e , 45 f l a g  le a v e s  w e re  c a g e d  ( 2 . 5  x  4 c m ) ,  5 i n  

e a c h  p l o t .  T h e  c h o s e n  le a v e s  w e re  tw o  ro w s  i n  f r o m  p l o t  e d g e s  t o  

a v o id  a n  e d g e  e f f e c t .  One a d u l t  w as p u t  i n t o  e a c h  c a g e ,  an d  

e x a m in e d  o n c e  a  d a y . A f t e r  t h e  s t a r t  o f  r e p r o d u c t io n  o n e  nymph 

w as k e p t  i n  e a c h  c a g e . T h e  g e n e r a t io n  l e n g t h ,  n u m b e rs  o f  nymphs 

p ro d u c e d  p e r  a d u l t  i n  8 d a y s  a n d  o f  d e a d  a p h id s  w e re  r e c o r d e d .  

T h e  e x p e r im e n t  was s to p p e d  w hen t h e  f l a g  le a v e s  s e n e s c e d .

3 . 3 . 2  R e s u l t s

M ean  g e n e r a t io n  l e n g t h  ( f r o m  b i r t h  t o  t h e  s t a r t  o f  r e p r o ­

d u c t io n )  a n d  f e c u n d i t y  i n  8 d a y s  w e re  s l i g h t l y  h i g h e r  a t  t h e  

s t a n d a r d  n i t r o g e n  l e v e l  ( T a b le  3 . 6 ) .  H o w e v e r , t h e r e  was no  

s i g n i f i c a n t  e f f e c t  o f  n i t r o g e n  on  d e v e lo p m e n t  a n d  f e c u n d i t y  o f  

M .  d i r h o d u m .  M ean g e n e r a t io n  le n g t h  was 1 0 . 9  d a y s  a n d  mean  

n u m b er o f  nym phs p ro d u c e d  i n  8 d a y s  w as 2 2 . 6 .  M o r t a l i t y  was o v e r  

30% a t  t h e  t h r e e  n i t r o g e n  l e v e l s  (T a b le  3 . 6 ) .

T a b le  3 . 6  T h e  e f f e c t  o f  n i t r o g e n  on  d e v e lo p m e n t ,  r e p r o d u c t io n  

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

N it r o g e n  l e v e l s A v e ra g e  g e n e r a t io n A v e ra g e  num ber o f M o r t a l i t y

(k g /h a ) le n g t h nymphs i n  8 d a y s (%)

80 1 0 . 4  ±  1 . 6 0 2 2 . 6  ±  3 . 6 3 38

120 1 1 .7  ±  1 . 3 2 2 4 . 3  ±  3 . 7 0 32

160 1 0 . 7  ±  1 . 7 7 2 1 . 0  ±  3 . 6 3 33
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3 .4  E f f e c t s  o f  c r o p  g r o w th  s t a g e s  on  d e v e lo p m e n t , r e p r o d u c t io n
a n d  m o r t a l i t y  r a t e s

3 . 4 . 1  M e th o d s

W in t e r  w h e a t c v .  A v a lo n  was sown i n  30 p o t s  ( d ia m e t e r :  10cm ) 

i n  a  g re e n h o u s e  on  1 J a n .  1 9 8 8 .  One p l a n t  w as k e p t  i n  e a c h  p o t  

a n d  t r a n s f e r r e d  t o  a  b ig g e r  p o t  ( d ia m e t e r :  14cm ) a t  t h e  b e g in ­

n in g  o f  t i l l e r i n g  ( G . S .  2 0 ) .  F u n g ic id e  was s p r a y e d  f o u r  t im e s  

t o  e n s u r e  t h a t  m ild e w  (E .  g r a m i n i s )  d e v e lo p in g  o n  t h e  p l a n t s  was  

c o n t r o l l e d .  As e a c h  p l a n t  d e v e lo p e d  m any t i l l e r s ,  f o u r  o f  t h e  

b e s t  g ro w n  s h o o ts ,  i n c l u d i n g  t h e  m a in  s te m , w e re  k e p t  a n d  t h e  

r e s t  w e re  re m o v e d  i n  e a c h  p o t  a t  t h e  b e g in n in g  o f  s te m  e lo n g a ­

t i o n  ( G . S .  3 0 ) .  N i c o t i n e  was a p p l i e d  t o  rem o ve  u n w a n te d  a p h id s  

f o u r  d a y s  b e f o r e  t h e  i n t r o d u c t i o n  o f  a p h id s .

P l a n t s  w e re  m oved t o  a  c o n s t a n t  e n v ir o n m e n t  ro o m  a t  19 ±  1°C

a n d  d a y : n ig h t  l e n g t h ,  1 6 h r s : 8 h r s  tw o  d a y s  b e f o r e  t h e  a p h id s  w e re  

in t r o d u c e d .

T h e  a p h id s  w e re  in t r o d u c e d  a t  tw o  c ro p  s t a g e s ;  s t a r t  o f  

b o o t in g  ( G . S .  4 0 )  a n d  f l o w e r i n g  ( G . S .  60 )  . F i v e  a p t e r o u s  a d u l t  

a p h id s  w e re  in t r o d u c e d  o n to  e a c h  p l a n t ,  u s in g  c l i p  c a g e s ,  a t  t h e  

s t a r t  o f  b o o t in g .  T h r e e  o f  t h e s e  a p h id s  w e re  i n d i v i d u a l l y  

c o n f in e d  on  t h e  f l a g ,  s e c o n d  a n d  t h i r d  le a v e s  o n  t h e  m a in  s h o o t ,  

a n d  t h e  o t h e r  tw o  a p h id s  w e re  c a g e d  on t h e  f l a g  le a v e s  o f  tw o  

e a r l i e s t  t i l l e r s  i n  e a c h  p o t . T h e r e  w e re  e i g h t  r e p l i c a t e s . A t  

t h e  s t a r t  o f  f l o w e r i n g ,  t h r e e  a p te r o u s  a d u l t s  w e re  c a g e d  on e a c h  

f l a g  l e a f  o f  t h r e e  s h o o ts  ( i n c l u d i n g  t h e  m a in  s h o o t )  i n  e a c h
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p o t , ,  r e p l i c a t e d  t e n  t im e s .

T h e  p o s i t i o n s  o f  a p h id s  f e e d in g  on t h e  m a in  f l a g ,  t i l l e r  

f l a g ,  s e c o n d  a n d  t h i r d  le a v e s  w e re  r e c o r d e d .  T h r e e  o b s e r v a t io n s  

w e re  m ade d u r in g  n y m p h a l d e v e lo p m e n t s ta g e s  a t  0 8 : 0 0 ,  1 4 : 0 0  a n d  

2 0 : 0 0 .  M o u l t in g ,  d e a th  o r  m is s in g  a p h id s  w e re  r e c o r d e d .  A f t e r  

t h e  a p h id s  h a d  s t a r t e d  t o  r e p r o d u c e ,  o b s e r v a t io n s  w e re  made o n ce  

a  d a y .  T h e  nu m b ers  o f  nymphs p ro d u c e d  p e r  d a y  w e re  r e c o r d e d ,  

a lo n g  w i t h  t h e  d e a th  a n d  lo s s  o f  a n y  a d u l t s .

3 . 4 . 2  R e s u l t s

3 . 4 . 2 . 1  E f f e c t s  o f  f e e d i n g  p o s i t i o n

F e e d in g  p o s i t i o n  d id  n o t  a f f e c t  t o t a l  d e v e lo p m e n t  t im e  o r  

t h a t  f o r  e a c h  i n s t a r  s e p a r a t e l y  (T a b le  3 . 7  a n d  T a b le  3 . 8 ) .

F e e d in g  p o s i t i o n  d id  n o t  s i g n i f i c a n t l y  a f f e c t  e i t h e r  t h e  

r e p r o d u c t i v e  l i f e s p a n  o r  t h e  t o t a l  nym phs p r o d u c e d  a l th o u g h  

nym phs f e d  on  t h e  f l a g  le a v e s  h a d  lo n g e r  l i f e s p a n s  a n d  p ro d u c e d  

m o re  nym phs, t h a n  t h e  nym phs w h ic h  h a d  f e d  on  t h e  s e c o n d  le a v e s .  

T h e s e  i n  t u r n  h a d  lo n g e r  l i f e s p a n s  a n d  p ro d u c e d  m o re  nymphs t h a n  

th o s e  on  t h e  t h i r d  le a v e s  ( T a b le  3 . 8 ) .  M ean d a i l y  r e p r o d u c t iv e  

r a t e s  w e re  s i m i l a r  f o r  a p h id s  f e e d in g  on  e i t h e r  t h e  f l a g  o r  

s e c o n d  le a v e s  ( 3 . 2  n y m p h s /d a y ) a n d  t h e  r a t e  w as s m a l l e r  when  

a p h id s  h a d  f e d  on  t h e  t h i r d  le a v e s  ( 2 . 6 )  a l t h o u g h  t h e y  w e re  n o t  

s i g n i f i c a n t l y  d i f f e r e n t .  No s i g n i f i c a n t  e f f e c t s  o f  t h e  a p h id s  

f e e d in g  on  m a in  s h o o ts  a n d  t h e  o t h e r  s h o o ts  w e re  fo u n d .
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D e v e lo p m e n t t im e ,  l e n g t h  o f  r e p r o d u c t iv e  p e r i o d  a n d  fe c u n d ­

i t y  w e re  s i g n i f i c a n t l y  a f f e c t e d  b y  c r o p  g ro w th  s ta g e  (T a b le  

3 . 9 ) .  A p h id s  w h ic h  h a d  f e d  fro m  b o o t in g  ( G . S .  4 0 )  t o  m id d le  

i n f l o r e s c e n c e  ( G . S .  5 5 )  h a d  s h o r t e r  d e v e lo p m e n t  t im e s  (1 9 7  h r s )  

t h a n  th o s e  on  l a t e r  s ta g e s  ( s t a r t  o f  a n t h e s is  G . S .  60 t o  m id d le  

m i l k  G . S .  7 5 )  (2 2 1  h r s )  . M ean l i f e s p a n  o f  t h e  a d u l t s  f r o m  m id d le  

i n f l o r e s c e n c e  t o  m id d le  m i l k  ( G . S . 5 5 - 7 5 )  w as 2 . 3  t im e s  lo n g e r  

t h a n  t h a t  d u r in g  m id d le  m i l k  t o  e a r l y  r i p e  ( G . S . 7 5 - 8 3 )  a n d  

f e c u n d i t y  w as 14  nymphs h ig h e r  t h a n  t h a t  d u r in g  t h e  l a t e r  s t a g e ,  

w h ic h  was 3 2  n y m p h s /a d u l t .

D a i l y  r e p r o d u c t io n  was a lw a y s  h ig h e r  a n d  a d u l t  l i f e s p a n  

lo n g e r  w hen t h e  a d u l t s  h a d  f e d  on  w i n t e r  w h e a t  f ro m  m id d le  

i n f l o r e s c e n c e  t o  e a r l y  m i l k  s ta g e  t h a n  fro m  m id d le  m i l k  t o  e a r l y  

r i p e  s ta g e  ( F i g .  3 . 4 b ) .  M o r e o v e r ,  m o re  t h a n  90% o f  t h e  a d u l t s  

s u r v iv e d  a n d  p ro d u c e d  nymphs o v e r  a  p e r i o d  o f  11  d a y s  b e f o r e  

n u m b ers  g r a d u a l l y  d e c r e a s e d  a t  t h e  lo w  c r o p  g ro w th  s ta g e s  w h i l e  

f e w e r  s u r v iv e d  i n  t h e  l a t e r  t r e a t m e n t  ( F i g .  3 . 4 a ) .

T h e  c o h o r t  g e n e r a t io n  t im e ( T c) f e e d in g  d u r in g  t h e  tw o  c ro p  

g ro w th  ra n g e s  w e re  s i m i l a r  t o  t h a t  on  s e e d l in g s  a t  t h e  same 

c o n s t a n t  t e m p e r a t u r e  (2 0 °C ) (T a b le  3 . 5 ) .  H o w e v e r , t h e  n e t  r e p r o ­

d u c t i v e  (Ro) a n d , t h e r e f o r e ,  t h e  i n t r i n s i c  r a t e s  ( r m) w e re  h ig h e r  

d u r in g  t h e  m i d - in f lo r e s c e n c e  t o  m id - m i lk  s t a g e  ( 3 8 . 9 1  a n d  0 . 2 5 7 3  

r e s p e c t i v e l y ) , a n d  lo w e r  d u r in g  t h e  m id d le  m i l k  t o  e a r l y  d o u g h y  

r i p e  s t a g e  ( 2 3 . 1  a n d  0 . 2 1 6 5  r e s p e c t i v e l y )  t h a n  t h a t  on t h e  

s e e d l in g s  (T a b le  3 . 5 ) .

3 . 4 . 2 . 2  E f f e c ts  o f  crop growth s ta g e
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T a b le  3 . 7  E f f e c t s  on  n y m p h a l d e v e lo p m e n t o f  t h e  r o s e  g r a i n  

a p h id  f e e d in g  on  f l a g  le a v e s  o f  t h e  m a in  s h o o t  a n d  

t i l l e r s ,  s e c o n d  a n d  t h i r d  le a v e s

S o u rc e  o f  v a r ia n c e d . f . ms F s i g n f .

I n s t a r  I 3 / 2 9 2 6 . 9 6 0 . 6 5 NS

I n s t a r  I I 3 / 2 9 2 2 . 4 5 0 . 4 9 NS

I n s t a r  I I I 3 / 2 9 4 7 . 2 1 0 . 7 5 NS

I n s t a r  I V 3 / 2 8 1 8 . 0 3 0 . 1 1 NS

R e p r . d e la y 3 / 2 8 5 2 . 7 5 1 . 4 5 NS

T o t a l 3 / 2 8 4 2 . 4 0 . 3 3 NS

3 . 5  E f f e c t s  o f  c r o p  g r o w th  s t a g e  a n d  c r o w d in g  on  a l a t e  

p r o d u c t io n

3 . 5 . 1  M e th o d

W in t e r  w h e a t  s e e d l in g s ,  c . v .  A v a lo n ,  w e re  t a k e n  fro m  t h e  

f i e l d  i n  m id - F e b r u a r y  a n d  r e p l a n t e d  i n  60 p o t s  (14cm  i n  d ia m e ­

t e r )  i n  a  g re e n h o u s e  (2 0 °C ) . T h e  p l a n t s  w e re  m oved t o  a  c o n s ta n t  

e n v ir o n m e n t  c a b in e t  ( l x l m ) , l i g h t : d a r k  1 6 : 8  a t  a  c o n s t a n t  te m p e ­

r a t u r e  o f  2 0 °C .
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T a b le  3 .8  E f f e c t  o f  f e e d in g  p o s i t io n  on d e v e lo p m e n t (h o u rs ) and f e c u n d i t y  o f
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F i g .  3 . 4  E f f e c t s  o f  c ro p  g ro w th  s ta g e  (GS40 a n d  GS60 a r e  i n i t i a l  r e a r i n g  s t a g e s )  on (a)  
a p h id  s u r v i v a l ,  an d  (b ) r e p r o d u c t io n ,  o f  t h e  r o s e  g r a i n  a p h id



T a b le  3 . 9  E f f e c t s  on t h e  r o s e  g r a i n  a p h id  f e e d in g  on  

w i n t e r  w h e a t fro m  b o o t in g  t o  m id d le  i n f l o r e s c e n c e  

co m p a re d  w i t h  t h a t  fro m  a n t h e s is  t o  m id d le  m i l k

S o u rc e  o f  v a r ia n c e d . f . ms F s i g n i f . l e v e l

D e v e lo p m e n t t im e 1 / 3 4 5 2 1 0 . 4 6 . 5 8  < 0 . 0 5

L e n g th  o f
r e p r o d u c t iv e
p e r io d

1 / 3 3 1 3 2 2 8 . 1 7  < 0 .0 1

T o t a l  nymphs 1 / 3 3 2 9 7 8 . 5 1 0 . 8 1  < 0 . 0 0 5

N e w ly  b o rn  nymphs w e re in t r o d u c e d a t  t h e  b e g in n in g  o f

b o o t in g  ( G . S .  4 0 ) ,  m id -- in f lo r e s c e n c e  (G. lS. 5 5 ) ,  m id - m i lk y ( G . S .

75 )  a n d  b e g in n in g  o f dough ( G . S .  80)  . T h re e  l e v e l s  o f a p h id

d e n s i t y  ( 1 ,  5 a n d  1 0 ) w e re  c a g e d  ( 2 . 5  x  4cm) a t  e a c h  c ro p  s t a g e .  

T r e a tm e n ts  w e re  r e p l i c a t e d  t e n  t im e s .  O b s e r v a t io n  w e re  made o n ce  

a d a y  ( 1 8 : 0 0 ) .  The num bers  o f  f o u r t h  i n s t a r  a l a t i f o r m  a p h id s  

w e re  r e c o r d e d .  The same num ber o f  nymphs fro m  t h e  s e c o n d  

g e n e r a t io n  w e re  m a in t a in e d  f o r  a n o th e r  g e n e r a t io n  an d  th e  

n u m bers  o f  t h e  f o u r t h  i n s t a r  a l a t i f o r m  nymphs t h e y  p ro d u c e d  w e re  

a l s o  r e c o r d e d .

3 . 5 . 2  R e s u l t s

T h e re  was no d i f f e r e n c e  i n  a l a t e  p r o d u c t io n  b e tw e e n  t h e  

f i r s t  a n d  s e c o n d  g e n e r a t io n ,  a n d  no a l a t e s  w e re  p ro d u c e d  b e f o r e
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t h e  b e g in n in g  o f  a n t h e s is  r e g a r d le s s  o f  a p h id  d e n s i t i e s ,  e x c e p t  

4% o f  nym phs w e re  a l a t i f o r m  a t  m id - b o o t in g  w i t h  10  a p h id s  p e r  

c a g e . F o r t y  t o  66% o f  nymphs w e re  a l a t i f o r m  a t  m i d - m i lk  a n d  

b e g in n in g  o f  dough  w i t h  10  a p h id s  p e r  c a g e , a n d  a b o u t  10% w i t h  

o n ly  o n e  a p h id  p e r  c a g e . T h e  r e l a t i o n s h i p  b e tw e e n  a l a t e  p ro d u c ­

t i o n  (p a l, %) a n d  a p h id  d e n s i t y  (d ) a n d  c r o p  g r o w th  s ta g e  (g s )  

w as e s t im a t e d  fro m  t h e  d a t a  a f t e r  t h e  s t a r t  o f  a n t h e s is  ( G . S .  

60 )  b e c a u s e  p e r c e n ta g e  o f  a l a t i f o r m  nym phs p r o d u c e d  w as lo w  

b e f o r e  t h e  s t a r t  o f  a n t h e s is :

p al =  - 5 7 2 . 9 4  +  4 . 6 9 3 1 d  + 1 4 . 5 7 8 4 g s  - 0 . 0 9 2 7 2 8 g s 2 

F 3/9 =  6 . 7 7 ,  p  <  0 . 0 5

3 . 6  E f f e c t s  o f  i n s e c t i c i d e  on  a p h id  s u r v i v a l

3 . 6 . 1  M e th o d s

W in t e r  w h e a t ,  c . v .  A v a lo n ,  was g ro w n  i n  a  g re e n h o u s e  (2 0  

± 1 ° C ) ,  o n e  p l a n t  p e r  p o t  (14cm  i n  d ia m e t e r )  . T w e lv e  p o ts  o f

p l a n t s  a t  t h e  s t a r t  o f  a n t h e s is  ( G . S .  60 )  a n d  t w e lv e  a t  t h e  

s t a r t  o f  t i l l e r i n g  ( G . S .  2 0 )  w e re  s p r a y e d  e v e n ly  f r o m  a b o v e  w i t h  

p i r i m i c a r b  u s in g  a  h a n d  s p r a y e r  t o  g iv e  a  r a t e  e q u i v a l e n t  t o  

2 8 0 g  o f  50% p i r i m i c a r b  i n  2 0 0  1 h a -1 . T w e lv e  p o ts  o f  t i l l e r i n g  

p l a n t s  w e re  s p r a y e d  w i t h  w a t e r  a s  t h e  c o n t r o l .

Two h o u rs  a f t e r  s p r a y in g  w hen t h e  c h e m ic a l  h a d  d r i e d ,  s e v e n ­

t e e n  t o  t w e n t y  f i v e  a p h id s  w e re  c o n f in e d  u s in g  a  c l i p  c a g e  on  

e a c h  p l a n t .  T h e  a p h id s  w e re  e x a m in e d  24  h o u rs  a f t e r  t h e  i n t r o ­

d u c t io n  a n d  t h e  n u m bers  a l i v e  a n d  d e a d  i n  e a c h  c a g e  w e re
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r e c o r d e d .  T h e  l i v e  a p h id s  w e re  t h e n  re m o v e d . T h e  t r i a l  was  

r e p e a t e d  e v e r y  tw o  d a y s  f o r  14  d a y s .

3 . 6 . 2  R e s u l t s

A p h id  m o r t a l i t i e s  d u e  t o  p i r i m i c a r b  w e re  c a l c u l a t e d  b y  

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

(1 0 .2 % ) f ro m  t h e  m o r t a l i t i e s  w hen t h e  p i r i m i c a r b  w as a p p l i e d .  

M o r t a l i t i e s  o f  t h e  t r e a t e d  a p h id s  on  s e e d l in g s  a n d  f l o w e r i n g  

p l a n t s  w e re  s i m i l a r  ( F i g .  3 . 5 )  . T h e  m o r t a l i t y  r e m a in e d  a t  a b o u t  

90% f o r  4 d a y s  a n d  t h e n  q u i c k l y  d e c r e a s e d  l i n e a r l y  ( F i g .  3 . 5 ) .  

