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ABSTRACT 

The s tudy  e s t i m a t e s  t h e  r e l a t i v e  abundance and d i s t r i b u t i o n  of f o u r  

hymenopterous p a r a s i t e s  of t h e  pea aph id ,  Acyrthosiphon piswn, i n  sou the rn  

B r i t i s h  Columbia. The f o u r  p a r a s i t e s  a r e :  Aphidius  ervi ervi and A. smi th i ,  

which were in t roduced  i n t o  North America from Europe and I n d i a ,  r e s p e c t i v e l y ,  

and t h e  n a t i v e  A .  e. pu l ehe r  and Praon pequodomun. The e f f e c t i v e n e s s  of 

t h e  p a r a s i t e s ,  i n  p a r t i c u l a r  t h a t  of t h e  e x o t i c  A. s m i t h i ,  i n  c o n t r o l l i n g  

t h e  pea aphid i s  eva lua ted .  L i f e  t a b l e  c h a r a c t e r i s t i c s ,  such a s  t h e  develop- 

mental  and r ep roduc t ive  r a t e s ,  of t h e  pea aphid and i t s  a s s o c i a t e d  p a r a s i t e s  

were determined under l a b o r a t o r y  cond i t i ons .  

I n  t h e  f i e l d ,  pea aphid popu la t i ons  i nc reased  r a p i d l y  du r ing  e a r l y  

a l f a l f a  growth, b u t  aphid d e n s i t i e s  g e n e r a l l y  l e v e l l e d  o f f  and sometimes 

dec l ined  b e f o r e  each c rop  was c u t .  Weather c o n d i t i o n s  subsequent  t o  hay 

h a r v e s t i n g  in f luenced  aphid recovery.  Mild weather  a f t e r  t h e  f i r s t  crop 

allowed r ap id  aphid popula t ion  recovery ,  wh i l e  ho t  and d r y  weather a f t e r  t h e  

second c rop  decimated aphid and p a r a s i t e  popu la t i ons .  The numbers of 

p a r a s i t i z e d  and u n p a r a s i t i z e d  aphids  su rv iv ing  from t h e  p rev ious  c rop  and 

t h e  numbers of immigrant a l a t a e  were important  f a c t o r s  i n  determining t h e  

peak d e n s i t y  of aphid popu la t i ons  i n  a l f a l f a  f i e l d s .  

Aphidi id  p a r a s i t e s  appeared t o  be  t h e  most impor tan t  n a t u r a l  enemies 

of t h e  pea aphid i n  t h e  Kamloops a r e a .  Aphidius s m i t h i  was t h e  numer ica l ly  

dominant p a r a s i t e  under h o t ,  d r y  c l i m a t i c  cond i t i ons  i n  t h e  I n t e r i o r  of 

B r i t i s h  Columbia, wh i l e  A.  e. ervi was numer ica l ly  dominant under t h e  r e l a -  

t i v e l y  wet and mild c l i m a t i c  cond i t i ons  of t h e  lower F r a s e r  Val ley.  A l l  

p a r a s i t e  s p e c i e s  showed a  d e n s i t y  dependent response  t o  changes i n  aphid 

abundance. On occas ion ,  t h e  d e n s i t y  dependent response  was masked by t h e  

e a r l y  s p r i n g  emergence of p a r a s i t e s  from d i apause ,  by t h e  immigr,.;ion of 
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l a r g e  numbers of a d u l t  p a r a s i t e s  from neighbouring f i e l d s ,  o r  by h a r v e s t i n g  

p r a c t i c e s .  , 

Low s p r i n g  temperatures  a f f e c t e d  t h e  developmental r a t e s  of t h e  d i f f e r -  

e n t  p a r a s i t e s  i n  a  d i f f e r e n t  way. Aphidius smithi and A. e .  puleher develop 

a t  lower temperatures  t han  Praon pequodom and t h e r e f o r e  appeared e a r l i e r  

i n  s p r i n g .  D i s c r e t e  gene ra t ions ,  and t h e i r  co inc idence  w i t h  t h e  a v a i l a b i l i t y  

of s u i t a b l e  h o s t s ,  caused changes i n  t h e  abundance of p a r a s i t e  s p e c i e s  

dur ing  t h e  f i r s t  s p r i n g  crop. However, w i th  i n c r e a s i n g  temperatures  i n  

summer and p a r a s i t e  responses  t o  aphid popula t ion  growth t h e r e  was an  over- 

lapping  of p a r a s i t e  genera t ions .  T h i s  r e s u l t e d  i n  a  s t eady  mean c o n t r i b u t i o n  

of 70 t o  80% by A. smithi, 13 t o  20% by A. e .  putcher, and 5 t o  10% by P. 

pequodomun t o  aphid p a r a s i t i s m  r a t e s  dur ing  t h e  second and t h i r d  c rops .  

Hyperparas i tes  d i d  no t  have a  major e f f e c t  on t h e  growth pe r iods  of 

t h e  p a r a s i t e  popu la t ions ,  a s  dur ing  t h e s e  pe r iods  hyperparas i t i sm of para- 

s i t i z e d  aphids  r a r e l y  exceeded 15  t o  40%. A f t e r  aphid and p a r a s i t e  popula- 

t i o n s  had peaked h y p e r , a r a s i t i s m  sometimes increased  r a p i d l y  t o  70 t o  85%. 

Th i s  was probably due t o  a  r educ t ion  i n  t h e  numbers of p a r a s i t i z e d  h o s t s  

r a t h e r  t han  t o  a n  i n c r e a s e  i n  h y p e r p a r a s i t e  abundance. 

The h igh  r a t e  of p a r a s i t i s m  of t h e  aphid f u n d a t r i x  gene ra t ion  dur ing  

s p r i n g ,  1972, was important  i n  reducing aphid popu la t ion  growth and numbers 

dur ing  t h e  r e s t  of t h e  season.  P a r a s i t e s ,  e s p e c i a l l y  A. smithi, e f f e c t i v e l y  

con t r ibu ted  t o  t h e  b i o l o g i c a l  c o n t r o l  of t h e  pea aphid i n  Kamloops dur ing  

1971 and 1972. 

A s imu la t ion  model cons t ruc ted  from f i e l d  and l a b o r a t o r y  d a t a  p red ic t ed  

aphid and p a r a s i t e  popula t ion  growth and age  s t r u c t u r e s  up t o  t h e  peak 

popula t ion  l e v e l s .  However, t h e  model was unable  t o  p r e d i c t  t h e  d e c l i n e  i n  

aphid numbers t o  1 e v ~ l . s  a c t u a l l y  experienced i n  t h e  f i e l d .  The model was 



u s e f u l  i n  p l a c i n g  p a r t i c u l a r  r e s e a r c h  r e s u l t s  i n  p e r s p e c t i v e  and i n  sug- 

g e s t i n g  a r e a s  f o r  f u r t h e r  r e sea rch .  1 
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CHAPTER I 
I 

GENERAL INTRODUCTION 

The Problem A .  - 
The pea aphid, Acyrthosiphon piswn (Harris)  (Homoptera: Aphididae), 

was acc iden ta l ly  introduced i n t o  North America p r i o r  t o  t h e  20th century 

and has  rstnce become widely d i s t r i b u t e d  (Campbell, 1926; Cooke, 1883; Davis, 

X915jc It has become a pes t  on crops such a s  canning peas (fiswn sativwn 

E ,) and a l f a l f a  (Medicago sativa L.) grown f o r  seed and hay. Beirne (1972) 

reviewed the pest  s t a t u s  of t h e  pea aphid i n  Canada. Although t h e  pea aphid 

i s  known t o  be a vector  of some 20 p lan t  v i ruses  (Kennedy e t  az., 1962), i t  

may a l s o  damage crops d i r e c t l y  when abundant. I n f e s t a t i o n s  usua l ly  occur 

i n  Jocal ized  a r e a s ,  causing a l o s s  of up t o  20% of p ro te ins ,  carotene,  and 

dry matter i n  a l f a l f a  y i e l d  (Kindler e t  aZ., 1971). Severe pea aphid out- 

breaks c a n  cause t h e  a l f a l f a  leaves  t o  w i l t  and t u r n  yellow a s  w e l l  a s  

reduce ilowering and cause heavy blossom drop (Harper, 1972). 

Attempts t o  c o n t r o l  t h e  pea aphid by b i o l o g i c a l  means have included: 

(I) the  use  of r e s i s t a n t  a l f a l f a  v a r i e t i e s  (Car t i e r  e t  az., 1965; Kehr e t  

a%. , 1968; Wmentel and Wheeler, 1973) ; (2) t h e  modificat ion of harvest ing 

p rac t i ces  t o  lnc rease  t h e  p robab i l i ty  of s u r v i v a l  of mor ta l i ty  agents of 

t h e  pea aphid (van den Bosch e t  aZ., 1967); and (3) t h e  importat ion of 

several  p a r a s i t e  spec ies  belonging t o  t h e  family Aphidiidae (Hymenoptera) 

i n t o  Nr,rth America t o  supplement t h e  impact of indigenous p a r a s i t e s  (Mackauer, 

l 9 7 I j c  

Yagen and van den Bosch (1968) considered t h e  introduced Indian para- 

s i t e  ~p2:idirl.s smi th i  Sharma and Subba Rao a s  a major con t ro l l ing  agent of 

the ped ziphXd i n  most alfalfa-growing a r e a s  of C a l i f o r n i a  (Hagen and 



Schlinger, 1960; van den Bosch e t  aZ.+ 1966). Hagen and van den Bosch (1968) 

also listed A .  smithi as one of the most successful biological control 

agents of A.  pisum to date. A.  smithi and another introduced parasite from 

Europe, Aphidius e m i  e m i  Haliday, have become established in the eastern 

United States and in Canada, as well as in the Pacific Northwest (Halfhill 

e t  aZ., 1972; Mackauer, 1971); however, the degree of biological control 

varies from one geographic area to another and the parasite complex present. 

The pea aphid is distributed throughout southern British Columbia. It 

is considered a pest of canning peas in the Lower Fraser Valley (Arrand, 

1959) and of alfalfa in the Peace River district and the Thompson and 

Okanagan River Valleys in southern British Columbia (Arrand and Neilson, 

1958). Alfalfa is the most important forage crop in the interior of British 

Columbia (Hubbard and Mclean, 1961) and is grown mainly to produce hay and 

silage for dairy and feeder cattle. 

Little is known of the aphid's seasonal population fluctuations in 

British Columbia. Neither is there information on the natural mortality 

agents that may be involved in the aphid's control. Indeed, there have 

been no attempts made in British Columbia to manage pea aphid populations 

except by pesticide applications. This contrasts with Oregon and Washington, 

where an extensive campaign was waged to mass release A .  smithi and A. e .  

ermi during the past decade. This campaign resulted in the successful 

establishment of both parasite species in the northwestern United States 

(Halfhill e t  aZ., 1972). As a consequence of these releases A .  smithi and 

A .  ezwi have spread northwards from the northwestern United States and are 

now established in British Columbia (Mackauer and Campbell, 1972). 



B. The Objectives , 

The ob jec t ives  of t h i s  t h e s i s  are :  

1 )  To determine: 

a)  The composition of t h e  p a r a s i t e  complex which a t t a c k s  the  

pea aphid. 

b) The r e l a t i v e  abundance and d i s t r i b u t i o n  of each p a r a s i t e  

spec ies  i n  southern B.C. 

2) To evaluate :  

a)  P a r a s i t e  e f fec t iveness  i n  t h e  con t ro l  of t h e  pea aphid. 

b) The impact of t h e  exo t i c  Aphidius smithi on t h e  pea aphid 

and i t s  indigenous p a r a s i t e s .  

C. The Approaches 

Three main approaches were used t o  achieve t h e  above object ives :  

I .  Laboratory experiments. Some bas ic  parameters, only obta inable  

under con t ro l l ed  labora tory  condit ions,  were considered t o  be important i n  

t h e  i n t e r p r e t a t i o n  of t h e  f i e l d  r e s u l t s .  Thus l i f e  t a b l e  c h a r a c t e r i s t i c s ,  

such a s  developmental and reproductive r a t e s ,  of t h e  pea aphid and i t s  

associa ted  p a r a s i t e s  were determined. These labora tory  r e s u l t s  and observa- 

t i o n s  a r e  reported i n  t h e  f i r s t  p a r t  of t h e  t h e s i s ;  e.g. aphid biology i s  

discussed i n  Chapter 11; p a r a s i t e  biology i n  Chapter 111; and aphid- 

p a r a s i t e  i n t e r a c t i o n s  i n  Chapter I V .  

2. Field study. The hymenopterous p a r a s i t e s  of t h e  pea aphid were 

surveyed throughout southern B r i t i s h  Columbia a l f a l f a  f i e l d s  during t h e  

summers of 1971 and 1972. The observed d i s t r i b u t i o n  and abundance of t h e  

aphidi id  p a r a s i t e s  is  reported i n  Chapter V I .  The main study was conducted 

i n  an  a l f a l f a  f i e l d  a t  the  Canada Department of Agr icul ture  Research S ta t ion ,  



Kamloops, B.C. Aphid and p a r a s i t e  numbers were monitored t o  e l u c i d a t e  t h e  

population dynamics of t h e  pea aphid a d  i ts  p a r a s i t e s .  The e f f e c t s  of hay 

harves t ing p r a c t i c e s ,  weather, hyperparasi t ism, and i n s e c t  predat ion on 

aphid and p a r a s i t e  abundance were a l s o  observed. The r e s u l t s  of t h i s  f i e l d  

study a r e  discussed i n  Chapters V and VI. 

3. Simulation model. The t h i r d  approach involved t h e  const ruct ion 

of a  d e s c r i p t i v e  "alfalfa-pea aphid-parasite" computer s imulat ion model 

using some of t h e  techniques described by Hughes and Gi lbe r t  (1968) and 

Gi lbe r t  and Gut ier rez  (1973). The model was used a s  a method of ana lys i s ,  

synthesizing both t h e  labora tory  and f i e l d  f indings  i n  an attempt t o  under- 

stand t h e  populat ion dynamics of t h e  pea aphid and i t s  associa ted  p a r a s i t e s  

i n  an a l f a l f a  ecosystem. The model is discussed i n  Chapter VII. 

A genera l  d iscuss ion i s  made i n  Chapter VIII. 



CHAPTER I1 

BIOLOGY OF TKE APHID 

A. General L i f e  History 

The pea aphid,  Acyrthosiphon piswn (Har r i s ) ,  is  a common aphid on t h e  

herbaceous Papil ionaceae (Hi l l e  R i s  Lambers, 1947). It may become a pes t  

on crop p l a n t s  such a s  a l f a l f a ,  Medicago sat iva L., and peas, Pisum sativwn 

L. The aphid i n f e s t s  t h e  growing t i p s  of t h e  p l a n t ,  feeding on t h e  sap from 

leaves ,  stems, p e t i o l e s ,  and flower buds (Dunn and Wright, 1955; Emery, 

1946; Smith, 1926). Numerous s t u d i e s  on aspec t s  of t h e  l i f e  h i s t o r y  and 

economic importance of t h e  pea aphid have been conducted (e.g. Campbell, 

1926; Cooke, 1963). 

I n  Kamloops t h e  pea aphid overwinters i n  t h e  egg s t a g e  on leaves  and 

stems of a l f a l f a  and c lover  (Fig. 1 ) .  I n  t h e  lower Fraser  Valley where t h e  

win te r s  a r e  mi lder ,  a d u l t  females may overt, n t e r  on c lover  (Buckell, 1940). 

I n  Kamloops dur ing late March t o  mid-April t h e  surviving eggs usual ly  hatch,  

giving rise t o  t h e  f i r s t  o r  funda t r ix  generat ion (Fig. 1 ) .  The fundatr ix ,  

o r  s t e m  mother, which i s  parthenogenic, usual ly  matures during t h e  l e s t  

week of Apr i l  and f i r s t  two weeks of May, giving b i r t h  t o  t h e  f i r s t  genera- 

t i o n  of t h e  v iv iparous  parthenogenic females. When these  viviparous females 

mature, they may be winged (a la tae )  o r  wingless (apterae)  and produce other  

parthenogenic v iv iparae .  The f i r s t  few generat ions of virginopara cons i s t  

of both apterous  and a l a t e  viviparous females. 