A  q u a d r a t i c  e q u a t io n  was c a l c u l a t e d  b e tw e e n  t h e  t im e  (x d) a f t e r  

s p r a y  a n d  t h e  p e r c e n ta g e  o f  a p h id s  k i l l e d  (ym) , c o m b in in g  t h e  

m o r t a l i t y  d a t a  f ro m  t h e  tw o  c r o p  g ro w th  s t a g e s :

y m =  9 0 . 3 0 7 8  +  0 . 2 6 0 2 x d -  0 . 4 5 7 5 x d2 

r  =  - 0 . 9 7 8 ,  p  <  0 . 0 0 1

3 . 7  D is c u s s io n

D e a n  ( 1 9 7 4 )  i n v e s t i g a t e d  t h e  e f f e c t s  o f  t e m p e r a t u r e  on  t h e  

b io l o g y  o f  c e r e a l  a p h id s  ( S . a  v e n a e , M .  d i r h o d u m  a n d  R .  p a d i )  on  

b a r l e y  l e a f  d is c s  a t  2 . 5 ° C  i n t e r v a l s  o v e r  a  r a n g e  o f  10°C  t o

3 0 °C . D e v e lo p m e n t r a t e  o f  M .  d i r h o d u m  in c r e a s e d  t o  a  m axim um  a t  

20°C  a n d  t h e n  d e c l in e d  w i t h  in c r e a s e  i n  t e m p e r a t u r e .  T h e  

d e v e lo p m e n t  r a t e  was assum ed  t o  b e  z e r o  a t  30°C  w hen a l l  a p h id s

d ie d .  H o w e v e r , t h e  a s s u m p tio n  may b e  u n r e a l i s t i c ,  e s p e c i a l l y  

u n d e r  f i e l d  c o n d i t io n s ,  a s  t e m p e r a tu r e s  f l u c t u a t e  a n d  r a r e l y  

r e a c h  30°C  f o r  lo n g  p e r io d s  i n  B r i t a i n .  I n  t h i s  s t u d y ,  t h e  

a p h id s
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Mortality rate (%)

N u m b e r  o f  d a y s  a f t e r  s p r a y

csmor —I— sdmor

Fig. 3.5 Effects of pirimicarb on mortality of the rose grain 
aphid (sdmor is at G.S.20, csmor is at G.S.60)
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s u c c e s s f u l l y  d e v e lo p e d  t o  t h e  a d u l t  s ta g e  a t  30°C  a l t h o u g h  t h e y

f a i l e d  t o  r e p r o d u c e .  T h is  s u g g e s ts  t h a t  t h e  u p p e r  t h r e s h o l d  f o r  

r e p r o d u c t io n  i s  lo w e r  t h a n  t h a t  f o r  d e v e lo p m e n t .

D e a n  (1 9 7 4 )  u s e d  q u a d r a t ic  a n d  in v e r s e  q u a d r a t i c  e q u a t io n s  

t o  r e l a t e  d e v e lo p m e n t t im e  a n d  r a t e  t o  t e m p e r a t u r e  r e s p e c t i v e l y .  

H o w e v e r , t h e  o p tim u m  t e m p e r a t u r e  f o r  d e v e lo p m e n t  f r o m  t h e  tw o  

e q u a t io n s  was d i f f e r e n t  (2 0 .3 ° C  f ro m  t h e  q u a d r a t i c  e q u a t io n  a n d

2 2 .2 ° C  fro m  t h e  in v e r s e  q u a d r a t i c  o n e ) .  Two s im p le  l i n e a r

r e g r e s s io n s  p r o v id e  a  good  f i t  t o  t h e s e  d a t a  (C a n n o n , 1 9 8 1 )  

( F i g .  4 . 6 ) .  I n  t h e  p r e s e n t  s t u d y ,  l i n e a r  r e g r e s s io n  m o d e ls  

d e s c r ib e d  t h e  r e l a t i o n s h i p  b e tw e e n  d e v e lo p m e n t  r a t e  a n d  te m p e r a ­

t u r e  a t  d i f f e r e n t  a p h id  g ro w th  s ta g e  a s  C annon  (1 9 8 4 )  h a d  d one  

f r o m  f i e l d  s t u d ie s .

T h e  f i r s t  t h r e e  i n s t a r s ,  m e a s u re d  i n  a n  i n t e n s i v e  w i n t e r  

w h e a t  f i e l d  t r i a l  (C a n n o n , 1 9 8 4 ) ,  h a d  a  s i m i l a r  d e v e lo p m e n t  t im e  

a s  i n  t h i s  s t u d y .  B u t ,  t h e  d e v e lo p m e n t t im e  o f  t h e  f o u r t h  

i n s t a r  was m uch lo n g e r  t h a n  t h a t  i n  t h i s  s t u d y .  T h e  t o t a l  

d e v e lo p m e n t  t im e  was lo n g e r  t h a n  t h a t  i n  t h i s  s tu d y  a n d  t h a t  

f ro m  D e a n  (1 9 7 4 )  w h ic h  was t h e  s h o r t e s t .  T h e  d i f f e r e n c e  p o s ­

s i b l y  r e f l e c t  t h e  c o n d i t io n s  u n d e r  w h ic h  t h e  e x p e r im e n t s  w e re  

u n d e r ta k e n  a s  M .  d i r h o d u m  p r e f e r s  b a r l e y  t o  w h e a t  (s e e  C h a p te r  

2 ) a n d  f i e l d  c o n d i t io n s  may a ls o  b e  m o re  a d v e r s e  t o  a p h id  

g r o w th .  A p h id  g ro w th  was n o t  a f f e c t e d  b y  f l u c t u a t i n g  te m p e r a ­

t u r e s  c o m p a re d  w i t h  c o n s t a n t  t e m p e r a tu r e s  (C a n n o n , 1 9 8 4 ) ,  w h ic h  

was a ls o  fo u n d  i n  t h i s  s tu d y  ( T a b le  3 . 1 ) .

T h e  o p tim u m  t e m p e r a tu r e s  f o r  d e v e lo p m e n t  a n d  r e p r o d u c t io n
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c a n n o t  b e  o b t a in e d  fro m  t h e  f i e l d  s t u d ie s  (C a n n o n , 1 9 8 4 )  . I n  

t h i s  s t u d y ,  t h e  s h o r t e s t  d e v e lo p m e n t t im e  w as a t  2 5 °C , f i v e

d e g r e e s  h ig h e r  t h a n  t h a t  f ro m  t h e  s tu d y  o f  D ean  (1 9 7 4 )  . P r e - r e -  

p r o d u c t i v e  p e r io d s  w e re  lo n g e r ,  e s p e c i a l l y  a t  lo w  te m p e r a t u r e s  

t h a n  th o s e  r e c o r d e d  b y  D ean  ( 1 9 7 4 ) .

Hu a n d  G u i (1 9 8 5 )  o b t a in e d  d e v e lo p m e n t t h r e s h o ld s  f o r  i n ­

d i v i d u a l  i n s t a r s  o f  M .  d i r h o d u m  a n d  t h e  f u l l  g e n e r a t io n  fro m  a  

l i f e  t a b l e  s tu d y  w h ic h  ra n g e d  f ro m  1 t o  2 °C . B u t ,  i n  t h e

p r e s e n t  s t u d y ,  t h e  f o u r t h  i n s t a r  h a d  a  t h r e s h o l d  o f  -6 ° C  w h i le  

t h r e s h o ld s  o f  t h e  o t h e r  i n s t a r s  w e re  a p p r o x im a t e ly  0 °C .

C e r e a l  a p h id s  a r e  m o re  fe c u n d  on  o l d e r  w h e a t  p l a n t s  ( L e a t h e r  

& D ix o n ,  1 9 8 1 ;  W a t t ,  1 9 7 9 ) ,  b u t  m o re  fe c u n d  o n  y o u n g  p l a n t s  when  

f e e d in g  on  b a r l e y  ( L e a t h e r  & D ix o n ,  1 9 8 1 ;  T h o r n b a c k ,  1 9 8 3 ) .  M .  

d l r h o d u m  a ls o  f a v o u r s  b a r l e y  t o  w h e a t  (D e a n , 1 9 7 3 ;  T h o rn b a c k ,

1 9 8 3 )  . I n  l a b o r a t o r y  s t u d ie s  u s in g  d is c s  m ade f r o m  y o u n g  b a r l e y  

l e a v e s ,  t h e  m ean f e c u n d i t y  in c r e a s e d  fro m  44  t o  61  w i t h  in c r e a s e  

i n  t e m p e r a t u r e  fro m  10°C  t o  2 0 °C , b u t  w i t h  a  d e c r e a s e  i n  t h e

r e p r o d u c t i v e  l i f e s p a n  f r o m  18  t o  1 3  d a y s  r e s p e c t i v e l y .  I n  t h e  

p r e s e n t  s t u d y ,  f e c u n d i t y  was much l e s s  t h a n  t h a t  on  b a r l e y  l e a f  

d is c s  (D e a n , 1 9 7 4 ) ,  b u t  t h e  a d u l t  a p h id s  p ro d u c e d  m o re  nymphs 

w i t h  lo n g e r  r e p r o d u c t i v e  p e r io d s  a t  lo w  t e m p e r a t u r e s .  F u r t h e r ­

m o re , a p h id s  w e re  m o re  fe c u n d  w hen t h e y  f e d  d u r in g  t h e  f l o w e r i n g  

p e r i o d  t h a n  when t h e  c e r e a ls  h a d  r ip e n e d  a s  t h e y  a r e  l e s s  

s u i t a b l e  f o r  t h e  a p h id  g r o w th .

I n  a  l a b o r a t o r y  e x p e r im e n t  u s in g  b a r l e y  s e e d l in g s  a t  2 0 °C , 

W r a t t e n  (1 9 7 7 )  o b t a in e d  an  a v e r a g e  d a i l y  r e p r o d u c t i v e  r a t e  o f
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a p t e r a e  o f  3 . 4  (d a y  1 t o  5 ) ,  2 . 7  (d a y  5 t o  1 0 )  a n d  2 . 0  (d a y  10  

t o  2 0 ) .  T h e  p e a k  r a t e  ( 4 . 9 )  o c c u r r e d  2 a n d  3 d a y s  a f t e r  

r e p r o d u c t io n  s t a r t e d  b e f o r e  d e c r e a s in g  g r a d u a l l y .  I n  c o n t r a s t , 

t h e  r e p r o d u c t iv e  r a t e  o f  S .  a v e n a e  i s  m o re  c o n s is t e n t  o v e r  t h e  

f i r s t  f i f t e e n  d a y s  w i t h  a  s i m i l a r  p a t t e r n  o n  o a t  e a r s  a n d  le a v e s  

i n  a  l a b o r a t o r y  t r i a l  (W a t t ,  1 9 7 9 ) .  T h is  s tu d y  show s t h a t  t h e  

p e a k  n u m b er a n d  t h e  t im e  o f  t h e  p e a k  w e re  a f f e c t e d  b y  te m p e r a ­

t u r e .  As t e m p e r a t u r e  in c r e a s e d ,  t h e  p e a k  m oved  to w a r d s  t h e  

b e g in n in g  o f  r e p r o d u c t io n  a n d  t h e  p e a k  n u m b ers  in c r e a s e d  ( F ig .

3 . 2 )  . T h e  r a t e s  becam e m o re  c o n s is t e n t  w hen  t h e  a p h id s  w e re  

r e a r e d  a t  lo w  t e m p e r a t u r e s .  I n  a  f i e l d  s t u d y ,  C annon  (1 9 8 4 )  

o b s e r v e d  t h e  a v e r a g e  r e p r o d u c t iv e  r a t e  on  w i n t e r  w h e a t  a s  4 .2  

nym phs p e r  d a y , h o w e v e r  t h e  n u m b er w as o b t a in e d  w i t h o u t  k n o w l­

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

t i v e  r a t e  o f  i n d i v i d u a l s .

T h e  m a j o r i t y  o f  M .  d i r h o d u m  a r e  i n i t i a l l y  fo u n d  on  lo w e r  

le a v e s  a n d  t h e n  m ove up  t o  t h e  f l a g s  a s  t h e  lo w e r  le a v e s  becom e  

s e n e s c e n t  ( W r a t t e n ,  1 9 7 5 ;  C annon 1 9 8 1 ;  D e a n , 1 9 7 3 ) .  W a t t  (1 9 7 9 )  

i n  a  f i e l d  t r i a l  a n d  T h o rn b a c k  (1 9 8 3 )  i n  t h e  l a b o r a t o r y  fo u n d  no  

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

o f  M .  d i r h o d u m ,  w h ic h  i s  i n  a g re e m e n t  w i t h  t h e  r e s u l t s  f ro m  t h i s  

s tu d y  e x c e p t  t h e  a p h id s  w h ic h  h a d  f e d  on  f l a g  le a v e s  w e re  s l i ­

g h t l y  m o re  fe c u n d  t h a n  t h e s e  on t h e  s e c o n d  o r  t h i r d  le a v e s .

Hu & G u i (1 9 8 5 )  fo u n d  t h a t  i n t r i n s i c  r a t e  o f  i n c r e a s e  o f  M .  

d i r h o d u m  was a f f e c t e d  b y  t e m p e r a t u r e .  T h e  r a t e s  a r e  s i m i l a r  t o  

th o s e  i n  t h i s  s tu d y  a t  t h e  r e s p e c t i v e  t e m p e r a t u r e s  a l th o u g h  t h e  

n e t  r e p r o d u c t i v e  r a t e  (Rq) a n d  m ean a g e  o f  t h e  a p h id s  (T c) w e re  

d i f f e r e n t  i n  t h e s e  s t u d i e s .  M id d le  i n f l o r e s c e n c e  t o  m id d le
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f l o w e r i n g  w e re  t h e  m o s t f a v o u r a b le  s ta g e s  f o r  a p h id  r e p r o d u c t io n  

w i t h  t h e  h ig h e s t  i n t r i n s i c  r a t e  o f  i n c r e a s e  w h ic h  t h e  m id d le  

m i l k  t o  d o u g h  s ta g e s  w e re  l e s s  f a v o u r a b le  t h a n  s e e d l in g s .

T h e  h ig h  a d u l t  m o r t a l i t y  r e c o r d e d  a t  20°C  i n  t h i s  s tu d y  may

h a v e  b e e n  d u e  t o  a  l a t e  i n f e s t a t i o n  o f  m ild e w  ( E . g r a m l n i s )  on  

t h e  s e e d l in g s , ,  w h ic h  m ay a ls o  h a v e  a f f e c t e d  t h e  r e p r o d u c t iv e  

r a t e  a t  t h i s  t e m p e r a t u r e .

N i t r o g e n  h a s  a  s i g n i f i c a n t  e f f e c t  on d e v e lo p m e n t  a n d  r e p r o d ­

u c t i v e  r a t e s  o f  M .  d i r h o d u m  u n d e r  c o n t r o l l e d  c o n d i t io n s  u s in g  

a n  a r t i f i c i a l  d i e t  (T h o rn b a c k , 1 9 8 3 ;  V e i j k e n ,  1 9 7 9 )  b u t  no  

s i g n i f i c a n t  e f f e c t  was fo u n d  i n  t h e  f i e l d  t r i a l  (T a b le  3 . 5 )  . The  

a p h id s  w e re  c o n f in e d  t o  g r e e n  f l a g  le a v e s  w h ic h  p r o b a b ly  s u p ­

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

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

c i a l  d i e t ,  c o m p a re d  w i t h  w h e a t  a t  a  l a t e r  g r o w th  s ta g e  w i t h  d i f ­

f e r e n t  n i t r o g e n  l e v e l s .  P a r t  o f  t h e  e x p l a n a t i o n  o f  t h e  h ig h  

m o r t a l i t y  i n  t h e  f i e l d  (T a b le  3 . 6 )  was t h a t  t h e  y o u n g  nym phs a n d  

a l a t e s  becam e s tu c k  t o  t h e  c l i p  c a g e  w a l l s .

T h e  in t r o d u c e d  nymphs i n  t h e  f i r s t  g e n e r a t io n  w e re  f ro m  a  

c ro w d e d  c u l t u r e  a n d  a  p r o p o r t io n  o f  t h e s e  a p h id s  c o u ld  a l r e a d y  

b e  a l a t e  i n  t h e  a l a t e  p r o d u c t io n  s t u d y .  H o w e v e r , no  a l a t e s  

d e v e lo p e d  i n  t h e  c a g e  w i t h  o n e  nymph i n  t h e  f i r s t  g e n e r a t io n .  

T h e r e f o r e ,  d a t a  fro m  b o th  g e n e r a t io n s  w e re  c o m b in e d  f o r  t h e  

a n a l y s i s .

E f f e c t i v e n e s s  o f  p i r i m i c a r b  on t h e  r o s e  g r a i n  a p h id  was
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s i m i l a r  f o r  y o u n g  s e e d l in g s  a n d  m a tu r e  w h e a t p l a n t s .  M o r t a l i t y  

w as a b o v e  50% f o r  e i g h t  d a y s . I t s  e f f e c t i v e n e s s  c o u ld  b e  re d u c e d  

d u e  t o  b a d  w e a t h e r  c o n d i t io n s .
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CHAPTER FOUR: THE MODEL

4 .1  T h e  c e r e a l  a p h id  s y s te m

A s y s te m s  a n a ly s is  a p p ro a c h  was u s e d  t o  s tu d y  t h e  i n t e r a c ­

t i o n s  b e tw e e n  w e a t h e r ,  c ro p  an d  a p h id s .

T h e  c e r e a l  a p h id  s y s te m  c an  b e  d e s c r ib e d  i n  te r m s  o f  t h r e e  

t y p e s  o f  v a r i a b l e  a n d  t h e i r  i n t e r a c t i o n s  ( F ig .  4 . 1 ) :  i )  S t a t e  

v a r i a b l e s  a r e  q u a n t i t i e s  w h ic h  c a n  b e  m e a s u re d  a t  a n y  i n s t a n t ,  

f o r  e x a m p le , a p h id  p o p u la t io n  s i z e ;  i i )  R a te  v a r i a b l e s  d e t e r ­

m in e  t h e  r e l a t i v e  s p e e d  a t  w h ic h  t h e  s t a t e  v a r i a b l e s  c h a n g e  an d  

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

e x a m p le , d e v e lo p m e n t r a t e ;  i i i )  D r i v i n g  v a r i a b l e s  a r e  th o s e  

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

t h e  s y s te m , f o r  e x a m p le , t e m p e r a t u r e .  The r e l a t i o n s h i p s  b e tw e e n  

v a r i a b l e s  a r e  e x p r e s s e d  as tw o  ty p e s  o f  f lo w :  m a t e r i a l  f lo w  ( f o r  

e x a m p le , i n d i v i d u a l  a p h id s  b e tw e e n  s t a t e  v a r i a b l e s )  a n d  in f o r m a ­

t i o n  f lo w  ( F ig .  4 . 1 ) .

C om ponents  i n  e a c h  s u b s y s te m  m ay i n t e r a c t  w i t h  e a c h  o t h e r ,  

an d  a ls o  w i t h  ones  i n  o t h e r  s u b s y s te m s . To i d e n t i f y  such  

r e l a t i o n s h i p s  an  i n t e r a c t i o n  m a t r i x  was c o n s t r u c t e d  ( F i g .  4 . 2 )  

( H o l t  e t  a l . ,  1 9 8 7 ) .

4 . 2  D e v e lo p m e n t o f  t h e  M o d e l

T h e  m o d e l s im u la t e s  p o p u la t io n  d e v e lo p m e n t o f  M .  d i r h o d u m , 

i t s  dam age p o t e n t i a l  an d  s t r a t e g i e s  t o  c o n t r o l  i t  on  w i n t e r
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F i g .  4 .1  R e l a t i o n a l  d ia g ra m  o f  p o p u la t io n  g ro w th  a n d  d e v e lo ­

p m en t o f  M e t o p o l o p h i u m  d i r h o d u m  (w h e re  r e c t a n g le s  r e p r e s e n t  

s t a t e  v a r i a b l e s ;  v a lv e s  r a t e  v a r i a b l e s ;  p a r e n th e s e s  d r i v i n g  

v a r i a b l e s ;  s o l i d  a r ro w s  m a t e r i a l  f lo w  an d  d o t t e d  a r r o w s  in f o r m a ­

t i o n  f l o w ) .
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(Tem perature)
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F i g .  4 .2  R e la t io n s h ip s  b e tw e e n  co m p o n en ts  i n  t h e  M e t o p o l o -  

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

o f  ro w  co m p o n en ts  on c o r r e s p o n d in g  co lu m n  c o m p o n e n ts ; ■  r e p r e ­

s e n ts  r e l a t i o n s  b e tw e e n  e le m e n ts  in c o r p o r a t e d  i n  t h e  m o d e l;  O  

i n d i c a t e s  t h a t  r e l a t i o n s h i p s  o r  i n t e r a c t i o n s  may e x i s t  b u t  a r e  

n o t  in c lu d e d  i n  t h e  m o d e l;  b la n k  c e l l s  i n d i c a t e  t h a t  no r e l a ­

t i o n s h i p s  a r e  th o u g h t  t o  e x i s t  b e tw e e n  r e s p e c t i v e  e le m e n ts )
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w h e a t  i n  sum m er i n  E n g la n d .  T h e  m o d e l,  w h ic h  i s  d e t e r m i n i s t i c ,  

w as w r i t t e n  i n  F o r t r a n  77 a n d  r u n  o n  a  V a x /v m s  s y s te m .  T h e  m o d e l 

i s  l i s t e d  i n  A p p e n d ix  I  t o g e t h e r  w i t h  a  d e s c r i p t i o n  o f  t h e  v a r i ­

a b le s  u s e d  i n  t h e  m o d e l.  T h e  m o d e l c o n s i s t s  o f  t h e  f o l l o w i n g  

s e c t i o n s  ( F ig .  4 . 3 ) .