The apterous  (wingless) viviparous females a r e  t h e  predominant form 

found on a l f a l f a  during t h e  summer months (Fig. 1 ) .  Rapid embryonic and 

rtymphal development produces many overlapping genera t ions  during t h e  

summer. There are four  nymphal i n s t a r s  followed by a s h o r t  pre-reproductive 



Figure 1 .  Phenology of a l fa l fa ,  pea aphid, and primary parasite populations 

a t  Kamloops , B.C . 
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per iod  i n  t h e  a d u l t  s t a g e .  The f o u r  i n s t a r s  d i f f e r  i n  a number of morpho- 
I 

l o g i c a l  f e a t u r e s .  I n  t h i s  t h e s i s  d i f f e r e n c e s  i n  t h e  r e l a t i v e  antenna1 

l e n g t h s  (Fig. 2,  Table  I )  were used t o  d i s t i n g u i s h  between t h e  nymphal and 

a d u l t  ap terous  s t a g e s .  The f o u r t h  i n s t a r  and a d u l t  a p t e r a e  by t h e  presence of 

wing buds and wings r e s p e c t i v e l y ,  a r e  e a s i l y  d i s t i n g u i s h e d  from t h e  ap terous  

morphs. Third i n s t a r  a l a t e s ,  having sma l l  wing buds, are less e a s i l y  sep- 

a r a t e d  from t h e  ap te rous  s t a g e s .  

Normally ap t e rous  v i rg inopa ra  produce both  ap te rous  and alate young. 

However, i n  some s t r a i n s  a l a t e  v i rg inopa ra  produce only  ap te rous  young 

(Sutherland,  1970).  

Two main f a c t o r s  have been demonstrated t o  promote t h e  product ion  of 

a l a t e  v i rg inoparae :  (1)  phys i ca l  c o n t a c t  between aphids  caused by crowding; 

and (2) t h e  n u t r i t i o n a l  q u a l i t y  of t h e  p l a n t  sap  (Bonnemaison, 1951, 1971, 

1972; Suther land ,  1967, 1969a, b ) .  A number of environmental  v a r i a b l e s  such 

a s  photoperiod and temperature may modify t h e  response  t o  crowding and t h e  

phys io log ica l  c o n d i t i o n  of t h e  p l a n t  (Suther land ,  1969b). Sutherland (1970) 

suggested t h a t  t h e  a b i l i t y  of t h e  pea aphid t o  respond t o  environmental 

f a c t o r s  which cause  a l a t e  product ion  is dependent on a n  i n t r i n s i c  f a c t o r  

w i t h i n  t h e  aphid.  

Winged v i r g i n o p a r a  u s u a l l y  migra te  from one a l f a l f a  f i e l d  t o  another  

o r  t o  o t h e r  h o s t  p l a n t s  such as c l o v e r s  and peas.  During t h e  f l i g h t s  t h e  

a l a t a e  d e p o s i t  a few nymphs wherever t hey  s t o p ,  t h u s  i n s u r i n g  a  wide d i s -  

t r i b u t i o n  (Cooke, 1963).  Alate product ion  and a l a t e  mig ra t ion  u s u a l l y  

occurs  throughout t h e  summer i n  Kamloops. The f i r s t  mass mig ra t ion  of 

a l a t e s  u s u a l l y  occurs  s h o r t l y  b e f o r e  t h e  a l f a l f a  blossom appears  i n  t h e  

f i r s t  crop of t h e  season.  The e a r l y  s p r i n g  alate mig ra t ion  is  u s u a l l y  t h e  



Figure 2.  The antennae of the f i r s t  ( I ) ,  second (2) ,  third ( 3 ) ,  fourth (4) 

instar and apterous adult (5) of the pea aphid, Acyrthosiphon 

piswn (Harris) (courtesy of Dr. M. Mackauer). 





TABLE I. Mean antenna1 lengths of apterous pea aphids, Acyrthosiphon 

piswn, reared at 20•‹C (n = 20). 

- -- 

Nymphal Mean Antenna1 ~ e n ~ t h *  
Range 

Ins tar mm 

I 1.085 5 .025 0.950 - 1.250 

Adult 4.663 -+ .024 4.501 - 4.800 

* 
Mean + 1 SE. 



l a r g e s t  f o r  t h e  whole of t h e  season.  'Ala te  mig ra t ion  is a n  important  

mechanism i n  t h e  r e c o l o n i z a t i o n  of an  a l f a l f a  f i e l d ,  e s p e c i a l l y  a f t e r  most 

aphids  i n  t h e  f i e l d  have been removed o r  k i l l e d  by hay ha rves t ing  and a  

subsequent h o t ,  d ry  per iod .  A f t e r  s e v e r a l  days of f l y i n g  a l a t a e  even tua l ly  

sett le and remain on a  p l a n t  and l o s e  t h e i r  c a p a c i t y  f o r  f l i g h t  due t o  f l i g h t  

muscle a u t o l y s i s  (Johnson, 1953).  

Sexuals  s t a r t  t o  appear  i n  a popu la t ion  g e n e r a l l y  i n  response  t o  

changes i n  t h e  f a l l  t empera tures  and photoperiod (Lamb and Po in t ing ,  1972). 

I n  Kamloops ap te rous  and a l a t e  males and ap te rous  oviparous females appear  

from l a t e  September u n t i l  l a t e  October.  The s e x u a l s  mate and t h e  females  

l a y  t h e i r  eggs on a l f a l f a  l e a v e s  and stems. When f i r s t  l a i d  t h e  eggs a r e  

yel low,  but  e v e n t u a l l y  t hey  t u r n  b lack .  The eggs t h a t  s u r v i v e  t h e  f r e e z i n g  

win te r  temperatures  i n  Kamloops w i l l  h a t ch  i n t o  f u n d a t r i c e s  t h e  fo l lowing  

s p r i n g  . 

B. The In f luence  of Temperature on L i f e  Table  C h a r a c t e r i s t i c s  of t h e  Pea 

Aphid 

1. Introduction. The e f f e c t s  of tempera ture  on i n s e c t s  have been 

reviewed by Andrewartha and Birch (1954), B u r s e l l  (1964), Howe (1967),  

Messenger (1959),  and Watt (1968). Many au tho r s  have s t u d i e d  t h e  e f f e c t  

of temperature on t h e  development and r ep roduc t ive  c a p a c i t y  of v a r i o u s  

aphid spec i e s .  Some of t h e  r e c e n t  s t u d i e s  on ~cyrthosiphon piswn (Harr i s )  

a r e  by Frazer  (1972a, b ) ,  Harr i son  and Barlow (1972), Kenten (1955),  Murdie 

(1969a, b ) ,  S idd iqu i  and Barlow (1973); on Aphis craccivora Koch by Gu t i e r r ez  

e t  aZ. (1972) ; on Aphis fabae Scop . by Banks and Macauley (1964) ; on Brevi- 

coryne brassicae ( L . )  by Bonnemaison (1951),  Hafez (1961), Hughes (1963) ; 

on Macrosiphwn euphorbiae (Thomas) by Barlow (1962), MacGillivary and 



- 
Anderson (1958); on &sonaphis m i m a  (Mason) by Gilbert and Gutierrez 

(1973) ; on Myzus persicae (Sulzer) by El-Ibrashy e t  at. (1972); and on 

~herioaphis maczrZaLn (Buckton) by Messenger (1964). 

The influence of temperature on the development and reproduction of 

the pea aphid has been studied for different reasons; for example, to show: 

(1) life table characteristics of various pea aphid biotypes (Cartier, 1959; 

Frazer, 1972b; Kilian and Nielson, 1971; Markkula, 1963); (2) the effect 

of temperature on alfalfa clone resistance to the pea aphid (Cartier et az., 

1965; Isaak e t  aZ,, L963); (3) the pea aphid as a virus vector at different 

temperatures (Sylvester and Richardson, 1966); (4) the effect of temperature 

and light on morph determination (Kenten, 1955; Lamb and Pointing, 1972); 

( 5 )  temperature effects on pea aphid size and fecundity variations (Murdie, 

1969a, b) ; and (6) pca aphid population growth after exposure to extreme 

temperatures (Harrison and Barlow, 1972) and fluctuating laboratory tempera- 

tures (Siddiqui and Rarlow, 1972), Pew authors have actually attempted to 

apply theix laboratory findings on aphid developmental and reproductive 

rates to field observations using a comparative and/or predictive approach. 

Notable exceptions are studies on aphid species other than the pea aphid. 

For example, Hughes and Gilbert (1968) used developmental rates obtained 

by Hughes (1962) to predict the population trends of Brevicoryne brassicae 

on kale, Gilbert and Guterriez (1973) have used the life table characteris- 

tics of Masonaphis maxima (Mason) to predict the aphid's population trends 

on thimbleberry. 

A knowledge of the life table characteristics of the pea aphid was 

essential for the interpretation of the field observations (Chapter VI) and 

the construction of an aphid-parasite model (Chapter VIII). Campbell et az. 