4 . 2 . 1  I n i t i a l i z a t i o n  a n d  D a ta  I n p u t

A r r a y  d im e n s io n s  ( s i z e  a n d  n u m b e r o f  e le m e n ts )  o f  v a r i a b l e s  

a n d  t y p e s  o f  v a r i a b l e s  ( r e a l  o r  i n t e g e r )  a r e  d e c la r e d  w h e re  

n e c e s s a r y .  V a lu e s  o f  v a r i a b l e s  a n d  p a r a m e te r s  a r e  i n p u t  a s  

f o l l o w s :

i )  V a r i a b l e s  w i t h  a s i n g l e  v a l u e :  n u m b e r o f  s e n s i t i v i t y

a n a ly s e s ;  i n d i c e s  o f  c h a n g e d  v a lu e s  f o r  p a r a m e te r s  i n  t h e  s e n ­

s i t i v i t y  a n a ly s e s ;  d a te s  o n  w h ic h  t h e  m o d e l s t a r t s  a n d  e n d s ;  

l a t i t u d e  o f  t h e  s i t e  (5 1  a t  R o th a m s te d )  ; t h e  h i g h e s t  a n d  lo w e s t  

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

m e t r e ;  i n i t i a l  c r o p  s t a g e ;  g r a i n  p r i c e ,  £ / t ;  w h e e l in g  l o s s  d u e  

t o  t h e  i n s e c t i c i d e  a p p l i c a t i o n  (%) a n d  i t s  a p p l i c a t i o n  c o s t s ,  

a n d  t h r e s h o l d  t e m p e r a t u r e  f o r  a p h id  d e v e lo p m e n t .

i i )  V a r i a b l e s  i n  a r r a y s :  d a i l y  m ax im um  a n d  m in im u m  te m p e r a ­

t u r e s ;  s u c t i o n  t r a p  s a m p le s .

i i i )  L o g ic  v a r i a b l e s :  LE A P , l e a p  y e a r  ( y e s )  o r  n o t ;  CTOUT, 

c o n t r o l l i n g  o u t p u t  d a t a ;  s k i p  v a r i a b l e s ,  s k i p p i n g  c e r t a i n  

p r o c e d u r e s  o r  u s in g  a l t e r n a t i v e  d a t a  i n  t h e  m o d e l .
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F i g .  4 .3  F lo w  d ia g r a m  o f  t h e  m o d e l
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4 . 2 . 2  M i g r a t i o n

M . d i r h o d u m  o v e r w in t e r s  p r i m a r i l y  h o l o c y c l i c a l l y  i n  e a s t  

E n g la n d ,  a n d  c o l o n i e s  i n  t h e  c e r e a l  c r o p s  o r i g i n a t e  f r o m  im ­

m ig r a n t s  (D e a n , 1 9 7 3 ; C a r t e r  e t  a l . r 1 9 8 2 ) .  T h e  m o d e l i s  t h e r e ­

f o r e  i n i t i a l i z e d  b y  m i g r a t i o n  a s  t h e  o n l y  a p h id  i n p u t  s o u r c e .

A  n e t w o r k  o f  s u c t i o n  t r a p s  h a s  b e e n  o p e r a t e d  s in c e  1 9 6 8  

( T a y l o r ,  1 9 7 7 )  . I t s  d a t a  h a v e  b e e n  u s e d  i n  t h e  a d v i s o r y  s e r v i c e  

t o  f o r e c a s t  a p h id  p o p u l a t i o n s  ( B a r t l e t  e t  a l . ,  1 9 9 0 )  . T h e  n u m b e r 

o f  im m ig r a n t  R.  p a d i  a n d  t h e  m ax im um  d e n s i t y  i n  s p r i n g  c e r e a l  

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

c a n  b e  u s e d  t o  f o r e c a s t  a p h id  p o p u l a t i o n  t r e n d s  w i t h  a  p o p u la ­

t i o n  g r o w t h  m o d e l ( W i k t e l i u s ,  1 9 8 2 ) .  C a r t e r  e t  a l .  ( 1 9 8 0 )  

o b t a in e d  a  s i g n i f i c a n t  c o r r e l a t i o n  b e tw e e n  t h e  n u m b e r o f  S.  

a v e n a e  c a u g h t  i n  t h e  s u c t i o n  t r a p  (1 2 .2 m ) a t  B ro o m s  B a r n  a n d  t h e  

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

N o r w ic h .  T h is  s u g g e s ts  t h a t  t h e  n u m b e r o f  im m ig r a n t s  c a n  b e  

e s t im a t e d  f r o m  s u c t i o n  t r a p  s a m p le s . S u c t io n  t r a p s  h a v e  b e e n  

u s e d  t o  e s t im a t e  t h e  im m ig r a n t s  l a n d i n g  o n  c e r e a l s  i n  s e v e r a l  

s i m u l a t i o n  m o d e ls  ( C a r t e r ,  1 9 7 9 ;  W in d e r ,  1 9 ^ 0 ) .

T h e  s u c t i o n  t r a p  w as d e s ig n e d  a n d  s t a n d a r d i z e d  f o r  i n s e c t  

s u r v e y  s a m p l in g  ( T a y lo r  & P a lm e r ,  1 9 7 9 ) .  T h e  s u c t i o n  t r a p  

i n c l u d e s  tw o  d e n s i t y  p r o f i l e s :  v e r t i c a l  a n d  h o r i z o n t a l .  I n  t h e  

v e r t i c a l  p r o f i l e ,  t h e  m ean d e n s i t y  o f  f l y i n g  a p h id s  d im in is h e s  

w i t h  h e i g h t  a c c o r d in g  t o  t h e  e x p r e s s io n  ( J o h n s o n ,  1 9 5 7 ) :
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/ ( Z )  =  C  ( Z  +  Z e ) x ( 4 . 1 )

w h e r e  / ( Z)  i s  t h e  d e n s i t y  a t  h e i g h t  Z , C i s  a  c o n s t a n t  o r  s c a le

f a c t o r  r e l a t e d  t o  p o p u l a t i o n  s i z e ,  1  i s  a  r e g r e s s i o n  c o e f f i c i e n t  

o r  g r a d i e n t  o f  d e n s i t y  a n d  Ze i s  a m e a s u re  o f  t h e  d e p a r t u r e  f r o m  

l i n e a r i t y  o n  l o g a r i t h m i c  c o - o r d i n a t e .

T h e r e f o r e  t h e  t o t a l  n u m b e r o f  i n s e c t s  i n  a  g i v e n  v o lu m e  o f  

a i r  i n  s p a c e  (T im )  c a n  b e  i n t e g r a t e d  b e tw e e n  tw o  h e i g h t s ,  z x a n d  

z 2, g i v i n g  t h e  h o r i z o n t a l  p r o f i l e .

Tim =
z 2
C (z +Z, z j M z d s ( 4 . 2 )

w h e re  s i s  t h e  a r e a  o f  t h e  h o r i z o n t a l  p r o f i l e .

T h e  m e a n  d a i l y  d e n s i t y  g r a d i e n t  X,  r a n g e s  f r o m  - 0 . 5  t o  - 1 . 5  

f o r  a p h id s .  A l t e r n a t i v e l y ,  t h e  t o t a l  n u m b e r  f l y i n g  a t  a  c e r t a i n  

h e i g h t  i n  t h e  a i r  c o u ld  b e  e s t im a t e d  f r o m  a s im p le  r e g r e s s io n  

e q u a t i o n  u s in g  t h e  m ean d e n s i t y  g r a d i e n t  o f  - 1 . 0  a s  t h e  r e g r e s ­

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

( J o h n s o n ,  1 9 5 7 )  .

L o g  D =  a  + b L o g ( Z )  ( 4 . 3 )

w h e re  D i s  a p h id  d e n s i t y  a n d  Z i s  h e i g h t .

T h e  r a t e  a t  w h ic h  t h e s e  a p h id s  a r e  d e p o s i t e d  o n  t h e  g r o u n d  

d e p e n d s  o n  t h e  d u r a t i o n  o f  f l i g h t  ( T a y lo r  & P a lm e r ,  1 9 7 2 ) .  T he  

d e p o s i t i o n  r a t e s  w i t h  m ean f l i g h t  t im e s  a n d  d e n s i t y  g r a d i e n t s
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f r o m  0 t o  - 2  a r e  p r e s e n t e d  i n  T a b le  4 . 1  ( T a y lo r  & P a lm e r ,  1 9 7 2 )  . 

F o r  a p h id s ,  a n  a v e r a g e  f l i g h t  t im e  i s  2 h o u r s  ( J o h n s o n ,  1 9 5 7 ;  

T a y l o r ,  1 9 5 8 )  w i t h  a  d e n s i t y - h e i g h t  g r a d i e n t  o f  - 1 . 0  ( J o h n s o n ,  

1 9 5 7 ,  C a ln a id o  e t  a l . f 1 9 6 5 ) .  T h e r e f o r e ,  a  d e p o s i t i o n  r a t e  o f  

2 3 7  a p h id s  h a "1 i s  o b t a in e d  f o r  e a c h  a p h id  c a u g h t  i n  a  t r a p .  

H o w e v e r ,  t h i s  r a t e  u n d e r e s t im a t e s  t h e  n u m b e r o f  a l a t e  S.  a v e n a e  

l a n d i n g  o n  c e r e a l s  b y  a  f a c t o r  o f  40 ( C a r t e r  e t  a l . ,  1 9 8 2 ) .

T a b le  4 . 1  E s t im a t e d  l a n d i n g  r a t e s  p e r  a p h id  i n

s u c t i o n  t r a p  s a m p le s  ( A f t e r  T a y l o r  & P a lm e r ,  1 9 7 2 )

D e n s i t y
g r a d i e n t

b 0 . 5 1

M ean

2

f l i g h t  t im e  

4

( h o u r s )

8 12 24

L a n d in g r a t e / h a / d a y

0 1 0 3 1 9 5 1 5 9 2 5 8 0 1 2 9 0 645 430 215

- 0 . 5 1 6 6 0 830 415 2 0 7 104 69 34

- 1 . 0 949 474 237 118 59 39 20
- 1 . 5 2 0 1 6 1 0 0 8 504 252 1 2 6 84 42

- 2 . 0 1 0 3 1 9 5 1 5 9 2 5 8 0 1 2 9 0 645 430 215

A p h id s  c a u g h t  i n  a s u c t i o n  t r a p  r e p r e s e n t  t h e  a e r i a l  p o p u l ­

a t i o n  f r o m  a n d / o r  t o  c e r e a l  f i e l d s .  I n  M ay a n d  J u n e ,  m o s t  o f  t h e  

a l a t e s  a r e  e m ig r a n t s  f r o m  t h e  p r im a r y  h o s t  o r  g r a s s e s .  A s  c e r e a l  

c r o p s  r i p e n  a n d  t h e  a p h id  p o p u l a t i o n  i n c r e a s e s ,  a n  i n c r e a s i n g  

p r o p o r t i o n  o f  t h e  a p h id s  d e v e lo p s  i n t o  a l a t e s  a n d  s t a r t s  t o  

e m ig r a t e .  T h e s e  e m ig r a n t s  f r o m  c e r e a l s  p r e d o m in a t e  i n  t h e  t r a p
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s a m p le s  l a t e r  i n  t h e  s e a s o n .  T h e r e f o r e ,  a s im p le  a l g o r i t h m  (E q u ­

a t i o n  4 . 4 )  w as u s e d  t o  e s t im a t e  t h e  n u m b e r o f  im m ig r a n t s  f r o m  

t h e  t o t a l  n u m b e r i n  t h e  t r a p  ( F ig .  4 . 4 ) ,  w h e re  t h e  p r o p o r t i o n  o f

im m ig r a n t s  ( I )  i n  s u c t i o n  t r a p  

c u r r e n t  c r o p  g r o w t h  s ta g e  (Sc) 

f i r s t  a p p e a r  (Px) a n d  t h e  c r o p  

e m ig r a n t s  (P2) .

Sc " Pi
I  = I c (1 -  __________ )

P2 -  Px

T h e  n u m b e r o f  t h e s e  a l a t e s  

fo r m e d  t o  im m ig r a n t s  l a n d i n g  

( E q u a t io n  4 . 5 ) .

s a m p le s  ( I c) i s  d e p e n d e n t  o n  t h e  

, t h e  c r o p  s ta g e  w h e n  e m ig r a n t s  

g r o w th  s ta g e  w h e n  a l l  a l a t e s  a r e

(P 2 >  Sc >  P, & Px *  P2) ( 4 . 4 )

c a u g h t  i n  s u c t i o n  t r a p  i s  t r a n s -  

p e r  s h o o t  a n d  m u l t i p l i e d  b y  40

P r o p o r t i o n  o f  I m m i g r a n t s

Crop growth stage

F i g .  4 .4  P r o p o r t i o n  o f  a l a t e s  i n  s u c t i o n  t r a p  s a m p le s  
e s t im a t e d  a s  im m ig r a n t s  ( d o t t e d  l i n e s  i n d i c a t e  
p o s s i b l e  a l t e r n a t i v e  t r a n s f o r m a t i o n s ) .
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Dinon = 1 * 2 3 7 * 4 0 /sh (4 .5 )
w here  sh  i s  5000000 , th e  num ber o f  s h o o ts /h a .

T hese  im m ig ra n ts  a r e  assum ed t o  r e p ro d u c e  im m e d ia te ly  a f t e r  
s e t t l i n g  on c e r e a l s  and  rem a in  u n t i l  th e y  d i e .  A la te s  w hich  
d e v e lo p  i n  th e  f i e l d  a r e  assum ed  t o  e m ig ra te  a f t e r  m o u l t in g  t o  
t h e  a d u l t  s t a g e .

4 .2 .3  P h y s io l o g ic a l  tim e  c a l c u l a t i o n
The r a t e  o f  d ev e lo p m en t o f  i n s e c t s  i s  p r i m a r i l y  d e te rm in e d  

by  te m p e r a tu r e .  I n s e c t s  h av e  t o  r e c e iv e  c e r t a i n  am ounts o f  a c ­
c u m u la te d  te m p e r a tu r e s  (above a  te m p e r a tu r e  t h r e s h o l d  be low  
w h ich  th e y  s to p  d e v e lo p in g )  t o  d e v e lo p  from  one s t a g e  t o  th e  
n e x t .  T hese  a c c u m u la te d  te m p e r a tu r e s  a r e  c a l l e d  'p h y s i o l o g i c a l  
t i m e ' and  a r e  e x p r e s s e d  in  day  o r  h o u r  d e g r e e s .  Hughes (1962) 
in t r o d u c e d  a  m ethod  t o  u p d a te  i n s e c t  d e v e lo p m e n t on a  p h y s i o l ­
o g i c a l  t im e  s c a l e  i n s t e a d  o f  c a l e n d e r  t im e . T h is  m ethod  h a s  been  
w id e ly  u s e d  i n  many s im u la t io n  s t u d i e s .  In  t h e  c u r r e n t  m odel, 
t h e  a p h id  p o p u la t io n  i s  u p d a te d  on a  p h y s i o l o g i c a l  t im e  s c a l e ,  
b u t  th e  o u tp u t  i s  p r e s e n te d  i n  r e a l  t im e . T h is  a l lo w s  d i r e c t  
c o m p a riso n  w ith  f i e l d  d a t a .

T e m p e ra tu re  d a ta  a r e  u s u a l l y  r e c o r d e d  a s  maximum an d  minimum 
te m p e r a tu r e s  e a c h  d a y . H o u rly  te m p e r a tu r e s  a r e  e s t im a te d  from  
th e s e  t e m p e r a tu r e s .  D a ily  maximum and  minimum te m p e r a tu r e s  a r e  
assum ed  to  o c c u r  a t  1 4 :0 0  an d  s u n r i s e  r e s p e c t i v e l y .  The a c t u a l  
t im e  o f  s u n r i s e  i s  d e p e n d e n t on l a t i t u d e  an d  t h e  tim e  o f  th e  
y e a r .  H o u rly  te m p e r a tu r e  a r e  assum ed t o  ch an g e  a c c o r d in g  t o  a 
s i n e  c u rv e  (F ig . 4 .5 )  w hich  i s  r e p r e s e n te d  by t h r e e  e q u a t io n s :
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F ig .  4 .5  The c u rv e  u s e d  t o  c a l c u l a t e  h o u r ly  te m p e r a tu r e s  o f  e ac h  d a y .



W hen i  <  T r

t  ( i )  = (ymax( d - l )  -  Yxnin (d) ) * (cos [ ( i  -  2Tr -  1 0 ) k  
/ ( 1 0  -  T r ) / 2  + (ymax (d -1 ) + ymin( d ) ) / 2 (4 .6 )

When T r < i  < 14
t  ( i )  = (ymax(d) -  ymi„ (d ))  * { - c o s [ ( i  -  T r)7 t/(1 4  -  T r ) ] } /2

+ (y».«(d) + y„in( d ) ) / 2  (4 .7 )

When i  > 14
t ( i )  = (ymax(d) -  yrain(d + l) )  * c o s [ ( i  

+ (ymax(d) + ymin( d + l ) ) / 2
-  14) tu/  (10 -  Tr) ] / 2

(4 .8 )

Where ymax-----th e  maximum te m p e r a tu r e  th e  day  b e f o r e
Y m in -----th e  minimum te m p e r a tu r e  th e  day  a f t e r
i  ----- tim e  (1 t o  24 h o u r)
t  ----- h o u r ly  te m p e r a tu r e
T r ----- tim e  o f  s u n r i s e
d ----- The day  c o n c e rn e d
k  ----  3 .1416

A developm ent th r e s h o ld  was c a l c u l a t e d  from  D e an 's  (1974) 
s tu d y  o f  c e r e a l  a p h id s  on b a r le y  l e a f  d i s c s  in  th e  la b o r a to r y  
(T ab le  4 .2 ) .  Two s i g n i f i c a n t  l i n e s  d e s c r ib e  th e  d a ta  (F ig . 4 .6 ) :

d vX( t)  = (0 .522  + 0 .24  t )  * lO-3
r  = 0 .9 8 , p = 0 .0 1  ( t  < 20°C) (4 .9 )

d ^ f t )  = (8 .9 1 7  -  0 .1 9 8  t )  * 10"3
r  = 0 .9 9 , p = 0 .0 5  ( t  > 20°C) (4 .1 0 )
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A ssum ing th e  r e l a t i o n s h i p  o f  i s  t r u e  be lo w  10°C, th e  
d e v e lo p m e n t t h r e s h o l d  i s  -2 .2 °C . To c a l c u l a t e  p h y s i o l o g i c a l  tim e  
( h o u r - d e g r e e s ,  H°) , t h e  h o u r ly  te m p e r a tu r e s  a r e  c o n v e r te d  t o  H° 

by a d d in g  2 .2  when t h e s e  te m p e r a tu r e s  a r e  b e tw e en  -2 .2 °C  and  
20.0°C  (E q u a tio n  4 .1 1 ) .  When th e  te m p e r a tu r e s  a r e  b e tw e en  20.0°C  
an d  27 .5°C , th e  d ev e lo p m en t r a t e s  a r e  c a l c u l a t e d  by E q u a tio n
4 .1 0  and  th e n  th e  p h y s io lo g i c a l  tim e  i s  c a l c u l a t e d  from  E q u a tio n  
4 .1 2 :

H° = t  ( i )  + 2 .2  ( - 2 . 2°C < t  ( i )  < 20°C) (4 .1 1 )
H° = d v f^ d v a C t ( i )  ] } + 2 .2  (20°C < t  ( i)  < 27.5°C) (4 .1 2 )

The p h y s io lo g i c a l  t im e  i s  z e ro  i f  t ( i )  < -2 .2 °C  o r  t ( i )  > 
2 7 .5°C

D a ta  from  e x p e r im e n ts  i n  t h i s  s tu d y  (se e  C h a p te r  3) a r e  a l s o  
in c o r p o r a t e d .  The p h y s io lo g i c a l  t im e  i s  c a l c u l a t e d  above  a 
d e v e lo p m e n t t h r e s h o l d ,  - 0 .2 6 ° .

R e p ro d u c t iv e  r a t e s ,  num ber o f  nymphs p e r  h o u r - d e g r e e  p e r  
d a y , a r e  c a l c u l a t e d  a ssu m in g  a r e p r o d u c t iv e  t h r e s h o l d  o f  5°C. 
H o u r-d e g re e s  a r e  assum ed  t o  be  h a l f  when th e  te m p e r a tu r e  was 
b e tw een  5 an d  10, an d  20 an d  25°C, and  one e ig h t h  when th e
te m p e r a tu r e  i s  o v e r  25°C a s  th e  r e p r o d u c t iv e  r a t e  was s i g n i f i ­
c a n t l y  r e d u c e d  a t  t h e s e  te m p e r a tu r e  re g im e s  (Dean 1974a; Hu & 
Gui 1 9 8 5 ) .
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4 .2 .4  D evelopm ent and  s u r v i v a l
D evelopm en t t im e s  a r e  from  e x c i s e d  b a r l e y  d i s c s  Dean (1974) . 

The l o n g e v i t i e s  m easu red  i n  h o u rs  a r e  m u l t i p l i e d  by th e  te m p e ra ­
t u r e  above  th e  d e v e lo p m en t t h r e s h o l d  o f  - 2 . 2°C (F ig . 4 .6 )  to
c o n v e r t  t o  an  h o u r d e g re e  s c a l e  (T ab le  4 .2 )  . The l e n g th  o f  th e  
a l a t i f o r m  f o u r th  i n s t a r  i s  assum ed t o  be  1 .5  t im e s  t h a t  o f  
a p t e r a e  b a s e d  on s t u d i e s  o f  B r e v i c o r y n e  b r a s s i c a e  (H ughes, 
1963) . The l e n g th  o f  th e  l i f e  sp an  o f  a p te r o u s  a d u l t s  i s  
d e p e n d e n t on c ro p  g ro w th  s t a g e .  I t  i s  th e  l e n g t h  o b ta in e d  from  
Dean (1974b) b e f o r e  th e  en d  o f  i n f l o r e s c e n c e  (G .S . 59) and
d o u b le d  b e tw een  th e  en d  o f  i n f l o r e s c e n c e  an d  e a r l y  m ilk  (G .S. 
73) an d  i s  h a lv e d  a t  l a t e r  g ro w th  s t a g e s  (W att, 1979) . The a l a t e  
a d u l t  l i f e  sp an  i s  assum ed t o  be  h a l f  o f  t h e  a p te r o u s  a d u l t  l i f e  
sp an  b e f o r e  th e  end  o f  i n f l o r e s c e n c e  (W ra tte n , 1 9 7 7 ).

The d ev e lo p m en t d a ta  i n  t h i s  s tu d y  (T a b le  3 .3 )  a r e  a l s o  
in c o r p o r a t e d  i n to  th e  m ode l.

W att (1979) o b s e rv e d  t h a t  s u r v i v a l  (SUR) was d e p e n d e n t on 
c ro p  g ro w th  s t a g e s .  A p te ro u s  a l a t e  a d u l t  s u r v i v a l  r a t e  i s  0 .8 9  
b e f o r e  e a r l y  m ilk  (G .S . 73) and  0 .5 4  a f t e r  t h i s  g ro w th  s ta g e  
(W att, 1 9 7 9 ) . Nymphal s u r v i v a l  r a t e  i s  0 .8 7  b e f o r e  e a r l y  m ilk  
(G .S . 73) and  0 .2 3  a f t e r w a r d s .  Then, t h e s e  s u r v i v a l  r a t e s  a r e  
t r a n s f o r m e d  t o  r a t e s  p e r  h o u rd e g re e  o v e r  a  tim e  s c a l e .

SURi = Sur**t(2h°i)/Lil (5 .1 3 )
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T a b le  4 .2  D evelopm en t le n g th s  (H°) o f  M . d i r h o d u m  above  - 2 .2  
( a f t e r  Dean, 1974b) (The mean v a lu e s  e x c lu d e  t h a t  a t  
2 7 .5°C).

Temp. (°C) 1 st in s ta r 2nd in s ta r 3rd in s ta r 4th in s ta r rep -d e lav to t a l

10 1029.68 916.22 935.74 1212.68 280.6 4309.04
12.5 940.8 924.64 1026.06 1273.02 238.14 4140.99
5 899.56 823.88 963.2 1049.2 247.68 3928.48
17.5 902.26 957.24 1095.23 1203.67 131.99 4343.85
20 961.26 883.56 916.86 1165.5 202.02 4158.06
22.5 1029.99 1000.35 1190.54 1536.34 358.15 5011.63
25 1047.2 1093.44 1234.88 1689.12 1123.36 6106.4
27.5 1375.11 1541.43 2168.1 - - -

m 972.96 942.79 1051.8 1304.22 368.85 4571.21

The nymphs and  a d u l t s  a t  any g iv e n  s t a t e  a r e  r e p r e s e n t e d  by
a r r a y  Â  (^l, 2,3, • • • , k; k+1, 1+1, • • • , m; m+1, • • • , o; o+l, • • • , n)

w here  k i s  d e s ig n a te d  t o  th e  f i r s t  i n s t a r ,  Ak+lf _ . r 1 seco n d
i n s t a r  an d  so  on . A n o th e r  v e c t o r ,  a s s o c i a t e d  w ith  t h i s  p o p u la ­
t i o n  v e c t o r  An, i s  XN, w hich  h a s  th e  same l e n g t h  a s  AN and  in  
w h ich  e a c h  e le m e n t r e p r e s e n t s  th e  age  o f  t h e s e  a p h id s  i n  th e  
c o r r e s p o n d in g  e le m e n t i n  th e  AN a r r a y  (F ig . 4 . 7 ) .

U p d a tin g  o f  i n d i v i d u a l s  from  one e le m e n t t o  t h e  n e x t ,  i . e .  
from  Ar t o  Ar+1 o c c u rs  on a  r e a l  t im e  s c a l e .  The ag e  o f  th e s e  
i n d i v i d u a l s  i s  a l s o  u p d a te d  from  Xr t o  Xr+1 by a d d in g  th e  number
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o f  h o u rd e g re e s  o v e r  t h e  t im e  s t e p .  F o r c o m p u tin g  c o n v e n ie n c e , 
u p d a t in g  s t a r t s  w ith  th e  o l d e s t  age  c l a s s :

F ig .  4 .6  The r e l a t i o n s h i p  b e tw een  d ev e lo p m en t r a t e  (dv , h o u r-1 x 10"4) and  te m p e r a tu r e  ( t )  .

Ar — Ar-1 (4 .1 4 )
Xr = Xr_x + H° (4 .1 5 )

th e n  th e  u p d a te d  i n d i v i d u a l s  s t o r e d  i n  Ar_j. and  Xr_j_ a r e  d e l e t e d  
so  t h a t  i n d i v i d u a l s  i n  y o u n g e r age  c l a s s e s  can  be  u p d a te d .

Ar_! = 0 .0
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0 .0Xr - 1

U p d a tin g  from  one i n s t a r  t o  an o l d e r  one an d  from  th e  f o u r th  
i n s t a r  t o  th e  a d u l t  s t a g e  d ep en d s on th e  p h y s i o l o g i c a l  tim e  in  
th e  ag e  v e c t o r  XN (F ig . 4 .7 )  . F o r i n s t a n c e ,  i f  ^  i s  g r e a t e r  th a n  
o r  e q u a l  t o  th e  d ev e lo p m en t le n g th  o f  th e  f i r s t  i n s t a r ,  th e  
i n d i v i d u a l s  i n  th e  A,,, c e l l  a r e  moved t o  t h e  n e x t  e le m e n ts  in  
b o th  v e c t o r s  (A ^ , Xm+1) and  become th e  se c o n d  i n s t a r .  The num bers 
o f  i n d i v i d u a l s  a r e  m o d if ie d  by a s u r v i v a l  f a c t o r  (SUR(i) in  e a c h  
u p d a t in g  a s  th e y  a r e  moved t o  th e  n e x t  e le m e n t i n  t h e  AN:

Ar = Ar. 1*SUR(i) (4 .1 6 )

w here  SUR(i) i s  th e  s u r v i v a l  r a t e  o f  e a c h  d e v e lo p m e n t s t a g e  o v e r  
a  p h y s i o l o g i c a l  tim e  s c a l e  w hich  i s  t h e  l e n g th  o f  e a c h  u p d a t in g ;  
i  i s  1 , 2 , 3 , 4 , 5 f o r  t h e  f i r s t ,  s e c o n d , t h i r d ,  f o u r th  and  
a d u l t  r e s p e c t i v e l y  and  th e  s u r v i v a l  r a t e  o f  f o u r  nym phal s t a g e s  
i s  t h e  sam e.

Numbers o f  i n d i v i d u a l s  i n  e a c h  a p h id  g ro w th  s t a g e  ( i )  a r e  
su m m arised :

The f i r s t  i n s t a r ; T (1)
k

= j5 iA (i) (4 .17 )

The second  i n s t a r ; T ,(2) i J +iA ( i> (4 .18 )

The t h i r d  i n s t a r ; T,<3)
m

l= ? +lA(i> (4 .19 )

The f o u r th  i n s t a r ; V 4 )
o

-  S ,A ( i )i=m+l (4 .20 )
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THE ADULTS DYING OF OLD AGE

F ig .  4 .7  D iagram  f o r  u p d a t in g  th e  a p h id  p o p u la t io n  d ev e lo p m en t
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The a d u l t ; (4 .2 1 )

T o ta l  p o p u la t io n ;

N
V 5 >

w here  g i s  f o r  a p te r a e  o r  a l a t a e .

(4 .22 )

4 .2 .5  R e p ro d u c t io n  and  m orph d e te r m in a t io n
Im m ig ra n ts  la n d in g  on c e r e a l s  a r e  assum ed  t o  m a tu re  and  

p ro d u c e  nymphs a s  soon  a s  th e y  s e t t l e  on c e r e a l s ,  w h i le  a p te r o u s  
a d u l t s ,  w h ich  d e v e lo p  i n  th e  f i e l d ,  hav e  t o  p a s s  th ro u g h  a  p r e -  
r e p r o d u c t i v e  d e la y  ( s e e  C h a p te r  3 ) .  A la ta e  and  a p t e r a e  hav e  a 
m arked  d i f f e r e n c e  in  r e p r o d u c t iv e  r a t e  (W ra tte n , 1 9 7 7 ) . R ep ro ­
d u c t io n  a l s o  d ep en d s on te m p e r a tu r e  and  c ro p  g ro w th  s t a g e  (Dean, 
1974b; W ra tte n , 1978; W a tt, 1979 & s e e  C h a p te r  3) . The r e p ro d u c ­
t i v e  r a t e  o f  a p te r a e  i s  c a l c u l a t e d  a s  an a v e ra g e  o f  t h o s e  a t  10, 
15 , 20 an d  25°C (Dean, 1974b) an d  i s  0 .0 0 8 3 9  n y m p h s /h o u rd e -
g r e e / a p t e r o u s  a d u l t .  The r a t e  i s  assum ed  a s  th e  r a t e  on w in te r  
w h ea t b u t  i s  m o d if ie d  by 2 /3  f o r  th e  p e r io d  b e f o r e  t h e  s t a r t  o f  
a n t h e s i s  (G .S . 60) ( se e  C h a p te r  s i x ) ,  and  b e tw e en  e a r l y  m ilk  
(G .S . 73) an d  e a r l y  r i p e  (G .S .8 3 ) , an d  m o d if ie d  by 4 /5  f o r  th e  

p e r io d  b e tw een  th e  s t a r t  o f  a n t h e s i s  and  e a r l y  m ilk  s t a g e  
(T h o rn b ack , 1 9 8 3 ). A p te ra e  a r e  m ore fe c u n d  th a n  a l a t a e ,  p ro d u ­
c in g  27.42%  m ore nymphs ( a f t e r  W ra tte n , 1 9 7 7 ) . A la te  r e p r o ­
d u c t io n  r a t e s ,  t h e r e f o r e ,  a r e  c a l c u l a t e d  from  th e  a p te r o u s  r a t e s  
m u l t i p l i e d  by 0 .7 8 4 8 .

The r e p r o d u c t iv e  r a t e  o b ta in e d  on w in te r  w h ea t s e e d l in g s  in  
t h i s  s tu d y  i s  0 .0 0614  n y m p h s /h o u r - d e g r e e /a d u l t . T h is  r a t e  i s
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u s e d  a s  an  a l t e r n a t i v e  t o  th e  above from  th e  l i t e r a t u r e  i n  th e
m o d e l. M o d i f ic a t io n s  o f  t h i s  r a t e  on c ro p  g ro w th  s t a g e  and 
m orphs a r e  done a s  ab o v e .

Nymphs b o rn  on c e r e a l s  a r e  e i t h e r  a p te r i f o r m  o r  a l a t i f o r m .  
The m orph o f  an  a p h id  i s  d e te rm in e d  a t  b i r t h  i n  many a p h id  
s p e c i e s  (Dewar, 1977) w hich  i s  a l s o  u s e d  i n  th e  m o d e l. The 
p e r c e n ta g e  o f  a l a t i f o r m  nymphs (Pn) b o rn  from  th e  a p h id  p o p u la ­
t i o n  on c e r e a l s  i s  d e p e n d e n t on a p h id  d e n s i t y  (APdn) an d  c ro p  
g ro w th  s t a g e  ( c r s t a g e )  on S .  a v e n a e  ( C a r te r  e t  a l . r 1 9 8 2 );

Pn = -2 7 .1 8 9  + 0.026A Pdn + 0 .8 4 7 c r s ta g e  (4 .2 3 )

T h is  r e l a t i o n s h i p  i s  a l s o  u s e d  i n  t h i s  m odel an d  i s  r e a s o n a b le  
f o r  M . d i r h o d u m  from  th e  s im u la t io n  s tu d y  (See C h a p te r  5 ) .

4 .2 .6  C rop d ev e lo p m en t m odel
C rop g ro w th  s t a g e  a f f e c t s  th e  p o p u la t io n  g ro w th  o f  M . d i r ­

hodum  ( s e e  C h a p te rs  1 and  3) . T h e re fo re  a  c ro p  g ro w th  s ta g e  
subm odel was in c lu d e d  i n  th e  a p h id  m ode l. The d e c im a l code o f  
c ro p  g ro w th  s t a g e  (Zadoks e t  a l . ,  1974) was u s e d  i n  th e  m odel. 
C a r t e r  (1985) d e v e lo p e d  a  p o ly n o m ia l e q u a t io n  (4 .2 4 )  t o  d e s c r ib e  
th e  r e l a t i o n s h i p  b e tw een  c ro p  g row th  s t a g e  and  t h e  a c c u m u la te d  
p h y s i o l o g i c a l  t im e  above  a  c ro p  d e v e lo p m en t t h r e s h o l d  (6°C) :

c r s t a g e  = 2 6 .3 3 6  + 0 .1 7 3 to t  -  0 .0 00125  ( t o t ) 2 (4 .2 4 )

4 .2 .7  I n s e c t i c i d e
I n s e c t i c i d e  t r e a t m e n t s  a r e  in c o r p o r a t e d  t o  s tu d y  e f f e c t s  on
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a p h id  p o p u la t i o n  d e v e lo p m e n t. The i n s e c t i c i d e  can  b e  a p p l i e d  up 
t o  t h r e e  t im e s  i n  th e  m odel. T h e re  i s  l i t t l e  in f o r m a t io n  on 
i n s e c t i c i d e  p e r s i s t e n c e  in  th e  f i e l d  (RmrTap, m o r t a l i t y  r a t e )  . 
T h e r e f o r e ,  an  e x p o n e n t ia l  d ecay  (F ig . 4 .8 )  i s  u s e d  w ith  maximum 
an d  minimum m o r t a l i t y  r a t e s  (RpP an d  Rbb r e s p e c t i v e l y )  s e t  
a r b i t r a r i l y  a t  90% an d  25% r e s p e c t i v e l y .  I f  th e  m o r t a l i t y  r a t e  
f a l l s  be lo w  25%, t h e  r a t e  i s  s e t  t o  z e r o .

RmrTap = (4 .2 5 )

w here  L g t i s  t h e  p e r io d  o f  t h e  i n s e c t i c i d e  p e r s i s t e n c e ;  Tap i s  
t h e  t im e  a f t e r  s p r a y .

Aphid mortality (%)

F ig .  4 .8  R e l a t io n s h ip  b e tw een  i n s e c t i c i d e  p e r s i s t e n c e  and  p e r io d  a f t e r  i t  i s  a p p l i e d  (Rbb i s  t h e  lo w e s t  an d  RpP th e  
h i g h e s t  m o r t a l i t y ) .
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A r e l a t i o n s h i p  d e r iv e d  from  t h i s  e x p e r im e n ta l  s tu d y  i s  
i n c o r p o r a t e d  i n  th e  m odel a s  t h e  a l t e r n a t i v e  ( s e e  C h a p te r  3)

4 .2 .8  C rop y i e l d  l o s s
The r a t e  o f  a p h id  damage i s  m ea su re d  a s  a  p r o p o r t i o n  o f  th e  

p o t e n t i a l  y i e l d  p e r  a p h id  u n i t  p e r  day  (se e  E q u a tio n  4 .2 8 )  and  
d ep en d s  on c ro p  g ro w th  s t a g e  (T ab le  4 .3 )  (W ra tte n  e t  a l . r 1979; 
Lee e t  a l . ,  1981 an d  H o lt e t  a l . ,  1 9 8 4 ). When t h e  c ro p  d e v e lo p ­
m ent i s  b e f o r e  th e  s t a r t  o f  s tem  e lo n g a t io n  (G .S . 41) , i t  i s  
assum ed  t h a t  t h e  r o s e  g r a in  a p h id  d o es  n o t c a u s e  y i e l d  r e d u c t io n  
o r  th e  damage i s  co m p en sa ted  f o r  by th e  c ro p  (W ra tte n  e t  a l . ,  
1 9 7 9 ) . The d a ta  from  H o lt e t  a l .  (1984) i s  u s e d  f o r  t h e  p e r io d  
b e tw e en  th e  s t a r t  o f  stem  e lo n g a t io n  (G .S. 41) an d  th e  m id d le  o f  
i n f l o r e s c e n c e  (G.S.. 5 5 ) , b e c a u s e  th e  damage m ig h t o c c u r  in  th e  
l a t e  i n f e s t a t i o n  due t o  th e  lo n g  i n f e s t a t i o n  p e r io d s  i n  th e s e  
e x p e r im e n ts . The v a lu e s  f o r  o t h e r  p e r io d s  w ere  o b ta in e d  by 
c a l c u l a t i n g  th e  mean from  v a r io u s  d a ta  s e t s .

Y ie ld  l o s s  i n  p r o p o r t io n  t o  th e  p o t e n t i a l  y i e l d  was c a l c u ­
l a t e d  d a i l y  (E q u a tio n  4 .2 6 ) and  d epended  on t h e  damage r a t e  
(R 1J and  a p h id  u n i t s  (ApJ on th e  d ay .

L i  =  A p i R l i  ( 4 . 2 6 )

T hese  d a i l y  v a lu e s  a r e  a c c u m u la te d  t o  g iv e  th e  t o t a l  y i e l d  l o s s  
(T li) up t o  t h a t  day (E q u a tio n  4 .2 7 ) .  The a p h id  u n i t s  i n  a day 

w ere  c a l c u l a t e d  a s  in  e q u a t io n  4 .2 8  (se e  C h a p te r  1 ) .

T li = XLi (4 .27 )
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APi = (EN ulSjJ/S  + £(N uap4i + Nuapt + N ual4i + N u a lJ  (4 .28 )

w here  N ul3 ir Nuap4ir Nuapt , N ual4 i and  N uali a r e  num bers o f  i n ­
d i v i d u a l s  i n  th e  f i r s t  t o  t h i r d  i n s t a r ,  th e  f o u r th  a p te r o u s  
i n s t a r  an d  a p te r o u s  a d u l t ,  an d  th e  f o u r th  a l a t i f o r m  i n s t a r  and  
a l a t e  a d u l t  r e s p e c t i v e l y .

T a b le  4 .3  Y ie ld  l o s s  a s  a  p r o p o r t io n  o f  t h e  p o t e n t i a l  
y i e l d  p e r  a p h id  u n i t  day

Crop s t a g e P r o p o r t i o n a l  
y i e l d  l o s s

R e fe re n c eo ra s s u m p tio n

< G . S .  4 0 0 . 0

G . S , IV 0 1 < 5 5 1 , . 5 5 6  x

1Oi—1

G . S , . > 5 5  - < 6 0 3 , . 7 6 5  x H
1

O
i

G . S , . > 6 0  - < 7 0 4 . . 8 7  x 1 0 " 4

G . S , . > 7 0  - < 7 7 3 . . 8 3  x 1 0 " 4

G . S . . > 7 7  - < 8 3 1 . . 9 2  x 1 0 " 4 .

> G . S .  8 3 0 . , 0

a s su m p tio n  
H o lt e t  a l .  (1984)

W ra tte n  e t  a l .  (1979) 
4 Lee e t  a l .  (1981) 
.H o lt e t  a l .  (1984)

a s su m p tio n

4 .2 .9  C o n tro l  s t r a t e g i e s
T h re e  c o n t r o l  s t r a t e g i e s  a g a i n s t  M.  d i r h o d u m  a r e  c o n s id e r e d :  

n o n - c o n t r o l ,  p r o p h y l a c t i c  c o n t r o l  and  c o n t r o l  b a s e d  on a 
f o r e c a s t .  The econ om ics o f  t h e s e  s t r a t e g i e s  dep en d  on th e  a p h id  
p o p u la t i o n  l e v e l s  on c r o p s ,  c o s t  o f  c o n t r o l  (G eorge & G a ir ,  
197 9) , t h e  e x p e c te d  y i e l d ,  t h e  p r o b a b i l i t y  o f  an o u tb r e a k  (Pot) 
and  th e  a c c u ra c y  o f  any  a v a i l a b l e  f o r e c a s t  (Pfr) (W att, 1983) . 
P r o f i t a b i l i t y  o f  th e s e  s t r a t e g i e s  i s  com pared  a t  p a r t i c u l a r
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t im e s  when c o n t r o l  d e c i s io n s  h a v e  t o  be  m ade. The p r o p h y la c t i c  
c o n t r o l ,  h e r e ,  was d e f in e d  a s  c r o p  g ro w th  s t a g e  t r e a t m e n t .

The econ om ics o f  t h e  n o n - c o n t r o l  an d  p r o p h y l a c t i c  c o n t r o l  
s t r a t e g i e s  (B, £ /h a )  a r e  p r e s e n t e d  a s  f u n c t io n s  o f  a p h id  damage 
(Lap) , e x p e c te d  y i e l d  (ye) , th e  c o s t  o f  c o n t r o l  (Cctl) , w h e e lin g  
l o s s  (wl3) and  g r a in  p r i c e  (ypr) i f  t h e  p r o b a b i l i t i e s  o f  an 
o u tb r e a k  o r  n o n -o u tb re a k  a r e  100% (T a b le  4 .4 ) .

T a b le  4 .4  A p a y o f f  m a t r ix  o f  n o n - c o n t r o l  an d  p r o p h y la c t i c  
c o n t r o l  s t r a t e g i e s  u n d e r  n o n -o u tb r e a k  and  o u tb r e a k  
s i t u a t i o n s

Where Lsctl i s  th e  damage c a u s e d  by  th e  a p h id  p o p u la t i o n  a f t e r  an 
i n s e c t i c i d e  a p p l i c a t i o n .

A ph id  o u tb r e a k s  o n ly  o c c u r  o c c a s i o n a l l y  an d  f o r e c a s t i n g  
sy s te m s  a r e  u n l i k e l y  t o  be p e r f e c t  i n  t h e i r  a c c u ra c y  (W att, 
1 9 8 1 ) . T h e r e f o r e ,  th e  c o m p ariso n  o f  t h e s e  s t r a t e g i e s  s h o u ld  t a k e  
t h e s e  e le m e n ts  i n t o  a c c o u n t .  The eco n o m ics o f  t h e s e  s t r a t e g i e s  
i n  f i n a n c i a l  v a lu e s  can  be w r i t t e n :

N o n -c o n tro l P r o p h y la c t i c

N o n -o u tb re a k  Bnn =
O u tb re a k B,yn

N o n - c o n t r o l : Cbn Byn̂ ot ®nn ( ̂  ^ot) (4 .2 9 )
P r o p h y l a c t i c  c o n t r o l :  Cpc Bny (1 Pot) + ByyPot (4 .3 0 )
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C o n tro l  b a s e d  on f o r e c a s t :  Cfc = Bnn( l  -  Pot)P fr + ByyPotPfr + Bny( l
-  Pot) (1 -  Pfr) + BynPot (1 -  Pfr) (4 .3 1 )

The t h r e e  s t r a t e g i e s  a r e  com pared  by s u b t r a c t i n g  from  each  
o t h e r  when a  d e c i s io n  i s  n e ed ed  t o  d e c id e  a t  a  p a r t i c u l a r  c ro p  
g ro w th  s t a g e :

Cpc — Cbc; Cfc ~ Cpc and  Cfc -  Cbn

4 .2 .1 0  O u tp u t
A l l  o u tp u t s  a r e  f o r m a t te d  and  h e a d in g s  a r e  ad d ed  e x c e p t  

w here  d a ta  a r e  u s e d  f o r  g r a p h s .  T o ta l  a p h id  d e n s i t y ,  num bers o f  
1 s t  t o  3 rd  i n s t a r  nym phs, 4 th  i n s t a r s  and  a d u l t  a p t e r a e  and  
a l a t a e ,  c ro p  g row th  s t a g e ,  d a i l y  and  a c c u m u la te d  y i e l d  l o s s  and  
p r o f i t a b i l i t y  o f  i n s e c t i c i d e  t r e a tm e n t  and  c o m p ariso n  o f  th e  
t h r e e  c o n t r o l  s t r a t e g i e s  a r e  o u tp u t  a t  noon , e a c h  day  (O u tp u t 1, 
F ig .  4 . 3 ) .  A t th e  end  o f  t h e  s im u la t io n ,  a l l  in p u t  d a t a  a r e  
p r i n t e d  t o  e n s u re  t h a t  th e  m odel h a s  r e a d  th e  d a ta  c o r r e c t l y  
(O u tp u t 2 , F ig .  4 .3 ) .
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CHAPTER FIVE: SIMULATION RESULTS

5 .1  I n t r o d u c t i o n
F o u r c o n t r a s t i n g  y e a r s  w ere  u s e d  t o  v a l i d a t e  t h e  m odel: 

1979, 1985 , 1986 and  1987 a t  R o th a m ste d , H arp en d en , E n g lan d
( l a t i t u d e ,  51) . L a rg e  num bers o f  m ig r a n ts  o f  M . d i r o d u m  w ere 
c a u g h t i n  s u c t i o n  t r a p s  and  h ig h  d e n s i t i e s  o f  t h e  a p h id  w ere 
r e c o r d e d  on c ro p s  in  B r i t a i n  i n  1979 (T a y lo r  e t  a l . ,  1980) . The 
a p h id  d e n s i t y  in  1985 was a l s o  h ig h  b u t  lo w e r th a n  t h a t  i n  1979. 
Numbers o f  th e  a p h id  w ere be low  dam aging l e v e l s  i n  t h e  o t h e r  two 
y e a r s .