(1973) suggested that there is a considerable variation in the temperature 

requirements for development between different aphid species as well as 

within one aphid species from one geographic area to another. Thus a 

laboratory study was initiated to determine the effect of constant tempera- 

tures on the developmental, survival, and reproductive rates of the pea 

aphid as found in the Kamloops area. 

The objectives of this chapter are to determine the developmental, 

survival, and reproductive rates of apterous and alate forms of the pea 

aphid, A. piswn, at various constant temperatures in the laboratory so that 

the effects of field fluctuating temperatures on the aphid could be assessed. 

2, Muberials and Methods. Two experiments were conducted between 

15 June and 4 August, 1972, at Kamloops. In the first experiment, apterous 

and alate 'i, piswn individuals were exposed to different constant tempera- 

tures rat, ing  from 10 to 28OC (Table 11). Pea aphid adults collected in 

the f i r [ !  ,lrere used to supply newly born nymphs of known age (1 to 4 hours). 

These nymphs were placed individually into small plastic rearing cages 

having a diameeer of 9.5 cm (Mackauer and Bisdee, 1965) (Fig. 3) and con- 

taining alfalfa stems. The cages were maintained in Precision Scientific 

environmental cabinets with a light regime of 18 L/6 D and relative humidity 

of 50 to T O % ,  

In the second experiment, apterous pea aphids were exposed to fluctuating 

temperatures in an alfalfa field, In this experiment the rearing cages were 

attached ca stakes and protected by sheets of galvanized iron (20 x 20 x .1 

cm) against sun and rain (Fig. 3). Temperatures within the plastic containers 

in both the laboratory and field experiments were measured with thermocouple 

probes and recorded on thermographs (Weksler Instrument Corp., Type 12MR1-2P). 



Figure 3. Rearing cages in incubator (top), modified cage attached to 

stake in field (middle), rearing cages in alfalfa field (bottom). 





The aphid h o s t  p l a n t  used f o r  bo th  experiments w a s  Medicago sativa L. 

v a r .  Vernal. I n  t h e  l abo ra to ry  experiment f r e s h  10  t o  15  cm long a l f a l f a  

t i p s  were c u t  from f i e l d  grown a l f a l f a  and placed i n d i v i d u a l l y  i n t o  a  p l a s t i c  

r e a r i n g  cage w i t h  t h e  c u t  end i n  t a p  water .  I n  t h e  f i e l d  experiment t h e  

growing a l f a l f a  t i p s  were placed i n d i v i d u a l l y  i n  t h e  modified cages ,  bu t  

t h e  t i p s  were always l e f t  a t t ached  t o  t h e  p l a n t ;  t h e  cages were r a i s e d  on 

t h e  s t a k e s  a s  t h e  a l f a l f a  stems grew. A l f a l f a  t i p s  were rep laced  weekly i n  

both experiments.  Care was taken  t o  i n s u r e  t h a t  a l l  ex t raneous  i n s e c t s  

were removed b e f o r e  p l ac ing  t h e  t i p s  i n t o  t h e  cages.  

The developmental pe r iods  of each aphid i n s t a r  under cons t an t  tempera- 

t u r e s  were determined by checking each con ta ine r  f o r  aphid ecdys i s  and/or  

c a s t  s k i n s  every s i x  hours .  I n  t h e  f i e l d  experiment only  t h e  t o t a l  pre-re- 

product ive  per iod  ( b i r t h  t o  f i r s t  l a r v i p o s i t i o n )  was measured. A f t e r  a l l  

aphids  had begun t o  reproduce,  they  were examined d a i l y  and a l l  progeny 

produced were counted and removed wi th  a  camel 's h a i r  brush. From these  da t a  

t h e  mean developmental per iod  f o r  each i n s t a r ,  t h e  pre- reproduct ive  pe r iods ,  

and t h e  mean t o t a l  f ecund i ty  of each age  group of a l a t a e  and a p t e r a e  were 

ca l cu la t ed .  

Linear  r e g r e s s i o n  equat ions  were c a l c u l a t e d  t o  show t h e  r e l a t i o n s h i p  

between temperature and t h e  r a t e s  of aphid development expressed as rec ipro-  

c a l s  of time: y  = a + b t ,  where y i s  t h e  r a t e  of development o r  1/D; D is  

t h e  number of days taken  f o r  each i n s t a r  per iod  a t  a p a r t i c u l a r  temperature 

T i n  degrees cen t ig rade ;  a  and b a r e  c o n s t a n t s  c a l c u l a t e d  by us ing  t h e  least 

sum of squares  method. The lower th re sho ld  tempera ture  f o r  development is  

t = -a/b when y = 0. The phys io log ica l  t i m e  per iod  ( i n  day - degrees  C )  

I f o r  each i n s t a r  o r  "time t o  adu l t "  is  K = l i b .  The phys io log ica l  thermal  



constants for each nymphal instar were calculated using the methods described 

by Hughes (1962) and Campbell et at. (1973). 

Apterous and alate pea aphid performance at the different temperatures 

was assessed by constructing life tables, using age-specific fecundity (%) 

and age-specific survival (1,) for each age interval (x) using both a real- 

time (24 hours or 1 day) and a physiological time scale (24 day - degrees C). 
The physiological time period of 24 day-degrees above t (lower threshold 

temperature for development) was arbitrarily chosen because it is simple 

and understandable, and it can be used as a standard against which other 

animals can be compared. The instar period (Hughes, 1963), although it has 

biological meaning, was not used in this particular analysis because it 

would have complicated matters needlessly. 

From these data the intrinsic rate of increase, rm, was calculated 

from the equation ~e'-lxm, = 1 by iterative substitution of the values of 

rm. All calculations were made on a programme written in FORTRAN IV language 

for use in the Simon Fraser University IBM 3701155 computer. Once rm was 

known the following statistics were calculated: the gross reproductive rate 

(GRR);  the net reproductive rate (R,); the finite rate of increase (A); the 

generation time (T); and the doubling time (DT) (Andrewartha and Birch, 1954; 

Messenger, 1964). 

3. Results. 

a) Development of nymphal stages. The duration, in days, of 

the developmental periods of the immature stages of both apterae and alatae 

of A. piswn at the different constant temperatures are summarized in Table 

11. The duration of the first three instars of apterae and alatae at each 

temperature was essentially the same. However, fourth instar apterae and 
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a l a t a e  took an average of 40% and 80%,, r e spec t ive ly ,  longer than t h e  mean 

dura t ion  of t h e  f i r s t  t h r e e  i n s t a r s  a t  each temperature. 

The developmental per iods  f o r  t h e  f i r s t  t h r e e  i n s t a r s  (Table 11) ( i . e .  

taken ind iv idua l ly )  and t h e  "time-to-adult" ( i . e .  t h e  f i r s t  four  i n s t a r  

per iods  added together)  were converted t o  r e c i p r o c a l s ,  and from t h e s e  

regress ion  equations were ca lcu la ted  (Table 111).  From t h e s e  equations t h e  

temperature threshold  ( t )  and t h e  developmental per iods  (K) were ca lcu la ted  

(Table 111). The mean thermal cons tan t s  f o r  nymphal development a r e  given 

i n  Table I V .  The lower threshold temperature f o r  development was 5.56OC 

f o r  both apterous  and a l a t e  forms of the  pea aphid c o l l e c t e d  a t  Kamloops. 

The t o t a l  apterous  and a l a t e  pre-reproductive per iods  (from b i r t h  t o  f i r s t  

l a r v i p o s i t i o n )  was 133.7 and 150.8 day-degrees, r e spec t ive ly .  Using a 

physio logica l  t i m e  s c a l e  was t h e  only means of comparing t h e  t o t a l  pre- 

productive per iods  between ap te rae  reared  a t  cons tant  labora tory  tempera- 

t u r e s  and those  reared  under f l u c t u a t i n g  temperatures i n  f i e l d  cages (Fig. 

4A). The ap te rae  reared  i n  f i e l d  cages took an average of 12.3 days (Table 

V) or 134.0 day-degrees1 above 5 . 5 6 ' ~  t o  develop from b i r t h  t o  f i r s t  l a r v i -  

p o s i t i o n ,  The apterous  pre-reproductive per iod  of 133.7 day-degrees pre- 

d ic t ed  from labora to ry  d a t a  compared w e l l  wi th  134.0 day-degrees ca lcu la ted  

under f l u c t u a t i n g  f i e l d  cage temperatures. These d a t a  suggest  t h a t  a l t e r n a -  

t i n g  and constant  temperatures by and l a r g e  had t h e  same e f f e c t  on aphid 

development. 