V e r i f i c a t i o n  o f  th e  m odel was d o n e . V a r i a b le s  i n  th e  m odel 
w ere  c h e c k e d  t o  e n s u re  t h a t  th e y  w orked in  th e  e x p e c te d  m anner.

The m odel was ru n  w ith  tim e  s t e p s  r a n g in g  from  one h o u r  t o  
12 h o u r s .  The p r e d i c t i o n s  o f  t h e  a p h id  p o p u la t i o n  i n  1979 from  
th e s e  s im u la t io n s  w ere s i m i l a r  (F ig . 5 . 1 ) .  B ut t h e  t im e  o f  
e x e c u t in g  th e  m odel was e i g h t  t im e s  f a s t e r  a t  12 h o u rs  (9 .8 2  
se c o n d s )  th a n  a t  one h o u r  (1 .4  m in u te s ) .  T h e r e f o r e  a l l  f u r t h e r  
s im u la t io n  s t u d i e s  w ere done u s in g  th e  12 h o u r  t im e  s t e p .

5 .2  S o u rc e  o f  a p h id  f i e l d  d a ta  a t  R o th am sted

1979
F i e l d  d a ta  w ere from  a m u l t i d i s c i p l i n a r y  w heat e x p e r im e n t 

(R o th am sted  R e p o r t ,  1980) and  an i n t e g r a t e d  a p h id  c o n t r o l  s tu d y
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D a t e

Fig. 5.1 Simulated aphid populations from the model in 1979 at time steps of one and 12 h.



(Dean e t  a l . , 1980). The multidisciplinary experiment had eight 
treatments (make of drill, irrigation, sowing dates, different 
levels of nitrogen, timing of nitrogen inputs, autumn pesticide, 
summer pesticide and fungicide) (total 134 plots) . Aphid 
densities were sampled in plots without summer pesticide treat­
ment on 25 June, 10, 16 and 24 July on 25 shoots per plot. These 
aphid densities were then calculated according to early or late 
sown plots, and the densities for each instar and adult alates 
and apterae were also calculated from the samples. Finally, the 
aphid densities in plots sprayed with summer pesticides were 
also sampled. The integrated aphid control study had four treat­
ments (control, aphicide, biological control and multichemical 
control) replicated three times (12 plots). The aphid densities 
were from samples on 10 shoots per plot in the control treatm­
ent. The cultivar in both studies was Hustler.

1985
Aphid densities were from an aphicide persistence study 

(Carter e t  a l . , 1989). Treatments were single applications of 
various aphicides on two occasions. The total aphid densities 
were obtained from eight plots receiving no aphicides.

1986
Total aphid densities were estimated from 12 plots receiving 

no aphicide in an aphicide persistence study (Carter et a l . ,

1989) .

1987
The aphid data were extracted from the field experiment 

described in Section 2.2 (Table 2.8).
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5.3 Validation of the model for four years

5.3.1 1979
The model slightly underestimated the field populations 

early in the season but predicted the observed data well later 
in the season in both the early and late sown crops (Fig. 5.2 A 
and B) . The predictions were slightly better in the latter. The 
model also predicted the date on which the maximum density was 
observed in both early and late sown cereals (Table 5.1) . After 
the peak density, the predicted population declined rapidly as 
the crop became unfavourable to aphid growth. However, there 
were no further aphid counts after the maximum number was 
observed in the field.

The model overestimated the field aphid population in the 
integrated aphid control study. However, the dates on which the 
maximum number was predicted and observed in the field were 
similar (Fig. 5.3) .

The model predicted the resurgence after the first aphicide 
was applied but the peak density of the resurgence was lower 
than the maximum number observed in the field (Fig. 5.4). The 
observed field population remained high while the population 
from the model decreased to a much lower level after the second 
aphicide application.

The model, when it used data on development, reproduction 
and alate production from this study, predicted the aphid

135



19 JUNE 4 JULY 19 JULY 3 AUGUST 4  JUNE 19 JUNE 4 JULY 19 JULY 3 AUGUST

D a te  D a te
Comparison of predicted and observed totdl aphid populations in early (A) and late (B) sown plots 
i 1 9 7 9 .
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p o p u la t i o n  b e t t e r  e a r l y  in  th e  se a so n  th a n  t h a t  u s in g  t h e s e  d a ta  
from  l i t e r a t u r e .  The maximum d e n s i t y  was s l i g h t l y  l e s s  th a n  t h a t  
u s in g  t h e  d a t a  from  l i t e r a t u r e  and  a l s o  s l i g h t l y  u n d e r e s t im a te d  
th e  o b s e r v e d  maximum d e n s i t y  (F ig . 5 . 5 ) .

The m odel p r e d i c t e d  th e  t o t a l  nym phal d e n s i t y  w e l l  i n  th e  
e a r l y  sown c e r e a l s  b e c a u s e  m ost o f  th e  a p h id  p o p u la t i o n  i n  th e  
f i e l d  a n d  i n  th e  m odel c o n s i s t e d  o f  nymphs (F ig . 5 .6  A) . The 
m odel a l s o  a c c u r a t e l y  p r e d i c t e d  th e  a p te r o u s  a d u l t  d e n s i t y ,  
e s p e c i a l l y  e a r l y  i n  th e  s e a s o n  (F ig . 5 .6  B ) . The p r e d i c t i o n  o f  
t h e  a l a t e  a d u l t  d e n s i t y  was h ig h e r  th a n  t h a t  o b s e rv e d  u n t i l  th e  
p r e d i c t e d  maximum d e n s i t y  when th e  p r e d i c t e d  p o p u la t i o n  d e c l in e d  
e a r l y  (F ig .  5 .6  C ) . H owever, th e  t o t a l  a l a t e  d e n s i t y  was low 
(T a b le  5 . 1 ) .

5 .3 .2  1985
The m odel p r e d i c t e d  th e  in c r e a s e  o f  t h e  t o t a l  a p h id  p o p u l­

a t i o n  i n  t h e  f i e l d  e a r l y  i n  th e  s e a s o n  (F ig . 5 .7  A ). B ut i t  
o v e r e s t im a te d  th e  o b s e rv e d  d e n s i t y  l a t e r  i n  th e  s e a s o n  by 45 
a p h id s / s h o o t  a t  t h e  peak  d e n s i t y  (F ig . 5 .7  A ) . The d a te  o f  th e  
maximum d e n s i t y  from  th e  m odel was se v e n  d a y s  l a t e r  th a n  t h a t  on 
w h ich  t h e  maximum d e n s i t y  was o b s e rv e d  in  th e  f i e l d  (T a b le  5 .1 )  .

6 .3 .3  1986
The m odel d id  n o t p r e d i c t  th e  i n i t i a l  f i e l d  p o p u la t io n  

(w hich  s t a r t e d  18 d ay s l a t e r  th a n  th e  m odel) and  o v e r e s t im a te d  
t h e  maximum d e n s i t y  i n  th e  f i e l d  (F ig . 5 .7  B ) . How ever, th e s e  
d e n s i t i e s  from  th e  m odel and  th e  f i e l d  w ere low  ( th e  maximum was 
8 / s h o o t  i n  th e  m odel and  2 / s h o o t  in  th e  f i e l d ) .
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F ig .  5 .6  C om parison  o f  p r e d i c t e d  an d  o b s e rv e d  a p h id  p o p u la t i o n s  (A, nym phs;B, a p te r o u s  a d u l t s  and  Cr a l a t e  a d u l t s )  i n  e a r l y  sown p l o t s  i n  1979 .
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F ig .  5 .7  C om parison  o f  p r e d i c t e d  an d  o b s e rv e d  t o t a l  a p h id  p o p u la t i o n s  (A ), i n  1985; (B) ,  i n  1986 an d  (C ), i n  1987.
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6 .3 .4  1987
The d e n s i t i e s  p r e d i c t e d  by th e  m odel w ere s i m i l a r  t o  th o s e  

o b s e rv e d  i n  th e  f i e l d  e a r l y  in  th e  s e a s o n . Then th e  d e n s i t y  was 
p r e d i c t e d  t o  i n c r e a s e  m ore r a p i d l y  t o  a maximum o f  5 1 .3 / s h o o t  
w h ile  th e  p o p u la t i o n  o b s e rv e d  i n  th e  f i e l d  in c r e a s e d  s lo w ly  t o  
a maximum o f  o n ly  4 .8 5 / s h o o t  b e f o r e  d e c r e a s in g  14 d ay s e a r l i e r  
th a n  p r e d i c t e d  by th e  m odel (F ig . 5 .7  C ) .

T a b le  5 .1  A summary o f  m odel v a l i d a t i o n  r e s u l t s  f o r  
1979, 1985, 1986 and  1987

M odel p r e d i c t i o n  F i e l d  o b s e r v a t io n

Y ear I te m s P eak  d a te P eak  no . P eak  d a te P eak  no

T o ta l 24 J u ly 1 0 9 .1 24 J u ly 1 1 3 .4

1979
Nymph 24 J u ly 1 0 5 .2 24 J u ly 1 1 1 .7
A p te ra e 22 J u ly 4 .6 24 J u ly 6 .2
A la te 16 J u ly 2 .5 24 J u ly 4 .2

E x p e r im e n ta l  d a ta 25 J u ly 1 0 4 .8 24 J u ly 1 1 3 .4

1985 T o ta l 22 J u ly 5 9 .0 15 J u ly 1 4 .2
1986 T o ta l 17 J u ly 8 .0 7-21  J u ly 2 .1
1987 T o ta l 22 J u ly 5 1 .3 8 J u ly 4 .9

5 .4  S e n s i t i v i t y  a n a l y s i s
S e n s i t i v i t y  a n a l y s i s  was done t o  g a in  an  u n d e r s ta n d in g  o f  

th e  a p h id  p o p u la t i o n  dyn am ics in  th e  a p h i d / p l a n t  sy s te m , an d  to  
e v a l u a te  t h e  im p o r ta n c e  o f  t h e  p a r a m e te r s  i n  th e  m o d e l, w hich

1 4 3



h a v e  im p o r ta n t  e f f e c t s  on th e  a p h id  p o p u la t i o n .  Ten p a r a m e te r s  
w ere  a n a ly z e d :  t e m p e r a tu r e ,  d ev e lo p m e n t l e n g t h ,  i n i t i a l  c ro p
s t a g e ,  r e p r o d u c t io n ,  s u r v i v a l ,  a l a t e  p r o d u c t io n ,  im m ig ra t io n , 
i n i t i a l  c ro p  g ro w th  s t a g e  o f  th e  m ig r a t io n  t r a n s f o r m a t i o n  
(IM ST), m ig r a t io n  t r a n s f o r m a t i o n  p e r io d  (IMPR) an d  i n s e c t i c i d e  

p e r s i s t e n c e .  The ra n g e  o f  c h a n g e s  was s e t  a t  a  c o n s t a n t  20% m ore 
o r  l e s s  o f  t h e  s t a n d a r d  i n p u t s  o f  t h e s e  p a r a m e te r s  e x c e p t  some 
p a r a m e te r s  w here  s p e c i f i e d  i n  p a r t i c u l a r  s e c t i o n s .  Two y e a r s ,  
one o u tb r e a k  y e a r  (1979) an d  one y e a r  when t h e  o b s e rv e d  f i e l d  
p o p u l a t i o n  was low  (1987) , w ere  c h o se n  f o r  th e  s e n s i t i v i t y  s tu d y  
and  t h e  r e s u l t s  from  th e s e  s im u la t io n s  w ere  com pared  f o r  e ac h  
p a r a m e t e r .

5 .4 .1  T e m p e ra tu re
T e m p e ra tu re  h ad  an  im p o r ta n t  e f f e c t  on a p h id  p o p u la t i o n  

d e v e lo p m e n t (F ig . 5 . 8 ) .  A r e d u c t io n  o f  20% i n  t h e  d a i l y  maximum 
an d  minimum te m p e r a tu r e s  r e s u l t e d  i n  an  i n c r e a s e  o f  t h e  a p h id  
p e a k  d e n s i t y  o f  210% i n  1979 an d  68% i n  1987, an d  l e d  t o  a  d e la y  
i n  t h e  p e a k  d e n s i t y  o f  t e n  d ay s i n  1979 an d  13 d a y s  i n  1987 
(T a b le  5 . 2 ) .  In  c o n t r a s t ,  an  i n c r e a s e  o f  20% in  t h e s e  te m p e ra ­

t u r e s  l e d  t o  a r e d u c t io n  i n  th e  p e ak  d e n s i t y  o f  74.3% i n  1979 
an d  70% i n  1987, an d  r e s u l t e d  i n  e a r l i e r  d a t e s  o f  t h e  p eak  
d e n s i t y  (13 d ay s 1979 and  12 d a y s  i n  1987) (T a b le  5 . 2 ) .  In  b o th  
y e a r s ,  t h e  p o p u l a t i o n s ,  when te m p e r a tu r e  h a d  b e e n  i n c r e a s e d  o r  
d e c r e a s e d ,  w ere  m a in ta in e d  f o r  l e s s  t im e  a f t e r  t h e  p e ak  d e n s i t y  
th a n  t h a t  o f  t h e  s t a n d a r d  in p u t  (F ig . 5 . 8 ) .  A 20% r e d u c t i o n  in  
te m p e r a tu r e  d r a m a t i c a l l y  in c r e a s e d  t h e  y i e l d  l o s s ,  e s p e c i a l l y  in  
1979, w h i le  an i n c r e a s e  o f  t h e  same am ount r e s u l t e d  i n  much l e s s  
y i e l d  l o s s  i n  b o th  1979 an d  1987 (T ab le  5 .2 ) .

5 .4 .2  D evelopm en t t im e
A 20% in c r e a s e  o r  d e c r e a s e  o f  t h e  d e v e lo p m e n t t im e  s l i g h t l y  

d e c r e a s e d  th e  p e ak  a p h id  d e n s i t y  i n  1979 (F ig . 5 .9  an d

1 4 4
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T a b le  5 .2 )  . In  c o n t r a s t ,  an i n c r e a s e  o f  20% i n  t h e  l e n g t h  c a u s e d  
a  r e d u c t io n  o f  t h e  maximum p o p u la t i o n  d e n s i t y  o f  38.2% w h ile  a 
r e d u c t i o n  o f  20% l e d  t o  an i n c r e a s e  o f  31.2% i n  t h e  p e a k  d e n s i t y  
i n  1987. The ch an g e  i n  th e  d e v e lo p m e n t t im e  a f f e c t e d  th e  d a te s  
o f  maximum d e n s i t i e s  i n  b o th  y e a r s  (T a b le  5 .2 )  . The 20% d e c r e a s e  
l e d  t o  e a r l i e r  d a t e s ;  7 days i n  1979 an d  2 d a y s  i n  1987 . The 20% 
i n c r e a s e  r e s u l t e d  i n  o n ly  a  s l i g h t l y  l a t e r  d a t e  o f  t h e  p eak  
d e n s i t y  i n  197 9 (one day) b u t  t h e r e  was no e f f e c t  i n  1987 (T ab le
5 . 2 ) .  A 20% r e d u c t i o n  i n  th e  d e v e lo p m e n t t im e  r e s u l t e d  i n  5.7% 
a n d  4% m ore y i e l d  l o s s  w h i le  t h e  20% in c r e a s e  c a u s e d  3.7% and  
1.7% l e s s  y i e l d  l o s s  th a n  t h a t  from  th e  s t a n d a r d  s im u la t io n  i n  
1979 an d  1987 r e s p e c t i v e l y .

5 .4 .3  I n i t i a l  c ro p  g ro w th  s t a g e
C hanges t o  t h e  i n i t i a l  c ro p  g ro w th  s t a g e  d id  n o t  a f f e c t  th e  

e a r l y  i n c r e a s e  p h a s e  o f  p o p u la t i o n s  i n  e i t h e r  y e a r  (F ig . 5 .1 0 )  . 
H ow ever, a  r e d u c t i o n  o f  20% i n  t h e  c ro p  g ro w th  s t a g e  in c r e a s e d  
t h e  maximum d e n s i t y  by 20% i n  1979 and  70% i n  1987. A 20% 
i n c r e a s e  d e c r e a s e d  th e  maximum d e n s i t y  by 44.5% in  1979 and  
64.3% in  1987 . The e a r l i e r  i n i t i a l  c ro p  g ro w th  s t a g e  c a u s e d  a 
s l i g h t l y  d e la y e d  p e a k  d e n s i t y ,  one day  i n  1979 b u t  f i v e  d ay s i n  
1987 . The l a t e r  i n i t i a l  c ro p  g ro w th  s t a g e  l e d  t o  a  s l i g h t l y  
e a r l i e r  p e ak  d e n s i t y  i n  1979 (two d a y s) and  much e a r l i e r  i n  1987 
( e i g h t  d a y s ) . The 20% d e c r e a s e  i n  t h e  i n i t i a l  c ro p  s t a g e  l e d  t o  
7.7% an d  7.1% m ore y i e l d  l o s s  w h i le  an i n c r e a s e  o f  t h e  same 
am ount c a u s e d  7.1% and  3.2% l e s s  y i e l d  l o s s  th a n  t h a t  from  th e  
s t a n d a r d  s im u la t io n  i n  1979 an d  1987 r e s p e c t i v e l y .

5 .4 .4  R e p ro d u c t io n
C hanges i n  t h e  r e p r o d u c t iv e  r a t e  a f f e c t e d  s l i g h t l y  i n i t i a l  

p o p u la t i o n  d e v e lo p m e n t i n  b o th  y e a r s  (F ig . 5 .1 1 ) .  An i n c r e a s e  o f  
20% i n  t h e  r a t e  in c r e a s e d  t h e  p e a k  d e n s i t y  by 34.8% i n  1979 and  
67% in  1987 w h i le  a  d e c r e a s e  o f  20% in  th e  r a t e  r e s u l t e d  i n  a 
r e d u c t io n  o f  t h e  p e a k  d e n s i t y  by 34.9% i n  1979 a n d  49.3% in  1987 
(T a b le  5 . 2 ) .  The i n c r e a s e  o r  d e c r e a s e  i n  th e  r e p r o d u c t iv e  r a t e
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by the same amount only slightly affected the date of the peak 

density in 1979 and had no effect in 1987 (Table 5.2) . A 20% 

reduction in reproductive rate led to 4.5% and 2% less yield 

loss while an increase of the same amount resulted in 5.9% and 

2.9% more yield loss than that from the standard simulation in 

1979 and 1987 respectively.

5.4.5 Survival
Changes in survival rate affected the aphid population 

development at the start of the simulation (Fig. 5.12). An 10% 

increase of the survival rate on its standard value, 0.89, which 

was near the maximum survival rate (1.00) led to an increase of 

the peak density by 23.8% in 1979 and 41.7% in 1987. A 20% 

decrease of the standard rate decreased the peak density by 

41.3% in 1979 and 51.1% in 1987. These changes slightly affected 

the date of the peak density in 1979 only (Table 5.2). A  20 % 

reduction in survival rate resulted in 5% and 2.3% less yield 

loss while a 10% increase caused 3.5% and 1.6% more yield loss 

than that from the standard simulation in 1979 and 1987 respect­

ively (Table 5.2).

5.4.6 Alate production

Population densities were similar early in the season before 

the peak density was reached in both years (Fig. 5.13) . However, 

an increase of 20% in the rate of alate production reduced the 

peak density by 19.4% in 1979 and 20.6% in 1987 while a reduc­

tion of 20% in the rate increased the peak density by 28% in 

1979 and 23.5% in 1987. The effects of these changes on the date 

of peak density were slight in 1979 with no effect in 1987 

(Table 5.2). An increase or decrease in alate production rate by 

20% slightly decreased or increased yield losses (by 1%) in both 

years (Table 5.2)

5.4.7 Immigration

Changes in the immigration rate affected aphid population 

development from the start of the simulation in both years (Fig. 

5.14). However, the increase or decrease of 20% only slightly 

increased or decreased the maximum aphid density by 11.1% or by
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11.7% respectively in 1979, and by 14.7% or 16.0% respectively 

in 1987 (Table 5.2). These changes did not affect the date of 

the peak density in either year (Table 5.2). These changes only 

slightly affected the yield loss in both years (Table 5.2).

5.4.8 Initial crop growth stage for immigration transformation 

The peak aphid density was increased by 22.4% in 1979 and

15.9% in 1987 and occurred one day later in 1979 when the 

transformation started 10 units of crop growth stage later (Fig. 

5.15 and Table 5.2). When the transformation started 10 units 

earlier, the peak density was decreased by 29% in 1979 and 12.7% 

in 1987, and occurred one day later in 1979. The changes in this 

parameter slightly affected the yield loss in both years 

althoght a reduction of 10 units in crop growth stage led to 

much less yield loss in 1979 (Table 5.2).

5.4.9 The period of the immigration transformation 

Population development and maximum aphid densities of the

prediction for several transformation periods; G.S.O, 5 and 10 

were slightly different in 1979 and similar in 1987 (Fig. 5.16 

and Table 5.2) to the standard simulation. The dates of these 

peaks in each years were the same except for the period of 10 

G.S. in 1979 (Table 5.2). The yield losses were similar to that 

in the standard simulation for each year (Table 5.2).

5.4.10 Insecticide persistence

The insecticide was applied once at the beginning of the 

milky ripe stage (G.S. 70) . The maximum kill rate was 90% at the 

time of application and minimum rate 25% after a persistence 

period. The persistence was set at three levels; one, three and 

seven days. The population decreased to nearly zero immediately 

after the insecticide was applied in both years (Fig. 5.17) . The 

population then recovered rapidly to a maximum which was half of 

the original population on 25 July when the persistence was one
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day, 44/shoot when at three days and 29.5 when it was seven 

days in 1979. However, in 1987, the population was reduced to a 

maximum of 3.95/shoot when the persistence was one day, 

1.58/shoot when it was three days on 22 July and zero when the 

persistence was seven days (Fig.' 5.17). The yield loss with 

longer insecticide persistence was only slightly lower than that 

with persistence of one day in both years (Table 5.2).

5.5 Yield loss and control studies

These studies were done on the aphid population in 1979 

because the population was high enough to cause economic yield 

loss. Grain price was assumed to be £100 /t. Wheelling losses 

due to application of the insecticide were 3% of the potential 

yield (Entwistle & Dixon, 1987; Watt, 1983), and the cost of 

insecticide and labour was £13.5/ha (Anon., 1989). Data for the 

rest of the parameters in the model remained the same as in the 

previous simulations.

The final accumulated yield loss was 11.5% in 1979 which was 

used in the control-benefit analysis study. Most yield loss 

occurred from the late milk ripe (G.S. 77) to early dough (G.S. 

82) when the crop had the highest aphid population density (Fig. 

5.18).

Longer persistence of the insecticide increased the net 

return of control linearly (Fig. 5.19).

Profit was analyzed when the insecticide was applied once at 

different crop growth stages. Profit started to increase when 

the spray was applied at the beginning of anthesis (G.S. 60) to 

a maximum at middle milky ripe stage (G.S. 75) before decreasing
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Table 5.2 Summary of sensitivity analyses

Year 1979 1987

Parameters criteria peak date peak no. yield
loss(%)

peak date peak no. yield
loss(%)

Standard 24/7 109.1 11.5 22/7 51.3 4.5

Temperature
-20% 3/8 384 90.7 4/8 86.4 24.9

+20 11/7 28 2.1 10/7 15.1 1.2

Development
-20% 17/7 100.7 17.2 20/7 67.3 8.4

+20% 25/7 93.4 7.8 22/7 31.7 2.7

Initial crop -20% 25-26/7 131 19.2 27/7 87.2 11.6
growth stage +20% 20/7 60.5 4.4 15/7 18.3 1.3

Reproduction -20% 25/7 71.1 7.0 22/7 26.0 2.5

rate +20% 23/7 146.9 17.4 22/7 85.6 7.4

Survival rate
-20% 25/7 64.0 6.5 22/7 22.0 2.2
+ 10% 23/7 135.0 15.0 22/7 72.6 6.1

Alate
production

-20% 25/7 139.5 12.8 22/7 63.3 5.0

rate + 20% 23/7 87.8 10.3 22/7 40.7 3.9

Immigration
-20% 24-25/7 96.3 9.5 22/7 42.8 3.6

+20% 23/7 120.0 13.4 22/7 58.8 5.3

Start G.S. of 
immigration

-10 24/7 77.3 7.8 22/7 44.8 3.8

transformation + 10 25/7 133.5 12.2 22/7 59.4 5.2

Period of -5 24/7 90.9 10.3 22/7 28.3 4.3

transformation +5 25/7 119.2 11.8 22/7 57.0 4.7

Insecticide one day 25/7 50.5 3.7 22/7 4.1 0.5
3 days 25/7 44.1 3.1 22/7 1.6 0.4

persistence 7 days 25/7 29.5 2.2 22/7 0.1 0.3
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Fig. 5.18 Predicted accumulated yield loss in 1979.
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I n s e c t i c i d e  e f f e c t i v e  p e r i o d  ( d a y s )
F i g .  5 . 1 9  E f f e c t s  o f  c h a n g e s  i n  i n s e c t i c i d e  p e r s i s t e n c e  on t h e  n e t



rapidly (Fig. 5.20). Net return also depended on expected yield; 

with net return increasing with yield (Fig. 5.20). When two 

applications were applied with the first application at dif­

ferent crop growth stages and with different intervals between 

the two applications the highest net return was in the area bet­

ween the profit line of £21/ha (Fig. 5.21). Combination of the 

two applications revealed that the highest profit was achieved 

if the second application was between middle milk stage (G.S. 

75) and the beginning of dough (G.S. 82) no matter what crop 

growth stage the first application was applied. Therefore, one 

spray was the best strategy if it was applied during mid-milk 

and the beginning of dough. Secondly, the intensity of the 

profit lines between £21 to £7/ha on the upper right hand side 

in Fig. 5.21 mean that the net returns from control are sensi­

tive to the combination of the two applications if two sprays 

were applied (Fig. 5.21). The net return decreased faster in the 

upper right hand than the other side in Fig. 5.21.

The net return of different control strategies were compared 

taking into account the outbreak probability and forecasting 

accuracy. The aphid population growth simulated in 197 9 was used 

as an outbreak.

The outbreak probability was set at 0.3 during recent years, 

forecast accuracy for outbreak and no-outbreaks assumed to be 

0.8. Spraying according to forecast was a better strategy than 

prophylactic control but only slightly better against no 

control. No control was a much better strategy than the prophyl­

actic because the risk of unnecessary aphicide use was high for 

prophylactic control (70%) (Fig. 5.22 A).
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F i g .  5 . 2 1  R e la t io n s h ip  b e tw e e n  n e t  r e t u r n  o f  c o n t r o l ,  t im e  o f  t h e  f i r s t  

s p r a y  a n d  i n t e r v a l  t o  t h e  s e c o n d  s p r a y .
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If the outbreak probability was 0.8 then spraying according 

to a forecast was a far better strategy against the no control 

because the latter resulted in the high risk of severe yield 

loss especially from mid-flowering (G.S. 65) to late milk stage 

(G.S. 77) . Spraying according to a forecast was similar to 

prophylactic spraying and was slightly worse than the latter 

strategy during the milky stage. The prophylactic spraying 

strategy was more economic than the no control, especially 

during the milky stage period (Fig. 5.22C  ) .

When th e  o u tb re a k  p r o b a b i l i t y  was 0 .5 , sp ra y in g  a c c o rd in g  to  
a f o r e c a s t  was b e t t e r  th a n  th e  o th e r  two s t r a t e g i e s ,  and no 
c o n tr o l  was a b e t t e r  s t r a t e g y  th a n  th e  p ro p h y la c t ic  sp ra y in g  
b e fo re  th e  mid a n th e s i s  (G.S. 65) b u t o th e rw ise  a f t e r  t h a t  
grow th s ta g e  (F ig . 5 .2 2 8 " ) .

In most cases, no control was the best strategy no matter 

what the outbreak probability and forecasting accuracy were if 

a control decision had to be made early in the season when aphid 

population density was low, for instance at mid-booting (G.S. 

45) (Fig. 5.23). If the decision was made later in the season, 

e.g. at the beginning of milky-ripe stage (G.S. 70), spraying 

according to a forecast was more likely to be a better strategy 

compared with no-control when the forecasting accuracy and 

outbreak probability were high (Fig. 5.24). Prophylactic 

spraying was the worst strategy early in the season, unless 

forecasting accuracy was very low and the outbreak probability 

was high (Fig. 5.25) and it only improved slightly, later in the 

season (G.S. 70) (Fig. 5.26).
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O u t b r e a k  p r o b a b i l i t y
F ig .  5 .2 6  C om parison  b e tw een  f o r e c a s t  b a s e d  c o n t r o l  an d  p r o p h y la c t i c  

c o n t r o l  u n d e r  d i f f e r e n t  o u tb r e a k  p r o b a b i l i t i e s  an d  f o r e c a s t  a c c u r a c ie s  a t  m ilk y  r i p e  (G .S . 7 0 ) ,  show ing  n e t  r e t u r n  ( £ / h a ) .



5.6 Discussion
The model predicted the field population well in the 

multidisciplinary experiment of 1979 when natural enemies had 
little effect on the increase of the aphid population (Dewar,
1980) . The populations in the early sown and late sown plots 
were similar (Fig. 5.2 A and B ) . The predictions of alate den­
sities were not good as the predicted numbers declined early 
(Fig. 5.6 C) . This could have been because the alates estimated 
in the model were all from immigration and the alates which 
developed in the crop were assumed to emigrate. This may 
indicate that some of these alates stayed and reproduced on 
cereals. The predictions of total population densities were also 
not very good in the biological control trial in 1979. This may 
have been due to natural enemies such as coccinellids and fungal 
disease, which arrived late, slowing down the rapid growth of 
the population (Dean e t  a l . ,  1980).

The model predictions were not accurate in other years. The 
model was unable to predict populations in which natural enemies 
or weather had important effects as it was constructed with only 
a natural mortality. Natural enemies were abundant and reported 
to have had significant effects on the field aphid populations 
in 1985, 1986 (Carter et a l ., 1989 ) and they were abundant in 
1987 (see see 3.6). Therefore, the predictions of the peak 
densities from the model were always higher than in the field. 
Furthermore, the appearance of alates in the suction trap was 
nearly one month later than they were observed in the field 
population (Fig. 5.7 A) and consequently the model predicted the
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initial field population about 30 days late.

It was difficult to compare the results from the model and 
in the field in Fig. 5.4 due to too few field counts. However, 
the model simulated the trend of the resurgence after the first 
aphicide application. The field population was high after the 
second aphicide application which may have been because a high 
level of local immigration from near unsprayed plots with high 
population densities or the effectiveness of the application on 
aphid mortality was low.

The model had similar predictions in 1979 when development, 
reproduction and alate production data from this study and 
literature were used. However, the model would overestimate the 
field population if the reproductive rate on barley from the 
literature was not modified for the rate on wheat in the model 
(see Chapter 4) (Table 5.2).

The crop growth stage influences the reproduction rate and 
survival rate (Wratten, 1978; Watt, 1977), which are sensitive 
factors in aphid population development, as shown by the 
sensitivity analysis, and it also affects aphid development and 
alate production (Thornback, 1983; Carter et a l ., 1982). 
Therefore it is important in affecting aphid population growth 
and timing of the maximum population (Fig. 5.10) and hence the 
final yield loss. Changes in temperature had a large impact on 
population growth and the final yield loss. It is similar to the 
finding by Carter (1978) that an increase in temperature 
resulted in an earlier lower peak aphid density because higher 
temperature speeded up crop development more than aphid develop­
ment, so the aphids had less time for development and reprod­
uction (Carter et al., 1982).
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Both increase or decrease in the development time slightly 
reduced the maximum aphid density compared with the standard in 
1979, but considerably decreased or increased the maximum 
density respectively in 1987. The reduction in the development 
time shortened aphid generation time, which caused the aphid 
population to increase much faster than the standard early in 
the season in 1979. The higher density caused the adults to 
produce alate nymphs which would become emigrants in the field 
much earlier. Therefore less apterous adults developed and 
subsequently less nymphs were produced which caused the maximum 
density to be lower than that in the standard. However, in 1987, 
the increase of aphid density" due to the shorter development 
time was not high enough to cause a large number of adults to be 
alate earlier. Changes of alate production also slightly 
affected the aphid population peak which was because total alate 
and apterous adult densities in the population were small. 
Population development was slightly sensitive to immigration and 
IMPR. Aphid population development was more sensitive to IMST 
than immigration and IMPR. The yield loss was also sensitive to 
changes in development time, reproductive rate and survival rate 
but was less sensitive to changes in alate production rate, 
immigration, IMST, IMPR or the period of insecticide persist­
ence .

Effects of pesticide persistence on the aphid population 
varied in the two years. A longer persistence decreased the 
aphid population to zero in 1987 while the aphid population 
recovered to a high level shortly after the end of the effective 
period of the insecticide (Fig. 5.17).

The model from Watt (1983) did not allow the possible 
resurgence of aphid populations following an insecticide spray.
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The a p h id  p o p u la t i o n  was f i x e d  when i t  was s e t  i n  t h e  m o d e l. 
T h is  r e s u l t e d  i n  t h e  maximum p r o f i t  o c c u r r in g  when t h e  s p ra y  was 
a s  e a r l y  a s  p o s s i b l e  i n  t h e  s e a s o n  i n  t h e  c o n t r o l  p r o f i t  
a n a l y s i s .  T h e r e f o r e  t h e  m odel i s  p o s s i b l e  t o  r e s u l t  i n  o v e ru s e  
o f  p e s t i c i d e s .  In  t h i s  s tu d y ,  how ever, t h e  m odel a l lo w e d  th e  
r e s u r g e n c e  o f  t h e  a p h id  p o p u la t i o n  a f t e r  a  s p r a y .  T h e r e f o r e ,  th e  
m odel p r e d i c t e d  t h a t  t h e  maximum p r o f i t  o c c u r r e d  when t h e  s p ra y  
was a t  e a r l y  m ilk y  s t a g e  (G .S . 7 3 ) .  The m odel a l s o  i n d i c a t e d  
t h a t  on e  s p r a y  a t  t h e  e a r l y  m ilk y  s t a g e  was t h e  b e s t  c o n t r o l  
s t r a t e g y  w h i le  tw o s p ra y s  w ere  a c t u a l l y  a p p l i e d  i n  t h e  f i e l d  i n  
1979 (Prew  e t  a l . ,  1 9 8 3 ) .

The p r o f i t  o f  t h e  t h r e e  s t r a t e g i e s ;  p r o p h y l a c t i c  c o n t r o l ,  no 
c o n t r o l  an d  c o n t r o l  b a s e d  on a  f o r e c a s t ,  d e p e n d e d  on th e  
o u tb r e a k  p r o b a b i l i t y  an d  f o r e c a s t i n g  a c c u ra c y  (F ig .  5 .2 2 ) .  
F o r e c a s t i n g  was t h e  b e s t  s t r a t e g y  when i t s  a c c u r a c y  was h ig h .  
P r o p h y l a c t i c  c o n t r o l  was b e t t e r  com pared  w ith  no c o n t r o l ,  e s p e c ­
i a l l y  d u r in g  m id d le  m ilk y  t o  en d  o f  m ilk y  s t a g e  (G .S .75 t o  79) 
when t h e  o u tb r e a k  p r o b a b i l i t y  was h ig h .  H ow ever, t h e  o u tb r e a k  
f re q u e n c y  o f  M . d i r h o d u m  from  r e c e n t  a p h id  d a t a  i s  low  a n d  i n  
t h e o r y  th e  no c o n t r o l  w i l l  b e  a  b e t t e r  s t r a t e g y  com pared  t o  th e  
p r o p h y l a c t i c  c o n t r o l  u n l e s s  c o n t r o l l i n g  S .  a v e n a e  o r  d i s e a s e  
c o n t r o l  w ith  f u n g i c i d e  a r e  c o n s id e r e d .  F u r th e rm o re ,  t h e  p r o p h y l­
a c t i c  c o n t r o l  w o u ld  r e s u l t  i n  u n n e c e s s a ry  e n v ir o n m e n ta l  p o l l u t ­
i o n .
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CHAPTER SIX: GENERAL DISCUSSION

Cereal aphid populations were low in the field in 1987 and
1988. M .  d i r h o d u m  was dominant in 1987 with a maximum of 5/shoot 
although this was below the economic threshold (30/shoot,. George 
1975). Consequently, aphicide did not increase yield signific­
antly. S. a v e n a e  was more common in 1988 and its population was 
maintained for a long period (30 days) at a approximately 
2/shoot which was below the economic threshold (5/ear or 66% 
infested shoots, Walters, per. comm.). Aphicide did signifi­
cantly increase yield, which suggests that S. a v e n a e  causes more 
damage if its population is maintained for a long period at a 
lower level than the economic threshold.

Nitrogen significantly increased the accumulated aphid index 
of M .  d i r h o d u m  in 1987 and yields in both years. The higher 
aphid index did not reduce the yield. However, effects of 
neither fungicide on aphid population development nor aphicide 
on yield loss did not occur, possibly due to the low aphid 
densities in 1987. Therefore, damage under these yield produc­
tion levels cannot be compared, as they did not affect aphid 
infestation levels significantly to affect yields. However, this 
method of changing levels of inputs to influence production 
levels is useful in studying economic thresholds of other pests 
as well as cereal aphids.

The laboratory studies provided useful information on aphid
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biology for use in the simulation model. The optimum temperature 
is 25°C at which the aphid development was shortest and the 

intrinsic rate was highest while Dean found a slightly lower 
optimum at 22.5°C. Development time of the aphid on wheat was

longer (12%) and fecundity lower (33%) than that on barley discs 
(Dean, 1974), but the development time and fecundity were 
similar to Thornback's studies on wheat (1983).

The laboratory experiments confirmed that flowering is the 
most favourable growth stage for aphid adult survival and fecun­
dity (Watt, 1979). Feeding positions (flag, second and third 
leaves) on the wheat plant did not affect aphid development and 
reproduction.

The model accurately predicted rose grain aphid population 
development in the year when natural enemies did not signifi­
cantly affect aphid populations i.e in the multidisciplinary 
experiment, 1979 (Prew e t  a l . r 1983). Effects of natural enemies 
on aphid population development were not included in the model 
because: i) the main aim of this study was to investigate 
aphid damage potential and control options; ii) the natural 
enemy system is very complicated, i.e. many groups of natural 
enemies; parasitoids, predators and fungal pathogens, and it was 
not possible at this stage to include them in the model; and
iii) quantitative data on natural enemies were not available 
for the years used to validate the model.

Simulation studies of aphid population dynamics, B r e v i c o r y n e  

b r a s s i c a e  (L.) (Hughes & Gilbert, 1968 and Gilbert & Hughes,
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1971) and the grain aphid, S. a v e n a e  (Carter, 1978) concluded 
that timing of immigration was important in determining the 
final size of the aphid population later in the season. This was 
also true in this study. Therefore, sampling on cereals early in 
spring in the field may be useful when the suction trap is not 
detecting low aerial aphid population.

In 1979, cold weather in the previous winter delayed crop 
development (Dewar, 1980). Although there were few immigrants 
and small field populations in spring, the warm dry weather in 
July allowed these aphid populations to increase rapidly to very 
high levels, during a long period of favourable crop growth 
stages, in the absence of significant effects of natural enemies 
(Dewar et al., 1980). Sensitivity analysis indicated that slower 
crop development, by reducing temperature, also increased aphid 
population sizes. However, the effects of temperature are 
complex in the model. Lower temperature slowed the rate of the 
crop development but also reduced the rate of aphid increase. 
Furthermore, although the low temperature resulted in a higher 
density this occurred much later than in the standard simulation 
(Table 5.2) . In the field, this may allow natural enemies, which 
are abundant later in the season, to have a significant effect 
on population development (Carter, 1978). Therefore, cold 
weather in the previous winter may be more beneficial for M .  

d i r h o d u m  as it delays the crop growth (Dewar et al, 1980) and 
reduces the survival of natural enemies (Majerus & Kearns, 
1989), while it does not affect the survival of overwintering 
eggs of the aphid (Hand & Williams 1980).

The model indicated that the crop growth stage at which
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m ig r a n ts  i n  th e  s u c t i o n  t r a p  w ere d e te rm in e d  a s  e m ig ra n ts  was 
m ore s e n s i t i v e  com pared  w ith  th e  im m ig ra t io n  an d  th e  l e n g th  o f  
t r a n s f o r m a t i o n  p e r i o d s .  T hese  p a r a m e te r s  an d  th e  t r a n s f o r m a t i o n  
e q u a t io n  (E qt 4 . 4 ) ,  d e te rm in e d  a r b i t r a r i l y  in  th e  m ode l, may n o t 
a c c u r a t e l y  r e f l e c t  t h e  a c t u a l  p r o p o r t io n s  o f  im m ig ra n ts  and  
e m ig ra n ts  i n  th e  f i e l d  p o p u la t i o n .  T h e r e f o r e ,  m ore r e s e a r c h  i s  
n e e d e d  t o  e s t a b l i s h  an a c c u r a t e  r e l a t i o n s h i p  b e tw e en  th e  
p r o p o r t i o n  o f  im m ig ra n ts  i n  th e  s u c t i o n  t r a p  sa m p le s , c ro p  
g ro w th  s t a g e  an d  a p h id  d e n s i t y  i n  th e  f i e l d .

The m odel i n d i c a t e d  t h a t  c h an g es o f  r e p r o d u c t io n  an d  s u r ­
v i v a l  w ere  s e n s i t i v e  t o  a p h id  p o p u la t io n  d e v e lo p m e n t. T h is  
s u g g e s ts  t h a t  b r e e d in g  f o r  r e s i s t a n t  w h ea t v a r i e t i e s  t o  th e  
a p h id  c o u ld  b e  an  e f f e c t i v e  way t o  re d u c e  a p h id  i n f e s t a t i o n s  
(Lowe, 1978; D ix on , 1 9 8 7 ).

C a r t e r  (1978) i n d i c a t e d  t h a t  a s h o r t e r  d ev e lo p m e n t t im e  
in c r e a s e d  th e  a p h id  p o p u la t io n  d e n s i t y  a g r e a t  d e a l  i n  a 
s im u la t io n  s tu d y  o f  S .  a v e n a e .  However, i n  t h i s  s tu d y ,  th e  m odel 
i n d i c a t e d  t h a t  a  s h o r t e r  d ev e lo p m en t t im e  m ig h t n o t  be  an 
a d v a n ta g e  t o  t h e  a p h id  p o p u la t io n  g ro w th  a s  i t  c a u s e d  a  h ig h  
a p h id  d e n s i t y  e a r l y  i n  th e  se a so n  w hich  in d u c e d  a  l a r g e  p r o p o r ­
t i o n  o f  e m ig r a n t s ,  and  t h e r e f o r e  re d u c e d  t h e  d ev e lo p m e n t o f  th e  
a p h id  p o p u la t i o n  i n  th e  f i e l d .