- - - -- - - 

Accumulated f i e l d  day-degrees were ca lcu la ted  by us ing t h e  formula 
C(T-t)D where T = average d a i l y  temperature ca lcu la ted  from 2-hourly 
recordings (da i ly  temperature range must be  above t ) ,  and t = lower 
temperature threshold  of aphid development; D = 1 day. Other methods 
used a r e  described i n  Chapter V I .  



TABLE IV. Mean thermal constants for  nymphal development of the pea 

aphid, ~cyrthosiphon piswn, on a l f a l f a  (var. Vernal), from 

Kamloops, B . C . ,  1972. 

N4 N4 Total Pre-reproductive Period 
Detai ls  Mean 

N1,2,3 Apt. A l .  
Apterae Alate 

Day-Degrees 24.8 34.6 44.6 133,7 150.8 
Above 5 . 5 6 O C  

Relative Length of 1 .4  1 . 8  5 .4  6 .1  
Ins tar Periods 

- -  -- 

N = Nymphal instar .  



Figure 4 .  (A) Mean daily temperatures recorded i n  f i e l d  rearing cages 

between 20 June and 3 August, 1972. Means calculated 

from 2-hourly readings. Vertical l ines  represent the 

daily temperature ranges. 

(B) Survival and mean fecundity rates for apterous A.  piswn 

i n  f i e l d  cages between 20 June and 3 August, 1972 (n = 28). 
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Apterae exposed to a constant 27.,8OC took 7.4 days for their total 

pre-reproductive period, which was 0.8 days less than apterae exposed to 

26.1•‹C (Table V). Constant temperatures above approximately 26'~ were 

detrimental to pea aphid growth, resulting in a slowing down of development. 

The upper temperature threshold for pea aphid (when no growth occurs) is 

probably between 27 and 30•‹C for both apterae and alatae. Siddiqui and 

Barlow (1973) also considered the constant temperatures of 30•‹C to be out- 

side the favourable range of development for the pea aphid. 

b) Longevity. The longevity was defined as the number of days 

to 50% mortality of the aphid population at each temperature regime (Table 

V). Longevity values were obtained from the age-specific survival (Ix) 

shown in Figs. 5, 6A, 7A. Aphid longevity was greatest at 10.3OC and 

shortest at 27.8OC. This shows that temperature and longevity (or survival) 

were inversely related. As the temperature increased, longevity of the pea 

aphids decreased, reaching a minimum at the highest temperature to which 

they were exposed, 27.8OC. On the average, apterae lived one to two days 

less than alatae (Table V). 

Apterae exposed to alternating field temperatures had a mean longevity 

of 37 days (Fig. 4B, Table V), which suggests that the overall average 

field temperature was perhaps slightly above 20•‹C. 

At every temperature regime most aphids lived until they reached their 

highest fecundity (mx) rates; i.e. there was little mortality during the 

main reproductive period (Figs. 4 to 7). Mortality was slightly higher, 

however, for apterae at a constant temperature of 27.8OC and for the repro- 

ductive period of apterae in field cages experiencing fluctuating tempera- 

tures to a maximum of 40•‹C (Fig. 4A, B). 



Figure 5. (A) Survival and (B) fecundity rates of apterous A. piswn 

at constant temperatures of 10.3, 14.8, 19.7, and 26.1•‹C, 

50 - 70% RH, and a die1 cycle of 18 L/6 D hours. 





Figure 6 .  Survival and fecundity rates of apterous A. piswn at  a constant 

temperature of 27.8OC, 50 - 70% RH, and a die1 cycle of 18 L/6 D 

hours . 



SURVIVAL RATE ( ix ) 



Figure 7. (A) Survival and (B) fecundity rates of alate A. piswn at 

constant temperatures of 10.3, 14.8, and 19.7OC, 50 - 70% 
RH, and a die1 cycle of 18 L / 6  D hours. 
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c) Reproduction. The p a t t e r n  of reproduct ion  pe r  day of a d u l t  
$ 

A. pisum was c h a r a c t e r i z e d  by a r a p i d  r i s e  t o  peak r ep roduc t ion  w i t h  t h e  

l a r g e s t  number of b i r t h s  occu r r ing  dur ing  t h e  f i r s t  t h i r d  of t h e  reproduc- 

t i v e  per iod .  Th i s  was followed by a  g radua l  decrease  i n  t h e  number of 

b i r t h s  u n t i l  reproduct ion  ceased. The r ep roduc t ive  per iod  was longe r  than  

t h e  combined pre- reproduct ive  and pos t - reproduct ive  pe r iods  (Table V). , T h e  

temperature t o  which t h e  aphid  is exposed can  a f f e c t  t h e  f ecund i ty  (mx) 

p a t t e r n  i n  bo th  shape and magnitude (Figs.  4  t o  7 ) .  S imi l a r  p a t t e r n s  of 

reproduct ion  have been r epor t ed  by Murdie (1969),  F raze r  (1972),  Harr i son  

and Barlow (1972), and S idd iqu i  and Barlow (1973) f o r  t h e  pea aphid. B i r t h  

r a t e s  increased  wi th  h ighe r  temperatures  w i th  maximum mean progeny of 9  

?/?/day produced f o r  a p t e r a e  a t  26 .l•‹C (Fig. 6B). 

Progeny product ion  s t a r t e d  e a r l i e r  i n  a p t e r a e  than  i n  a l a t a e  (Table V). 

A la t ae  produced fewer progeny per  day than  a p t e r a e  a t  a l l  cons t an t  tempera- 

t u r e s .  However, t h e  p a t t e r n  of reproduct ion  was t h e  same f o r  ap terous  and 

a l a t e  pea aphids  (F igs .  6B and 7B). Table V I  summarizes f o r  each t e s t  temp- 

e r a t u r e  t h e  v a r i o u s  r ep roduc t ive  and demographic c h a r a c t e r i s t i c s  of A. piswn. 

The maximum mean t o t a l  f ecund i ty  of a p t e r a e  was 100.8 ? / ? /gene ra t ion  a t  1 4 . 8 ' ~  

(Fig.  8 ) ,  bu t  t h e r e  was 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 ecund i ty  between 14.8, 

14.7, and 26 .1 '~ .  Murdie (1969b) found 1 5 ' ~  t o  be  t h e  most favourable  tempera- 

t u r e  f o r  reproduct ion  of ap t e rous  A. piswn, and Kenten (1955) found maximum re-  

product ion  i n  A. piswn t o  be a t  19 t o  20•‹C. A t  14.8'C, a l l  young were born be- 

f o r e  any m o r t a l i t y  of a d u l t s  occurred ,  making GRR equal  t o  Ro (Table VI) .  I n  

t h e  a l a t a e  t h e  maximum mean t o t a l  f ecund i ty  (Ro) was 86.3 ? / ? /gene ra t ion  a t  

1 9 . 7 ' ~ .  Why t h e  opt imal  temperature f o r  Ro was h ighe r  f o r  a l a t a e  t han  

a p t e r a e  i s  n o t  known; t h e r e  is  i n s u f f i c i e n t  d a t a  f o r  comparison (Table V I  
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Figure 8. Total mean fecundity (in P/Q/generation) for apterous and 

alate A. piswrt at different constant temperatures. The 

vertical lines correspond to + 1 Standard Error. 





and Fig. 8). b 

Figure ? shows the accumulated values of 1,s for apterae exposed to 

various temperature regimes on a physiological time scale of 24 day-degrees 

above 5.56OC. This enables a comparison between apterae exposed to fluctua- 

ting temperatures with those exposed to constant temperatures (Fig. 9). 

The mean 1, m, predicted from the combined constant temperature data was 

found to agree closely with the reproductive pattern of apterae under 

fluctuating field temperatures (Fig. 9) . 
d)  Intrinsic rates of increase. Values of the intrinsic rate 

of increase (rm) were computed on a 24-hour basis (Table VI) and on a 

physiological time scale of 24 day-degree periods above 5.56'~ (Fig. 10). 

The demographic data computed from rm are given in Table VI. The rm values 

calculated on a daily basis show a curvilinear relationship when plotted 

against constant temperatures (Fig. 10). The values approximate a straight 

line between 10 and 20•‹C in apterae and alatae, but at higher temperatures 

the rm values decelerate and drop to .32 at 27.8OC. The rm values for the 

alates are lower than those for apterous viviparae at the corresponding 

temperatures. The highest rm value attained for Kamloops A. piswn apterae 

reared on alfalfa was 0.42 at 26.1•‹C. It is assumed that the upper constant 

temperature limit where rm would reach zero is close to 30•‹C. 