The a d v a n ta g e  o f  t h i s  m odel o v e r  a n o th e r  damage m odel (W att,
t J z f o  e l '  d - y1 9 8 3 ,^ 1 9 8 4 )  i n  t h e  econom ic a n a l y s i s  o f  c o n t r o l  i s  t h a t  i t  

a l lo w e d  a p h id  p o p u la t i o n  r e s u r g e n c e ,  w h ich  m ig h t c a u s e  f u r t h e r  
y i e l d  l o s s  a f t e r  t h e  i n s e c t i c i d e  was a p p l i e d  an d  to o k  e f f e c t i ­
v e n e s s  o f  i n s e c t i c i d e  i n t o  a c c o u n t .  The m odel r e v e a le d  t h a t  in
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1979 an  i n s e c t i c i d e  t r e a tm e n t  d u r in g  th e  m ilk y  r i p e  s t a g e  was 
m ost p r o f i t a b l e .  B u t, two i n s e c t i c i d e  a p p l i c a t i o n s  i n  th e  
m u l t i d i s c i p l i n a r y  e x p e r im e n t in  1979 w ere d o n e . The f i r s t  s p ra y  
d u r in g  a n t h e s i s ,  a p p l i e d  a s  a  s t a n d a r d  t r e a t m e n t ,  r e d u c e d  th e  
e a r l y  p o p u la t i o n  s i z e  an d  th e  se c o n d  a p p l i c a t i o n  d u r in g  th e  m ilk  
r i p e  s t a g e  c o n t r o l l e d  th e  a p h id  p o p u la t io n  when t h e  m ost damage 
o c c u r r e d  (Prew e t  a l . r 1 9 8 3 ) . The n e t  r e t u r n  o f  t h e s e  c o n t r o l  
was s t i l l  h ig h  (F ig . 5 .2 1 )  a l th o u g h  i t  was l e s s  th a n  t h a t  f o r  a 
s i n g l e  s p ra y  due to  th e  a d d i t i o n a l  c o s t  o f  t h e  e x t r a  c o n t r o l .

C o n tro l  b a s e d  on a f o r e c a s t i n g  schem e, ev en  when o n ly  80% 
a c c u r a t e ,  was th e  b e s t  s t r a t e g y  a l th o u g h  i t s  v a lu e  d ep en d ed  on 
o u tb r e a k  p r o b a b i l i t y  and  p o p u la t io n  d e n s i t i e s .  E n tw is t l e  and  
D ixon (1987) a l s o  fo u n d  t h a t  c o n t r o l  d e c i s io n s  b a s e d  on f o r e c ­
a s t s  from  m u l t i p l e  r e g r e s s i o n  a n a ly s e s  w ere m ore p r o f i t a b l e  f o r
S .  a v e n a e .  However, t h e  l e v e l  o f  damage u s e d  i n  th e  p r o f i t  
a n a l y s i s  was r e l a t i v e l y  h ig h  and  th e  M . d i r h o d u m  p o p u la t i o n  o n ly  
r e a c h e d  su ch  h ig h  l e v e l  i n  1979. T h e r e f o r e ,  c o n t r o l  on t h i s  
a p h id  was u n l i k e l y  t o  be  p r o f i t a b l e  w ith  su ch  a  low  o u tb re a k  
p r o b a b i l i t y  (F ig . 5 .2 3  & 2 4 ) .  However, t h e  g r a i n  a p h id ,  S .  

a v e n a e  i s  m ore dam aging  th a n  M . d i r h o d u m  (R abb inge  & C a r te r
1984) and  h a s  had  a h ig h  o u tb re a k  p r o b a b i l i t y  i n  r e c e n t  y e a r s  
(W att, 1 9 8 4 ) . T h is  m ethod  can  be u s e f u l  i n  s t u d y in g  c o n t r o l  
s t r a t e g i e s  on o t h e r  a p h id s .

More work i s  n e ed ed  t o  im prove  th e  m odel: f i r s t l y ,  e f f e c t s  
o f  n a t u r a l  en em ies  s h o u ld  be  in c o r p o r a te d  i n t o  th e  m odel to  
im prove  p r e d i c t i o n s  o f  a p h id  p o p u la t io n s  i n  n o n -o u tb re a k  y e a r s ;  
s e c o n d ly ,  f i e l d  s t u d i e s  a r e  n eed ed  t o  o b t a i n  in f o r m a t io n  on 
i n s e c t i c i d e  p e r s i s t e n c e  i n  th e  f i e l d  u n d e r  d i f f e r e n t  w e a th e r
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conditions; and finally the economic analysis in the model 
should use an outbreak probability forecasted at the time a 
control decision is made instead of deriving from the frequency 
of the outbreaks in recent years. Then the model can be used to 
make tactical controls in the field.
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A p p e n d i x  I: The Model

************************************************************** * *
* A population and control strategy model of M e t o p o l o p h i u m  *
* d i r h o d u m  ** *★  ★
* X. Zhou ** ** ***************************************************************

Dimension claim

************************************************************ 
DIMENSION ALATES(2,1500),AIMM(2,1500),APTERS (2,1500), 
*TMIN(250),TMAX(250),SEN(100,20) , SURRA1(5),SURRA2(5), 
*HRDEG(24),HRDREP(24),TMINN(250),TMAXX(250) *************************************************************

SEN(I,20) (Sensitivity analysis) where I respectively: 
l_Temperature(*),
2_Crop growth stage(*),
3_Aphid development longevity(*),
4_Aphid natural survival rate(*),
5_Reproduction rate(*),
7_Morph determination(*)
6_Immigration(*) ,
8_Immigration transformation starts at crop growth stage PI 
(P1,P2: the start and finish crop stage of the transformation 
respectively)
9_Transformation period of immigration(+),
10_Time step
11-Insecticide effective period 
Types of variables are specified 

REAL
LAT,IMM(250),IMMM(250),NEWNY,NWNY,NUMBE1(5),NUMBE2 (5), 

*NUMBE(5),LENGT1(5),LENGT2(5)
INTEGER MM,ND,IG(250)
CHARACTER*3 LEAP,CTLOUT
COMMON PI,LAT,IDAY

************************************■ *"*"*■ **********■ *
1___ DATA INPUT ***************************************************

N: number of sensitivity loops
LEAP: logical variable, leap year(yes) or not(no)
CTLOUT: control of output(yes or no)
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C ISKEXP: use of data from literature (0) or experiments (1 or 2) 
C ISKINT: skip insecticide application(0) or not(l)
C ISK(x): x=l to 3, skip each individual applications 
C of insecticides
C CRSTAG: initial crop growth stage
C PP1: start crop growth stage of migration transformation
C ISG(x): x=l to 3, crop stages at which insecticides applied 
C ISTART: the day model starts or/and immigration starts 
C IFINIS: the day migration or model stops 
C LAT: latitude at the site simulated
C DRATE: maximum mortality rate of insecticide
C BR: minimum mortality rate of insecticide
C PRICE: grain price per tonne
C CTLOSS: potential yield loss without aphid control 
C WHEEL: wheeling loss due to control
C PESCOS: pesticide costs per application 
C TMAXX: maximum temperature in a day
C TMINN: minimum temperature in a day
C IMMM: aphid suction trap data
C

READ(*,*) N,LEAP,CTLOUT
READ(* , *)((SEN(I,J),J=l,14),I=1,N)
READ(*,*)ISKEXP,ISKINT,ISK1,ISK2,ISK3 
READ(*,*)CRSTAG,PP1,ISG11,ISG22,ISG33 
READ(*,*)ISTART,IFINIS,LAT,DRATE,BR,TILNO 
READ(*,*)PRICE,CTLOSS,WHEEL,PESCOS,THRE 
READ(*,*)(TMAXX(IDAY),IDAY=ISTART-1,IFINIS) 
READ(*,*)(TMINN(IDAY),IDAY=ISTART,IFINIS+1) 
READ(*,*)(IMMM(IDAY),IDAY=ISTART,IFINIS)

Array size and some parameters
DATA ISTEP,IMSTEP,PI,TRACON/1500,700, 
*3.145928,40.0/

************************************************* 
2 SENSITIVITY ANALYSIS LOOP START *

1=1
CISTAG=CRSTAG 

101 C=CISTAG*(SEN(1,2) )
TOT=(0.1732-SQRT(0.03+(0.0005*(26.3365-C) )))/0.00025
DMAX=0.0

Isen: For time step (integer)
OUPROB=SEN(1,13) 
FRPROB=SEN(1,14)

C
ISEN=SEN(1,10)
ISEN2=SEN(1,12)
P1=PP1+(SEN(1,8))
P2=P1+(SEN(I,9)) 
ISG1=ISG11+ISEN2 
ISG2=ISG22+ISEN2
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ISG3=ISG33+ISEN2
C
C Sensitivity analysis for temperature 
C

DO 10 IDAY=ISTART-1,IFINIS+1
TMAX(IDAY)=TMAXX(IDAY)*(SEN(1,1))
TMIN(IDAY)=TMINN(IDAY)*(SEN(1,1))

10 CONTINUE 
C

TAYPAL=0.0237*TRACON/TILNO 
C
C Immigration sensitivity analysis and transformation 
C

DO 20 IDAY=ISTART,IFINIS
IMM(IDAY)=IMMM(IDAY)*TAYPAL*(SEN(I, 6) )

20 CONTINUE 
C0* * * * * * * * ★  -k -k * * * * * * * ★  * * * * * * * ★  * * * * ★  •* ★  * * * * •* * ★  ★  ★  * * ★  * *
C 3___ INSTAR LONGEVITIES *Q* * * ★  * ★  * * * -k * * ★  * * * * * * * * * * ★  ★  ★  ★  * * * * * * ★  * * * * * ★  * ★  ★  * ★  ★  *
c
C Development length: (x)L Where x from a to p
C
C Assumption for adult; If gs>59, apterae length is 1/5 longer 
C if gs>73,then 1/5 shorter; Alate is half of apterae 
C life span all the way 
C
C Alate 4th length: 1.2 times longer than 4th apterae 
C
C Reproduction rate R(x) Where x is from a to d 
C
C Assumption: normal reproduction for apterae is 2/3 of
C results(0.00839)(Dean,1974); then the rates of 
C apterae and alates dependent on crop development 
C stage, the reproduction rates are 1.2 times the 
C normal(Thornback,1983) between G.S. 59 and G.S. 73;
C reproduction rates for alate are 0.7848 times 
C that for apterae(Wratten,1977):
C
C using data from literature 
C

IF (ISKEXP.E Q .0)THEN 
DTRESH=THRE 
AL=972.9 
BL=1915.75 
CL=2967.56 
DL=4571.21 
EL=4901.46 
FL=10750.8 
GL=11986.72 
TL=7661.0 
PL=7991.26 
RA=0.00559 
RB=0.00671 
RC=0.004389 
RD=0.005267 

C
C using experimental data 
C
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ELSE
DTRESH=THRE
AL=1082.75-(63.0*(DTRESH))
BL=2181.36-(126.1*(DTRESH) )
CL=3307.95-(188.66*(DTRESH))
DL=5186.7-(303.61*(DTRESH))
EL=5445.77-(318.56*(DTRESH))
FL=11628.6-(639.61*(DTRESH))
GL=12917.3-(706.81*(DTRESH))
TL=9051.8 -(471.61*(DTRESH))
PL=9310.8-(486.56*(DTRESH))
RA=0.006137 
RB=0.007364 
RC=0.004816 
RD=0.005779 

END IF
LENGT1(x): Where x=l to 4 for the first to fourth instar 

development time of aptertae, 5 for the adult 
LENGT2(x): The longevity of the alate
LENGT1(4) and LENGT2(4) include reproductive delay

LENGT1(1)=AL*SEN(1,3)
LENGT1(2)=BL*SEN(I,3)
LENGT1(3)=CL*SEN(I/3)
LENGT1(4)=DL*SEN(I,3)
DO 30 LM=1,3

LENGT2(LM)=LENGT1(LM)
30 CONTINUE

LENGT2(4)=EL*SEN(I, 3)
*************************************************

4___MODEL STARTS *

Outputs are output to specific files
OPEN(8 ,FILE='TABLE',STATUS='NEW')
OPEN(9,FILE='PROFIT',STATUS='NEW')
OPEN(29,FILE='DEGREES',STATUS='NEW')
OPEN(30rFILE='LOGTOTDEN',STATUS='NEW')
OPEN(31,FILE='CRSTAGE',STATUS='NEW')
OPEN(33,FILE='APTERAE',STATUS='NEW' )
OPEN(34,FILE='ALATE',STATUS='NEW')
OPEN(36,FILE='YLOSS',STATUS='NEW')
OPEN(37,FILE='INDEX',STATUS='NEW' )
OPEN(32,FILE='LOGNYMPH',STATUS='NEW')

Control output
IF(CTLOUT.EQ.'YES')THEN

Print headings of each data set in file 'TABLE' 
WRITE(8 ,1000)
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1000 FORMAT(1H1,'Day',IX,'Date/month',2X,'Nymphl-3',2X,
* '4th-apte',2X,'4th-alat',2X,' Totalnym', 2X,' To-ap-ad',2X,
* 'To-al-ad',2X,'To-dens*',2x,' Acc-indx',lx,'To-cr-lo',lx,
* 'c r o p - s t a g e ')

C
WRITE(8,1001)

1001 FORMAT (1H ,'-- ' , lx, '---------- ' , 2X, '-------- ' ,2X, '
*  ------- ' , 2X,
* '--------' , 2X,'--------' , 2X, '--------' , 2X,
* '--------' , 2X,'--------' , 2X, '--------' , IX, '-------- ',
* IX,'--------')
ELSE 
GOTO 98 

ENDIF
98 CONTINUE

TOLOSS=0.0 
CPINDE=0.0 
DEGREE=0.0 
RDEGRE=0.0 
TDADEG=0.0 

C
DO 102 IDAY=ISTART,IFINIS

Set longevities,in hour degrees, are input 
for alate and apterous adults at different crop 
development stage.

LENGT1(5)=FL*SEN(I,3)
LENGT2(5)=PL*SEN(1,3)
IF(CRSTAG.GT.59.0)LENGT1(5)=GL*SEN(I,3)
IF(CRSTAG.GT.73.0)LENGT1(5)=TL*SEN(I,3)

•k-kiric-k-k-k-k-k-tc-k-k'kic-kic-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-kl'ickick-k-k-k-k-k-kic
5___TEMPERATURE PROCESS *

■k-k-k-k-k-kic-k-k-k-k-k-k-k-k-k-k-k-k-kic-k-k-k-k-k-k-k-k-k-k-k-kicicic-k-kic-k-k-k-k-klr-kickit

As the model is updated on hourly base, temperatures 
are calculated hourly in a submodel.

CALL DEVTEMP(TMIN(IDAY),TMIN(IDAY+1),
*TMAX(IDAY-1),TMAX(IDAY),HRDEG,HRDREP,ISEN, 
*ISKEXP,DTRESH)

6  FROM JULIAN DAY TO DATE, MONTH **************************************************
CALL CALENDER(IDAY,ND,MM,LEAP)
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7 INSECTICIDE **************************************************
IDS: The day insecticide is applied 
C: Current crop growth stage
SURIN(X): x=l to 3, survival rates correspond to insecticide 

application
TSUR: total survival rate after insecticide treatment

IU=SEN(I,11)
IG(IDAY)=CRSTAG 
IF (ISKINT.EQ.1)THEN

Application 1
IF (IG(IDAY) .EQ.ISG1)IDS1=IDAY 
IF(IG(IDAY).EQ.IG(IDAY-1).AND.IG(IDAY-1).

* EQ.ISG1)IDS1=IDAY-1
IF(ISK1.EQ.1.AND.IDAY.GE.IDS1.AND.IDAY.LE.(IDS1+IU))THEN 
CALL INSECTICIDE(IDAY,IDS1,IU,DRATE,SURIN1,BR)ELSE
SURIN1=1.0 

END IF
Application 2

IF (IG(IDAY) .EQ.ISG2)IDS2=IDAY 
IF(IG(IDAY).EQ.IG(IDAY-1).AND.IG(IDAY-1).

* EQ.ISG2)IDS2=IDAY-1
IF(ISK2.EQ.1.AND.IDAY.GE.IDS2.AND.IDAY.LE.(IDS2+IU))THEN 
CALL INSECTICIDE(IDAY,IDS2,IU,DRATE,SURIN2,BR)

ELSE
SURIN2=1.0 

END IF
Application 3

IF (IG(IDAY) .EQ.ISG3)IDS3=IDAY 
IF (IG(IDAY) .EQ.IG(IDAY-1) .AND.IG(IDAY-1) .

* EQ.ISG3)IDS3=IDAY-1
IF (ISK3.EQ.1. AND. IDAY. GE.IDS3. AND. IDAY. LE. (IDS3+IU) ) THEN 
CALL INSECTICIDE(IDAY,IDS3,IU,DRATE,SURIN3,BR)

ELSE
SURIN3=1.0 

END IF 
C

TSUR=SURIN1* SURIN2 * SURIN3 
C

ELSE 
TSUR=1.0 

END IF 
C

DO 90 11=1,24/ISEN 
TDADEG=HRDEG(II)

90 CONTINUE
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8___LOOP WITHIN A DAY *

DO 103 IT=1,24/ISEN 
TOTDEN=0.0

Immigration data transformed to field data and 
input to the model at noon

IF(IT.EQ.12/ISEN)THEN 
IF(CRSTAG.LT.PI)THEN 
AIMM(1,1)=IMM(IDAY)

ELSE IF(CRSTAG.GT.P2)THEN 
AIMM(1,1)=0.0 

ELSE
AIMM (1,1) =ALATC (IMM (IDAY) , P1, P2 , CRSTAG) 

END IF 
END IF

*************************************************
9___SURVIVAL *

Now the hourdegreely survival rates dependent 
on growth stage, alates, apterous adults and 
both nymphs
For insecticides

SUINS= (TSUR)**(HRDEG(IT)/TDADEG)
For natural mortality

SURRA1(5) = (0. 8  9 * (SEN(1,4)))**(HRDEG(IT)
* / (LENGT1(5)-LENGT1(4)))

C
SURRA2(5)=(0.89*(SEN(I,4)))**(HRDEG(IT)
* / (LENGT2(5)-LENGT2(4)))

C SURAPN=(0.87*(SEN(I ,4)) ) * * (HRDEG(IT)/LENGT1 (4))
C SURALN=(0.87*(SEN(I,4)) ) * * (HRDEG(IT)/LENGT2 (4))
C

IF(GRSTAG.GT.73.0)THEN 
C

SURRA1(5)=(0.54*(SEN(I,4)))**(HRDEG(IT)
* / (LENGT1(5)-LENGT1(4)))

C
SURRA2(5)=(0.54*(SEN(I,4)))**(HRDEG(IT)

* / (LENGT2(5)-LENGT2(4)))
C

SURAPN=(0.23*(SEN(I,4)))**(HRDEG(IT)/LENGT1(4))
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SURALN=( 0 .2 3 * (SEN(1,4)) ) * * (HRDEG(IT)/LENGT2 (4)) END IF
DO 40 LS=1,4

SURRA1 (LS)=SURAPN 
SURRA2(LS)=SURALN 

40 CONTINUE
*************************************************

10___APHID POPULATION DEVELOPMENT **************************************************
For immigrant adults 

ISKIP=1
CALL DEVSUR(AIMM,IMSTEP,NUMBE,SURRA2

* ,LENGT2,HRDEG(IT),SUINS,ISKIP)
For alates developed in field 

ISKI=0
CALL DEVSUR(ALATES,ISTEP,NUMBE2

* ,SURRA2,LENGT2, HRDEG(IT),SUINS,ISKI)
For apterae developed in field

CALL DEVSUR(APTERS,ISTEP,NUMBE1
* ,SURRA1,LENGT1,HRDEG(IT),SUINS,ISKI)

************************************************
11 REPRODUCTION *************************************************

For nymphs laid by the apterae 
ARATE=RA
IF(CRSTAG. G T . 5 9 . 0 .AND. CRSTAG. L E . 7 3 . 0 )ARATE=RB 
IF(CRSTAG. G T .8 3 .0 )ARATE=0.0

NEWNY =NUMBE1(5)*HRDREP(IT)*ARATE*SEN(I,5)

For nymphs laid by alates
Alates developing in field are assumed to emigrate 

ALRATE=RC
IF(CRSTAG. GT. 5 9 . 0 . AND. CRSTAG. LE. 7 3 . 0 )ALRATE=RD 
IF (CRSTAG. GT. 8 3 . 0 ) ALRATE=0.0
NWNY=(NUMBE(5))*HRDREP(IT)*ALRATE*SEN(1,5)

Aphids are totalled up 

DO 50 LT=1,4
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T0TDEN=T0TDEN+NUMBE1(LT)+NUMBE2(LT)
50 CONTINUE 

C
TOTDEN=TOTDEN+NUMBE(5)+NUMBE1(5)

CC*************************************************
C 12 MORPH DETERMINATION *C*************************************************
C
C Decide the proportion of nymphs which will be alatiform
C
C

IF(ISKEXP.EQ.0)THEN 
C

ALATE=((2.603*TOTDEN+0.847208*CRSTAG- 
*27.18896)/100.0)*SEN(I,7)

C
ELSE

C
ALATE=-572.94+4.693*TOTDEN+14.5784*CRSTAG 
*—0.092728*(CRSTAG**2)
END IF 

C
IF(ALATE.GT.1.0)ALATE=1.0 
ALATES(1,1)=(NWNY+NEWNY)*ALATE 
IF(ALATES(1,1).LT.0.0)ALATES(1,1)=0.0 

C
C Now the number of apterae 
C

APTERS(1,1)=NEWNY+NWNY-ALATE S (1,1)
IF(APTERS(1,1).LT.0.0)APTERS(1,1)=0.0 

C
C Now the totals are calculated.
C

NUMBE1(1)=NUMBE1(1)+APTERS(1,1)
NUMBE2(1 )=NUMBE2(1)+ ALATES(1 ,1 )
TONY13=NUMBEl(1)+NUMBE1(2)+NUMBE1(3)+NUMBE2(1)+ 
*NUMBE2(2)+NUMBE2(3)
TONYM=TONYl3+NUMBE1(4)+NUMBE2(4) 
TOTDEN=TOTDEN+ALATES(1,1)+APTERS(1,1)

C
C All instars are converted into aphids units.
C

APHUNI=TONY13/3+NUMBEl(4)+NUMBE2(4)+NUMBE1(5)+ 
*NUMBE(5)

C
C Day and reproductive degrees accumulated 
C

DEGREE=DEGREE+HRDEG(IT)
C RDEGRE=RDEGRE+HRDREP(IT)
C

IF(IT.EQ.12/ISEN)THEN 
C
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13___ CROP LOSS **************************************************
The crop loss is calculated by proportion of yield loss 

over potential yield per aphid unit day.
IF(CRSTAG.LT.41.)CLOSS=0.0 
IF(CRSTAG.GE.41.0.AND.CRSTAG.LT.

* 55.0)CLOSS=0.0001556
IF(CRSTAG.GE.55.0.AND.CRSTAG.LT.

* 60.0)CLOSS=0.0003765
IF(CRSTAG.GE.60.0.AND.CRSTAG.LT.

* 70.0)CLOSS=0.000487
IF(CRSTAG.GE.70.0.AND.CRSTAG.LT.

* 77.0)CLOSS=0.000383
IF(CRSTAG.GE.7 7.0.AND.CRSTAG.LT.

* 83.0)CLOSS=0.000192
IF(CRSTAG.GE . 8  3.0)CLOSS=0.0 
DAILOS=APHUNI*CLOSS 
TOLOSS=TOLOSS+DAILOS 
CPINDE=CPINDE+AP HUNI
IF(DMAX.LE.TOTDEN)THEN 
DMAX=TOTDEN 
IDYMA=IDAY 

END IF
IF(IDAY.EQ.IDS1)CLOSl=TOLOSS 
IF(IDAY.EQ.IDS2)CLOS2=TOLOSS

*************************************************
14 OUTPUT **************************************************

IF (CTLOUT.EQ.'YES')THEN
WRITE(8,1002)IDAY,ND,MM,TONY13,NUMBE1(4),NUMBE2(4),

* TONYM,NUMBE1(5),NUMBE(5),TOTDEN,CPINDE,TOLOSS,
* CRSTAG

1002 FORMAT(I4,3X,I2,'//',I2,10F10.4)
C

WRITE(29,1023)IDAY,DEGREE,RDEGRE 
WRITE(30,1021)IDAY,ALOG10(TOTDEN+1)
WRITE(31,1021)IDAY,CRSTAG
WRITE(32,1021)IDAY,ALOG10(TONYM+1)
WRITE(33,1021)IDAY,NUMBE1(5)
WRITE(34,1021)IDAY,NUMBE(5)
WRITE(36,1022)CRSTAG,TOLOSS
WRITE(37,1022)CRSTAG,ALOG10(CPINDE+1)

1021 FORMAT(2X,14,F13.5)
1022 FORMAT(2(3X, FI3.4))
1023 FORMAT(3X,14,2(4X,F14.4) )

END IF
ELSE
GO TO 103 END IF

103 CONTINUE
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$$$$$ End of within day loop $$$$$
*************************************************

15___CROP DEVELOPMENT **************************************************
CALL CROPGROWTH(TMAX(IDAY),TMIN(IDAY),TMIN(IDAY+1), 
* TOT,CRSTAG)

*************************************************
16 PROFIT ASSESSMENT OF CONTROL **************************************************

IF(CRSTAG.GT . 8  6 .3.OR.IDAY.EQ.IFINIS)THEN
IF(ISKINT.EQ.l)THEN
BRIDGE=ISK1+ISK2+ISK3
PESCO=PESCOS*BRIDGE
CALL BENEFIT(PRICE,CTLOSS,TOLOSS,WHEEL,PESCO,* OUPROB, FRPROB, CLOS1 , CLOS 2)ELSE
GO TO 95 

END IF 
95 CONTINUE

WRITE( 3 8 ,* ) IDYMA,DMAX
Prepare for next sensitivity analysis loop

CRSTAG=CISTAG*(SEN(1+1,2))1=1+1
IF(I.EQ.(N+l))GO TO 901

Zero all elements in development and survival subprogram 
in second simulation

DO 60 N I=1,2  DO 60 N I I= 1 ,1500 A PT E R S(N I,N il)= 0 .0  AIMM(NI, N i l )= 0 .0  A LA TES(N I,N il)= 0 .0  
60 CONTINUE 

C ISKIP=1CALL DEVSUR(AIMM,IMSTEP, NUMBE, SURRA2
* , LENGT2,HRDEG(IT), SUINS,ISKIP)

C ISKI=0CALL DEVSUR(ALATES,ISTEP,NUMBE2
* , SURRA2, LENGT2, HRDEG(IT), SUINS,ISKI) 

C CALL DEVSUR(APTERS,ISTEP,NUMBE1

C
* ,SURRA1,LENGT1,HRDEG(IT),SUINS,ISKI)
TOLOSS=0.0 
IDS1=0 
IDS2=0 
IDS3=0
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no GO TO 101

END IF  
102 CONTINUE
$$$$$ End o f  day lo o p  $$$$$
901 CONTINUE
$$$$$ End o f  s e n s i t i v i t y  lo o p  $$$$$

★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ■ A’***-**'*'**'*-*****'**'*-*-*'*’**********
17___ INPUT DATA ARE FORMATTED AND PRINTED *

WRITE(8 ,10 25 )
1025 F O R M A T (1 H 0 ,2 X ,'S ta rt', 2 x , 'F i n i s h '  , 2 x , ' L a t i t u d e ' ,* 2 x , 'L e a p  y e a r ' ,* 2 x , 'M ig r a t io n  t r a n - s t a r t  G .S . ' , 2 x , ' D a ta* (E xp. / L i t e r a t u r e ) ' , 2x ,* ' I n s e c t i c i d e  o r  n o t ' , 2 x , ' Dev. t h r e s h o l d ')

C WRITE(8 ,10 26 )
1026 FORMAT (3X, ' -------- ' , 2X, ' -----------' , 2 X ,' ---------------' ,* 2 X ,' ----------------' ,

*  ------------- ' , 2X,* f -------------------------------- ' , 2X, ' --------------------------' )
C WRITE (8 ,10 27 ) ISTART, IF IN IS , LAT, LEAP, P I ,  ISKEXP, ISKINT, THRE1027 FORMAT(3X,1 4 ,4 X ,1 4 ,5X ,F 4 . 1 , 6X,A4, 1 4 X ,F 4 . 1 , 2 3 X ,I1 ,2 1 X ,I1* , 1 7X ,F 5 .2)
C WRITE(8 ,10 28 )

1028 FORMAT(1H0, 2 X ,' I n s e c t i c i d e ' , 4 x , ' A p p l ic a t io n  o n e '* , 2 x , 'A p p l i c a t i o n* t w o ', 2 x , 'A p p l i c a t i o n  t h r e e ' , 2 X ,' I ' , 2 x , ' T i l l e r* n u m b e r ', 2 X ,' K i l l
* r a t e ( t ) ' , 2 x , ' K i l l  r a t e ( b ) ' )

WRITE(8 ,10 29 )
1029 FORMAT (3X, ' ------------------- ' , 4X,* 2 X ,' ---------------------

*  ---- ' , 2X, ' ------------------------------- '*  --------------- '  , 2 x , '*  --------------------- ' ,  2 x , ' ----------------
2 x , ' I ' , 2 X , ' -------

WRITE(8 ,1 0 3 0 ) ISK 1, ISK2,ISK3,TILNO,DRATE,BR 1030 FO R M A T(3X ,'Skip ', 1 8 x , I I ,1 6 X , I I ,1 7 X , I I , 1 0 X , ' I '  
* ,5 X ,F 6 .2 ,1 0 X ,F 4 .2 ,1 0 X ,F 4 .2 )
WRITE(8,1031)ISG1,ISG2, ISG3

1031 FORMAT(3X,'Crop stage',llx,12,15X,12,16X,12,10X,'I')
C WRITE(8,1032)
1032 FORMAT (1H0,2X,' Grain price/tonne', 3x,' Potential loss', 3x, 

* 'Wheel loss',3x,'Spraying cost')
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WRITE(8,1033)
1033 FORMAT (3X, '----------------- ' , 3X,'-----------------' , 3X,

C

WRITE(8,1034)PRICE,CTLOSS,WHEEL,PESCOS1034 FORMAT(8X,F6. 2 , 1 3X ,F 4 . 2,10X ,F 6 . 3 , 8X ,F 6 . 2)
C

WRITE(8,1006)
1006 FORMAT(1H0,4X,'Suction trap data output

* modified by "taypal" relation')
C

WRITE(8,1007)(IMM(IN),IN=ISTART,IFINIS)
1007 FORMAT(5F10.3)

C
WRITE(8,1035)

1035 FORMAT(1H0,28X,'Sensitivity analysis')
C

WRITE(8,1036)
1036 FORMAT(IX,'Temperature',2x,'Crop stage',2x,'

* Aphid dev. length',2x,
* 'Survival',2 x,'Reproduction',2 x,'Immigration')

C
WRITE(8,1037)((SEN(I,J),J=l,6),I=1,N)1037 FORMAT (2 x ,F 5 . 2 , 8X ,F5. 2 , 11X ,F5 . 2 , 10X ,F5. 2 , 7X ,F 5 . 2 , 8X ,F5.2) 

C
WRITE(8,1038)

1038 FORMAT(2X,'Morph determination',2x,'Imm. tran.
*G.S.',2x,'Tans.
*length',2 x,'Time step',2 x,'Insecticide period')

C
WRITE(8,1039)((SEN(I,J),J=7,ll),I=1,N)1039 FORMAT(9X,F5. 2 , 10X ,F 7 . 2 , 9X ,F 7 . 2 , 7X ,F 7 . 2 , 9 X ,F 7 .2 )

C
WRITE(8,1011)

1011 FORMAT(1HO,35X,'Maximum temperature')
C

WRITE(8,1012)(TMAX(IN),IN=ISTART-1,IFINIS)
1012 FORMAT(IX,15F7.2)

C
WRITE(8,1013)

1013 FORMAT (1HO,35X,'Minimum temperature')
C

WRITE(8,1014)(TMIN(IN),IN=ISTART,IFINIS+1)1014 FORMAT(IX,15F7.2)

*****....  THE END....*****
STOP
END

*************************************************
18___SUBROUTINES **************************************************

Subroutine 1: Update aphids over their age classes
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c SUBROUTINE DEVSUR(APHIDS, ISTEP, TOTAL,SURVIV, *ALONG,HRDEG,SUINS,ISKIP)
C REAL APHIDS(2,ISTEP),SURVIV(5),ALONG(5),TOTAL (5) 

DO 60 LT=1,5 
TOTAL(LT)=0.0 

60 CONTINUE 
C

Updating: starting with the old age class 
DO 109 I=ISTEP,2,-1 

Age is updated.
APHIDS(2,1)=APHIDS(2,1-1) +HRDEG 
APHIDS(2,1-1)=0.0 
IF(ISKIP.EQ.l)THEN 
IF(APHIDS(2,I).LT 

* .(ALONG(5)-ALONG(4)))J=5
TOTAL(J)=TOTAL(J)+APHIDS(1,1)
GO TO 70 

ELSE 
GO TO 80 

END IF
80 CONTINUE
The IFBLOCK for calculations of 
different instars and adult stage

IF(APHIDS(2,1).GT.ALONG(4)
*.AND.APHIDS(2,1).LT.ALONG(5))THEN

J=5
ELSE IF(APHIDS(2,1).GT.ALONG(3)
*.AND.APHIDS (2,1) .LT.ALONG(4))THEN

J=4
ELSE IF(APHIDS(2,1).GT.ALONG(2)
*.AND.APHIDS(2,1).LT.ALONG(3))THEN

J=3
ELSE IF(APHIDS(2,1).GT.ALONG(1)
*.AND.APHIDS(2,1).LT.ALONG(2))THEN

J=2
ELSE IF(APHIDS(2,I).LT.ALONG(1))THEN 

J=1
END IF 

70 CONTINUE
C
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C The numbers in the old age class 1-1 are moved into I 
C and some die 
C

APHIDS(1,1)=APHIDS(1,1-1)*SURVIV(J)*SUINS 
The element in i-1 is zeroed 

APHIDS (1,1-1)=0.0
Total aphid numbers are summed for each instar

TOTAL(J)=TOTAL(J)+APHIDS(1,1)
Total up aphids

TOTALS=TOTALS+APHIDS(1,1)
109 CONTINUE

RETURN
END

Function 1: Suction trap catches transformed to field data
FUNCTION ALATC(TMM,PI, P2,CRSTAG)

ALATC=(1— (CRSTAG-P1)/ (P2-P1))*TMM
RETURN
END

Subroutine 2: Hourdegrees for reproduction and development
SUBROUTINE DEVTEMP(MNT1,MNT2,MXT1,MXT2,

*HRDEG,HRDREP,NN,ISK,DTRES)
DIMENSION TEMP(24),HRDEG(24),HRDREP(24),
*STHRDG(24),STHDRP(24)
COMMON PI,LAT,IDAY 
INTEGER NN
REAL MNT1,MNT2,MXT1,MXT2 
JJ=NN

CALL SUN(RISE)
Hour temperature during a day 

DO 15 J=l,24
Hour temperature from last max to next min 

MXT1- for last day;MNTl- for first day temp.
IF(J.LE.RISE)TEMP(J)=((MXT1 

* -MNT1)* (COS(PI*(J-
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* 2 * R IS E -1 0 )/ (10+RISE) )
* ) ) /2 .0+(M X T l+ M N T l)/2 .0

I F (J .G E .1 4 ) TEMP(J)=((MXT2
* -MNT2)* (COS(PI*(J-14)/ (10+RISE
* ))))/2.0+(MXT2+MNT2)/2.0 

C
C Hour temperature from minimum to maximum 
C at the same day 
C I F (J .G T . RISE.AND. J .L T . 14) TEMP(

* J) = ( (MXT2-MNT1
* )*(-COS(PI*(J-RISE)/ (14-RISE))))/2.0+(MXT2
* +MNT1)/2.0 

C
Physiological time calculation 
development

IF(TEMP(J).LE.(DTRES))STHRDG(J)=0.0 
IF(TEMP(J).GT.(DTRES).AND.TEMP(J).

* LE.20.0)STHRDG(J)=TEMP(J)-(DTRES)
IF(TEMP(J) .GT.2 0.0.AND.TEMP(J) .

* LE.27.5)STHRDG(J)=4.167*(8.912-0.178*TEMP(J)
* )-DTRES
IF(TEMP(J).GT.27.5)STHRDG(J)=0.0

ISK: experimental data(l) or literature (0)
IF(ISK.NE.0)THEN
STHRDG(J)=TEMP(J)-DTRES 
IF(STHRDG(J).LT.0.0)STHRDG(J)=0.0 

ELSE
GO TO 105 

END IF
105 CONTINUE 
Reproduction

IF(TEMP(J).LT.5.0)STHDRP(J)=0.0 
IF(TEMP(J).LT.10.0.AND.TEMP(J).GE.5.

* )STHDRP(J)=0.5*TEMP(J)
IF(TEMP(J).LE.25.AND.TEMP(J).GE.10.)

* STHDRP(J)=TEMP(J)
IF(TEMP(J).GT.25.0)STHDRP(J)=0.12*

* TEMP(J)
15 CONTINUE
Hour degree over time step length 

DO 25 IT=1,24/JJ 
Development
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HRDEG(IT)=0.0 
C
C Reproduction 
C

HRDREP(IT)=0.0 
25 CONTINUE 11=1 

IJ=JJ
DO 30 IT=1,24/JJ 
DO 35 I=II,IJ

HRDEG(IT)=HRDEG(IT)+STHRDG(I)
HRDREP(IT)=HRDREP(IT)+STHDRP(I)

35 CONTINUE 
II=II+JJ 
IJ=IJ+JJ 

30 CONTINUE 
RETURN 
END 

C 
C 
C
C Subroutine 3: Crop development 
C

SUBROUTINE CROPGROWTH(TS,X,XS,G,C)
THRESH=6 .0
DD=0.0
DO 304 IN=1,2 
Y=TS+X-2.0*THRESH 
IF(X.LT.THRESH)GO TO 301 
B=0.25*Y
GO TO 303

301 IF (TS.GT.THRESH)GO TO 302
B=0.0
GO TO 303

302 T=ASIN(Y/(X-TS))
B=0.125*Y*(1.0-0.63661977*T)+0.079577472*(TS-X)*COS(T) 
IF(B.LT.0.0)B=0.0

303 CONTINUE
DD=DD+B

x=xs304 CONTINUE 
C
C Day are summed 
c

G=G+DD
C=0.173224*G-0.000125*G*G+26.33648 
RETURN 
END 

C
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SUBROUTINE SUN(RISE)
COMMON PI,LAT,IDAY 
RAD=P1/180.0 
CONV=RAD*LAT
DEC=-23.4*COS(PI*(IDAY+10.173)/182.621) 
SSIN=SIN(CONV)*SIN(RAD*DEC)
CCOS=COS(CONV)*COS(RAD*DEC)
TT=SSIN/CCOS 
AS=ASIN(TT)
DAYL=12.0*(PI+2.0*AS)/PI 
RISE=12.0-(DAYL/2.0)+0.5 
RETURN 
END

S u b ro u t in e  5: I n s e c t i c id e

SUBROUTINE IN SECTICID E(ID ,ID S ,IU ,D R ,S ,BR)  
P=ID 
SE=IU 
D=IDS
S=1-DR*EXP( (LOG(BR)/SE)* (P-D))
IF (S. G T . (1-BR))S=1.0 
IF (S .LT . (1-DR))S=1-DR 
RETURN 
END

Subroutine 6 : Calculate day and month
SUBROUTINE CALENDER(IDAY,DD,MM,LEAP)
INTEGER MT(12),MD(12),DD,MM 
DATA (MT(I),1=1,12),(MD(I),1=1,12)/31,59, 
*90,120,151,181,212,243,273,304,334,365,31,28, 
*31,30,31,30,31,31,30,31,30,31/
IF(LEAP.EQ.'YES' ) THEN 
M D (2)=29 
DO 10 1=2,12 
MT(I)=MT(I)+1 

10 CONTINUE 
END IF 

C IF (IDAY.LE.MT (1) ) THEN 
MM=1 
DD=IDAY

ELSE IF(IDAY.LE.MT(2).AND.IDAY.GT.MT(1))THEN 
MM=2
DD=IDAY-MT (1)

ELSE IF(IDAY.LE.MT(3).AND.IDAY.GT.MT(2))THEN 
MM=3
DD=IDAY-MT(2)

ELSE IF(IDAY.LE.MT(4).AND.IDAY.GT.MT(3))THEN 
MM=4
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DD=IDAY-MT(3)
ELSE IF(IDAY.LE.MT(5).AND.IDAY.GT.MT(4))THEN 
MM=5
DD=IDAY-MT (4)

ELSE IF (IDAY.LE.MT (6) . AND . IDAY. GT .MT (5) ) THEN 
MM=6
DD=IDAY-MT(5)

ELSE IF(IDAY.LE.MT(7).AND.IDAY.GT.MT(6))THEN 
MM=7
DD=IDAY-MT (6)

ELSE IF(IDAY.LE.MT(8).AND.IDAY.GT.MT(7))THEN 
MM=8
DD=IDAY-MT (7)

ELSE IF(IDAY.LE.MT(9).AND.IDAY.GT.MT(8))THEN 
MM=9
DD=IDAY-MT (8)

ELSE IF(IDAY.LE.MT(10).AND.IDAY.GT.MT(9))THEN 
MM=10
DD=IDAY-MT(9)

ELSE IF(IDAY.LE.MT(11).AND.IDAY.GT.MT(10))THEN 
MM=11
DD=IDAY-MT(10)

ELSE
MM=12
DD=IDAY-MT(11)

END IF 
RETURN 
END

Subroutine 7: Calculate profits of control
SUBROUTINE BENEFIT(PRICE,CTLOSS,CLOSS,WHEEL,PESCOS, 
*OUPROB,FRPROB,CLOS1,CLOS2)

Y : expected yield
LECO: losses in economic term after insecticide spray 

CHARACTER*10 EXPRES(11)
REAL LECO(11),BENEF(11),Y (11),BNPRP(11),BNFRC(11), 
*BNNCTR(11),BNFRCC(11),BNPRPP(11)
DO 10 I =0,8 
R=I
Y(I)= 6 .0+0.5*R
LECO(I)=CLOSS*Y(I)*PRICE
SA=1.0-CTLOSS
SL=(1.0-CLOSS)* (1.0-WHEEL)

Control strategies
1  no control and no aphid outbreak

PRI1=Y(I)*PRICE
2 no outbreak and control

PRI2=Y(I)*PRICE*(1.0-WHEEL)-PESCOS
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3 outbreak and no control
PRI3=Y(I)*PRICE*(1.O-CTLOSS)

4 outbreak and control
PRI4=Y(I)*PRICE*(1.O-CLOSS)* (1.0-WHEEL)-PESCOS

No control
BNNCTR(I)=PRI1*(1.0-OUPROB)+PRI3*OUPROB 

Prophylactic control
BNPRPP(I)=PRI4*0UPR0B+PRI2*(l.O-OUPROB)

Control based on forecasting
BNFRCC(I)=PRI1*(l.O-OUPROB)*FRPR0B+PRI4*0UPR0B*

* FRPROB+PRI2*(1.O-OUPROB)*(1.O-FRPROB)+PRI3*
* OUPROB*(1.O-FRPROB)
BNPRP(I)=BNFRCC(I)-BNPRPP(I)
BNFRC(I)=BNFRCC(I)-BNNCTR(I)
BENEF(I)= (SL-SA)*Y(I)*PRICE-PESCOS 
IF(BENEF (I) .LE.0.0)EXPRES(I) = 'No benefit'
IF(BENEF(I).GT.0.0)EXPRES(I) =' Benefit'

10 CONTINUE
WRITE(9,1040)(Y(I),I=0,8)
WRITE(9,1041)(BENEF(I),1=0,8)
WRITE(21,1043)OUPROB,FRPROB,(BNPRP(I),1=0,2) 
WRITE(22,1043)OUPROB,FRPROB,(BNFRC(I),1=0,2) 
WRITE(9,1042)(EXPRES(I),1=0,8)

1040 FORMAT(1H0,'Expected yield',9(8 x,F4.1))
1041 FORMAT(IX,'Benefit',7x,9 (5x,F7.2))
1042 FORMAT(15X,9 (2X,A10))
1043 FORMAT(IX,5 (2X,F7.2))

RETURN
END
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