The rm values calculated on a physiological time scale give different 

curves compared to those calculated on a daily time scale (Fig. 10). 

Values of rm (.520) for apterae and (.430) for alatae were observed between 

constant temperatures 10.3 and 19.7OC, suggesting that this (constant) 

temperature range is physiologically optimal for pea aphid reproduction. 

Higher temperatures reduced rm values. 



Figure 9. A comparison of apterous A. piswn female fecundities (Ix %) 

exposed to various constant and alternating field temperatures 

on a physiological time scale of 24 day-degree periods above 

5.56OC. The predicted mean 1, m, was calculated from fecundities 

exposed to all constant temperatures. 
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Figure 10. The intrinsic rate of increase of apterous and alate A. piswn 

in relation to constant temperature. Values of rm are shown 

for age intervals (x) of 1 day (ordinary time) and periods 

of 24 day-degrees above 5.56OC (physiological time). 
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To be certain that the 24 day-degree period did not make rm values 

insensitive to changes in reproductive rates, the physiological age interval 

(x) was reduced from 14 to 5 day-degrees above 5.56OC. This change decreased 

the rm values relative to each other; i.e. all rm values between 10.3 and 

19.7OC were of equal value. Changing t, the lower temperature threshold, 

from 5.56OC to 4 and 8OC drastically changed the rm values to .46 and .65, 

respectively, for apterae at 10.3OC. Similar rm increases or decreases 

were observed when t was changed in calculating rm for apterae exposed to 

other selected constant temperatures; however, these rm values were non- 

linear between 10.3 and 19.7OC. The linear relationship of nn when t = 

5.56OC compared with the linear relationship of rm calculated on a real 

time scale (Fig. 10) between 10.3 and 19.7OC is evidence that 5.56OC is a 

reliable estimate of the lower threshold temperature for pea aphid reproduc- 

tion at Kamloops. 

4. Discussion. The development of apterous pea aphids required an 

average 134 day-degrees above 5.56OC from birth to reproduction at both 

constant and alternating temperatures. These results suggest that differences 

in the developmental rate of the Kamloops pea aphid caused by alternating 

or constant temperatures (if any) were not significant. In contrast, 

Siddiqui and Barlow (1973) found that under optimal alternating laboratory 

temperatures pea aphids developed faster. In this study, it is possible that 

temperatures above 25OC (Fig. 4A, B) may have retarded aphid development, 

thus compensating for the faster aphid development at fluctuating optimal 

temperatures. The main problem in the present study is not whether or not 

alternating temperatures increase aphid development rates over those at 

constant temperatures. Rather, the problem is to determine the critical 



amount of time above 25OC to which the pea aphid is exposed that will be 

detrimental to the aphid's development, survival, and reproductive rates. 

This information, unfortunately, was not obtained in the present work. 

Kenten (1955), Murdie (1964a, b) , Harrison and Barlow (1972), Siddiqui 

and Barlow (1973) all reported that prolonged exposure to high constant 

temperatures, such as 25OC or above, was detrimental to pea aphid develop- 

ment and survival. In this study development was decelerated at 27.8OC 

compared to lower temperatures, and rm values also decreased at temperatures 

above 25'~. Indeed, the upper constant temperature limit for development 

was estimated by Siddiqui and Barlow (1973) to probably be between 28 and 

30•‹C. However, pea aphids probably can experience field temperature ranges 

above 25'~ for short periods (Fig. 4A) without any harmful effects. How 

temperature, especially high extreme temperatures, affects "aging" and 

"dying" in the pea aphid is little understood. We do know that high 

temperatures can be deleterious to the animal's physiology by affecting 

somatic tissues (Lees, 1959; Murdie, 1969b), thus affecting embryos in the 

parent's body and delaying recovery in the next generation (Harrison and 

Barlow, 1972). Yet little is known of how high temperatures indirectly 

affect aphids through the changing physiology of the host plant. For 

example, alfalfa resistance to the pea aphid changes with changes of 

temperature (Isaak et aZ., 1963). 

Pea aphids in the Kamloops alfalfa fields do not experience deleterious 

high temperatures except during late July to mid-August. It is during this 

period that aphid populations are drastically reduced due to harvesting of 

the second crop and the subsequent hot and dry weather (Chapter V). During 

the early and late part of the growing season when pea aphid populations 



a r e  i n  a normal growth s t a g e ,  they experience normal f l u c t u a t i n g  tempera- 

t u r e s  wi th in  the  optimal  range. I n  o the r  words, de t r imen ta l  hot  tempera- 

t u r e s  genera l ly  d id  not  occur during t h e  c r i t i c a l  per iods  of aphid populat ion 

growth. Thus, i n  t h i s  s tudy w e  w i l l  assume t h a t  a l l  a l t e r n a t i n g  f i e l d  

temperatures above t h e  lower temperature of development a r e  optimal  f o r  t h e  

pea aphid (given adequate p l a n t  a v a i l a b i l i t y )  during development, reproduc- 

t i o n ,  and survival .  

The r m  va lues  which were ca lcu la ted  from both t h e  p red ic ted  and f i e l d  

cage lx m, values on a physio logica l  t i m e  s c a l e  were found t o  be  t h e  same, 

i . e .  0.500. This  i n d i c a t e s  t h a t  w e  have reasonably accura te  d a t a  on t h e  

reproductive capaci ty  of t h e  Kamloops pea aphid reared  a t  near  optimal 

environmental condi t ions  where a l l  e x t r i n s i c  m o r t a l i t y  agents  have been 

excluded . 
5. Summary. Apterous and a l a t e  forms of t h e  pea aphid, Acyrthosiphon 

piswn (Harr is ) ,  were exposed t o  a series of cons tant  temperatures i n  t h e  

labora tory  and a c t u a l  f l u c t u a t i n g  temperatures i n  f i e l d  cages t o  eva lua te  

t h e  temperature l i m i t s  and optimal condi t ions  f o r  t h e i r  development, s u r v i v a l ,  

and reproduction. The regress ion  equations descr ib ing t h e  r e l a t i o n s h i p  

between t h e  r a t e  of development and t h e  cons tant  temperature f o r  some 

developmental s t a g e s  are given. The lower temperature threshold  f o r  

development of t h e  innnature s t a g e s  was 5.5OC and t h e  upper threshold  f o r  

growth was estimated t o  l i e  between 28 and 30•‹c f o r  both a p t e r a e  and a l a t a e ,  

while 134 and 151 day-degrees, r e spec t ive ly ,  were requi red  t o  enable 

completion of development ( b i r t h  t o  depos i t ion  of f i r s t  nymphs). Both 

ap te rae  and a l a t a e  requi red  an average of 24.8 day-degrees f o r  each of t h e  

f i r s t  t h r e e  i n s t a r  per iods  and 34.6 and 44.6 day-degrees, r e spec t ive ly ,  f o r  



the fourth instar period. Fluctuating field temperatures were not found to 

stimulate a more rapid development, nor did they increase reproductive or 

survival rates of the apterae when compared with the average rates at 

constant temperatures. Constant temperatures above 26OC reduced aphid 

survival and fecundity and increased developmental periods. 

Apterous and alate viviparous females reached a maximum fecundity at 

15 and 20•‹C, respectively. Temperature and longevity were inversely related 

with alatae and apterae surviving approximately the same time. At 19.7OC 

the mean longevity was 40 days, as compared with 87 days at 10.3OC. 

Age-specific fecundity and survival schedules of A. piswn for constant 

and fluctuating temperatures were determined using both real time (a 24- 

hour day) and a physiological time scale (24 day-degrees above 5.56'C) as 

two ways of measuring the age interval (x). Mortality did not have a 

significant effect on the rates of increase at constant temperatures between 

10 and 26'~ as very few aphids died during their reproductive periods. A 

high mortality occurred in apterae at constant temperatures above 26'~. 

The reproductive period of apterae was shortened in the field cages experi- 

encing fluctuating temperatures to a maximum of 40•‹C. The innate capacity 

for increase (rm), computed from the life tables and a real time scale, was 

higher for 

between 10 

apterae at 

production 

accurately 

apterae than for alatae, particularly at constant temperatures 

and 26'~. The highest rm value recorded was 4.04 9/9/day for 

26OC. The mean rate (physiological time) of cumulative progeny 

for all apterae exposed to constant laboratory temperatures 

predicted the reproductive rate of the caged apterae exposed to 

fluctuating temperatures in the field. 



CHAPTER I11 

PARASITE BIOLOGY 

A. L i f e  His tory  

The l i f e  h i s t o r y  and bionomics of t h e  hymenopterous family Aphidiidae 

have been t h e  sub jec t  of numerous papers and were reviewed i n  d e t a i l  by 

Mackauer and s t a r ?  (1967) and s t a r ?  (1970). For t h i s  reason, only a summary 

of t h e  l i f e  h i s t o r i e s  of t h e s e  aphid p a r a s i t e s  w i l l  be  given. The Aphidii- 

dae a r e  i n s e c t  p a r a s i t e s ;  t h e  l a rvae  a r e  p a r a s i t i c  i n  aphids while t h e  

a d u l t s  a r e  f ree- l iv ing.  Five aph id i id  p a r a s i t e s  a r e  found a t t ack ing  t h e  

pea aphid i n  B r i t i s h  Columbia (Chapter VI). The four  common p a r a s i t e s  a r e  

Aphidius e rv i  puZcher Baker, Aphidius exvi exvi Haliday, Aphidius smithi 

Sharma & Subba Rao, and Praon pequodomun Viereck. The f i f t h  p a r a s i t e ,  

Monoctonus pauZensis Ashmead, was recovered only once, perhaps because it 

e x p l o i t s  t h e  pea aphid only a s  a f a c u l t a t i v e  hos t  (Calvert  and van den Bosch, 

1972). 

Females of t h e  Aphidiidae a r e  arrhenotokous. When unmated they l a y  

only haploid eggs, which develop i n t o  males. When mated they l a y  haploid 

and d ip lo id  eggs, which develop i n t o  male and female a d u l t s ,  respect ive ly .  

The sex r a t i o  of t h e  four  main p a r a s i t e  spec ies  i n  Kamloops populations 

was approximately 1:l throughout t h e  season. The ov ipos i t iona l  behaviour 

of A.  smithi was described by Fox e t  aZ. (1967). Eggs a r e  l a i d  i n  a l l  hos t  

i n s t a r s ,  but t h e  second and t h i r d  i n s t a r s  a r e  genera l ly  prefer red  by A.  

smithi (Mackauer, 1973; Wiackowski, 1962). Multi- and super-parasitism 

occur, but  only one ' s o l i t a r y '  p a r a s i t e  l a r v a  completes t h e  development 

wi th in  one hos t  ( s t a r ? ,  1970). The l a r v a  feeds  i n t e r n a l l y  on t h e  ~ p h i d  



i , 
hos t  and, a f t e r  maturing,  w i l l  pupate  i n s i d e  t h e  hardened s k i n  of t h e  dead 

aphid. Before pupat ion  t h e  Aphidius p a r a s i t e  l a r v a  f a s t e n s  t h e  mummy t o  

t h e  a l f a l f a  l e a f  through a s l i t  c u t  i n  t h e  v e n t r a l  body w a l l  and then  s p i n s  

a s i l k y  cocoon i n  t h e  aphid sk in .  The Praon l a r v a  s p i n s  i t s  cocoon under 

t h e  mummified aphid s k i n ;  t h e  empty aphid s k i n  is mounted on top  of t h e  

cocoon (Fig.  20).  To emerge from i t s  pupa t h e  Aphidius o r  Praon p a r a s i t e  

a d u l t  c u t s  a h o l e  i n  t h e  mummy wi th  its mandibles. A female can u s u a l l y  

o v i p o s i t  a s  soon as s h e  has emerged from t h e  cocoon. It is be l ieved  t h a t  

t h e  female mates only  once, u sua l ly  w i t h i n  t h e  f i r s t  couple of days,  bu t  

t h e  male can s u c c e s s f u l l y  inseminate  s e v e r a l  females  (Mackauer and star;, 

1967). 

I n  Kamloops t h e  p a r a s i t e s  must spend a d iapause  per iod  as a prepupa o r  

pupa i n  t h e  mummy t o  su rv ive  t h e  seve re  w in te r  weather.  P a r a s i t e s  t h a t  

s u r v i v e  t h e  win te r  emerge w i t h i n  a per iod  of two t o  t h r e e  weeks i n  t h e  

sp r ing .  The s p r i n g  emergence of t h e  p a r a s i t e s  is  g e n e r a l l y  synchronized 

wi th  t h e  beginning of t h e  s p r i n g  pea aphid popula t ions  (Fig. 2) .  P a r a s i t e s  

a r e  p re sen t  throughout t h e  summer a l f a l f a  growing season  when pea aphids 

a r e  a v a i l a b l e ,  thereby  producing overlapping p a r a s i t e  genera t ions .  

B. L i f e  Table  C h a r a c t e r i s t i c s  of t h e  P a r a s i t e s  

1 .  Influence of constant temperatures on parasite development. 

a) Introduction. There are only  a few d e t a i l e d  s t u d i e s  on t h e  

r a t e  of development of aph id i id  spec i e s :  Hafez (1961) and Hughes and G i l b e r t  

(1968) s t u d i e d  DiaeretieZZa rapae (McIntosh); Wiackowski (1962) s tud ied  

Aphidius smithi Sharma and Subba Rao; Force and Messenger (1965a, b) s tud ied  

Pram paZitans Muesebeck, Trioxys utilis Muesebeck, and Aphelinus semiflavus 



Howard; Gilbert and Gutierrez (1973) studied Aphidius rubifoZii Mackauer. 

A laboratory experiment was performed to determine the developmental 

rates of four common pea aphid parasites (A. smithi, A. e. em;, A. e. 

pulcher, P. pequodoman) found in the Kamloops area, exposed to four selected 

constant temperatures. In addition, the developmental rates of two common 

hyperparasite species, Asaphes lucens (Prov. ) (Hymenoptera: Pteromalidae) 

and Lygocems niger (Howard) (Hymenoptera: Cerophronidae), were also studied 

at four constant temperatures. The data obtained were used to compute the 

temperature coefficients for a physiological time scale (Hughes, 1963) and 

to interpret the field population changes (Chapters V, VI, and VII). 

b) Materials and Methods. i. Development of primary parasites. 

Mummies were collected from an alfalfa field at the Kamloops Research 

Station. The mummies were placed individually into gelatin capsules (size 

00) and kept at room temperature until the adult parasites emerged. The 

emergent parasites were identified, separated according to species and sex. 

Female parasites were mated by introducing a male of the same species into 

the gelatin capsule. Once mated, each female wasp was transferred into a 

new gelatin capsule into which one three- to four-day-old pea aphid nymph 

was introduced. To prevent superparasitism, aphids were removed immediately 

after parasite attack and transferred to a plastic rearing cage (Mackauer 

and Bisdee, 1965) containing fresh alfalfa tips. At least six to ten dif- 

ferent parasite individuals of the same species were used to parasitize 

aphids during periods of 30 min each. At least two rearing cages, each 

containing 30 to 35 aphids parasitized by the same species were placed in 

each of four temperature cabinets at a selected temperature. The constant 

temperatures selected were at 25.8, 19.7, 14.8, and 10.3 + l.O•‹C, with 



50 t o  70% RH, and a d i e 1  period of 18,L/6 D hours. A t o t a l  of 1,200 aphids 

were p a r a s i t i z e d  by t h e  d i f f e r e n t  p a r a s i t e  spec ies  using t h i s  method. 

A convenient measurement of l a r v a l  development is t h e  "time-to-adult1', 

which is defined a s  t h e  period from ov ipos i t ion  t o  a d u l t  emergence and 

inc ludes  t h e  egg, l a r v a l ,  and pupal periods.  The F1 emergents were col lec-  

ted  a t  s i x  hour i n t e r v a l s  during t h e  per iods  of a d u l t  ec los ion.  The times 

of ov ipos i t ion  and a d u l t  emergence were recorded and t h e  mean per iods  of 

time-to-adult f o r  each temperature regime, p a r a s i t e  spec ies  and sex were 

ca lcu la ted .  From t h i s  d a t a  t h e  lower temperature threshold ( t ,  measured i n  

O C )  and t h e  time-to-adult (K, measured i n  day-degrees above t )  were calcula-  

t ed  us ing t h e  r eg ress ion  equation described i n  Chapter 11. The r e c i p r o c a l  

y ,  o r  t h e  r a t e  of development from egg t o  a d u l t  emergence, was p l o t t e d  

a g a i n s t  t h e  temperature T f o r  each p a r a s i t e  species .  The p l o t  was checked 

f o r  l i n e a r i t y .  I f  t h e  developmental r a t e  showed s i g n s  of f a l l i n g  off  a t  t h e  

h ighes t  temperature, t h i s  va lue  was r e j e c t e d  (Campbell e t  aZ., 1973). 

ii. Development of hyperparas i tes .  The method of measuring t h e  

l a r v a l  development of t h e  two hyperparas i te  spec ies  was s i m i l a r  t o  t h a t  

described f o r  t h e  primary pa ras i t e s .  However, t h e r e  were d i f fe rences .  When 

the  hyperpa ras i t e s  emerged from f i e l d  co l l ec ted  mummies, they were i d e n t i f i e d  

and s i x  males and s i x  females of the  same spec ies  were placed i n t o  a r ea r ing  

cage conta in ing approximately 30 (A. smithi-A. piswn) mummies .  The hyper- 

p a r a s i t e s  were allowed t o  mate and p a r a s i t i z e  t h e  A. smi th i  mummies f o r  a 

four-hour period a t  room temperature. No attempt was made t o  prevent super- 

paras i t i sm.  A f t e r  t h e  hyperparas i tes  had been removed from t h e  rea r ing  

cages, t h e  cages,  s t i l l  containing t h e  mummies, were put i n t o  t h e  var ious  

environmental cab ine t s  a t  se l ec ted  constant  temperatures. Subsequent 



procedures  were t h e  same as desc r ibed 'on  page 48. 

c )  Results. The d u r a t i o n  of development o r  t h e  t ime-to-adult  

f o r  t h e  s i x  p a r a s i t e  p e c i e s  a t  four  cons tan t  temperatures  i s  g iven  i n  

Table  V I I ,  There w a s  no s i g n i f i c a n t  d i f f e r e n c e  (using t-test, p = 0.05) 

between t h e  developmental per iods  of males and females  of t h e  same s p e c i e s  

a t  each temperature,  pe rmi t t i ng  pool ing of t h e  d a t a  f o r  bo th  sexes .  Tempera- 

t u r e  played an  important  r o l e  i n  inf luenc ing  t h e  development of each of t h e  

p a r a s i t e  spec i e s .  The d u r a t i o n  of t h e  developmental per iod  decreased w i t h  

t h e  i n c r e a s e  of tempera ture  i n  a l l  p a r a s i t e  spec i e s .  Davidson (1942) and 

Andrewartha and Bi rch  (1954) suggested t h a t  a l o g i s t i c  curve  should be used 

f o r  growth da ta .  However, t h e  u se  of a l i n e a r  r e g r e s s i o n  equa t ion  between 

10.3 and 2 5 . 9 ' ~  provided a good approximation ( a s  shown by t h e  h igh  c o e f f i -  

c i e n t s  of de te rmina t ion ,  r 2 )  of t h e  r e l a t i o n s h i p  between temperature and 

t h e  r a t e  of development expressed a s  a r e c i p r o c a l  of time (Table V I I I ) .  

There was some c u r v a t u r e  i n  t h e  s l o p e  f o r  t h e  developmental rates of A. 

smithi and A .  e .  puleher a t  25.g•‹C; t h e r e f o r e ,  t h e s e  v a l u e s  were no t  used 

(Campbell e t  a l . ,  1973) i n  c a l c u l a t i n g  t h e  r e g r e s s i o n  equa t ions  (Table VI I I ) .  

From t h e s e  equa t ions  t h e  temperature t h re sho lds  t and development pe r iods  K 

were c a l c u l a t e d  (Table VI I I )  . 
The e x o t i c  p a r a s i t e s ,  A. smithi and A .  e .  e m ; ,  and t h e  indigenous A. 

e .  pulcher have a similar threshold  temperature of 6 .1  t o  6 . 2 ' ~ .  P .  pequo- 

domun, however, had a h ighe r  threshold  of 6.g•‹C. The th re sho ld  va lue  of 

t h e  hype rpa ra s i t e  L. niger was 6 . 5 " ~ ,  s l i g h t l y  h ighe r  t han  t h a t  of most of 

t h e  primary p a r a s i t e s ,  wh i l e  t h e  va lue  of A. lucens w a s  8.07'C. The time- 

to-adul t  was lowest  i n  A. smithi (178.6 day-degrees) and h i g h e s t  i n  A. lucens 

(233.1 day-degrees) . 
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2 .  Primary parasite reproductz'on and longevity. The data on parasite 

fecundity and longevity are based on unpublished experiments (M. Mackauer, 

pers. comm.). The fecundity and longevity of the four aphidiid parasites 

is summarized in Table IX. There were no differences in the mean longevity 

of females between the four species, ranging from 4 to 13 days with means 

between 6.4 and 7.7 days. There were, however, differences in the mean 

total number of eggs laid between parasite species. A .  smithi had the highest 

mean fecundity of 774 eggs laid (range 321 to 1,812), while A. e .  e m <  laid 

a mean of 567 eggs (range 102 to 1,011), A. e .  puleher 316 eggs (range 90 to 

597), and P. peqtmdom 199 eggs (range 84 to 369). 

3. Discussion and Summary. The optimum temperature range for develop- 

ment was probably between 10 and 25OC for most parasites, However, at 25.g•‹C 

the development rate of A. smithi and A .  e .  puZcher fell off . Fox e t  aZ. 

(1967) also found constant temperatures above 25•‹C to be detrimental to the 

development of A .  smithi. 

The temperature requirements of the parasites were generally higher 

than those of their hosts. The threshold temperature for the primary para- 

sites A. smithi, A. e .  e m i ,  and A .  e .  puZcher was approximately 6.1•‹C and 

that of P. pequodomun was 6.g•‹C, while that of the host, the pea aphid, was 

5.56OC. The primary parasite time-to-adult ranged from 179 to 200 day- 

degrees, while that of A .  piswn was only 110 day-degrees. The temperature 

requirement of one hyperparasite, L. niger, was only slightly higher than 

that of some of its hosts. However, the second hyperparasite, A. Zucens, 

had the highest threshold and time-to-adult of all the parasites; i.e. 8.1•‹C 

and 233 day-degrees, respectively. A low threshold permits the parasites 

to appear early in the spring. Because the primary parasites have a 



TABLE I X .  Mean t o t a l  number of eggs l a i d  per  female; mean a d u l t  longevi ty  

of f o u r  primary p a r a s i t e  s p e c i e s  r ea red  a t  20.5 k 0.5OC, 55 k 3% 

RH, and a d i e 1  per iod  of 16  L/8 D hours.  Hosts used were three-  

t o  four-day-old nymphs of t h e  pea aphid ,  A .  piswn (da t a  cour tesy  

of D r .  M. Mackauer) . 

Species  

Aphidius smithi 774 + 86.lb 7.3 + 0.73a 

Aphidius e . e m i  567 + 56.0b 7.7 + 0.69a 

Aphidius e .  puZcher 316 k 38.4b 6.4 + 0.39a 

Pram pequodomun 199 + 18.5b 6.9 k 0.65a 

* 
Means and k 1 SE (n = 20) ; 

Means fol lowed by le t ter  'a' a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t  (p  = .05) ,  

wh i l e  means followed by l e t t e r  'b '  a r e  s i g n i f i c a n t l y  d i f f e r e n t  (p = .05) 

( t - t e s t )  . 



threshold t h a t  is  s l i g h t l y  higher than t h a t  of t h e i r  hos t ,  they appear 

toge the r  with t h e  f i r s t  aphids i n  sp r ing  o r  s h o r t l y  t h e r e a f t e r .  Fur ther ,  

one would expect t h a t  t h e  hyperparas i te  L. n i g e r  would appear a t  about t h e  

same time a s  i t s  primary p a r a s i t e  hos t s ,  and A. Zucens would be delayed. 

Th i s  was confirmed from t h e  f i e l d  d a t a  shown i n  Chapter V I .  

Although t h e  labora tory  d a t a  on t h e  reproduction and development of 

t h e  four  primary p a r a s i t e s  i s  u s e f u l  a s  it makes poss ib le  a comparison of 

t h e i r  l i f e  t a b l e  c h a r a c t e r i s t i c s ,  our knowledge of p a r a s i t e  biology is s t i l l  

incomplete. Information on t h e  longevi ty  and searching behaviour of para- 

sites i n  t h e  f i e l d  is scan t  and not r e l i a b l e .  Mackauer and van den Bosch 

(1973) point  out  t h a t  under s i t u a t i o n s  of stress such a s  a t  low host  dens i ty ,  

A. smith3 females w i l l  no t  l a y  t h e i r  f u l l  complement of eggs i n  the  laboratory.  

G i l b e r t  and Gut ier rez  (1973) have shown t h a t  A. rubifoZ3i may l ay  only about 

80 of i t s  p o t e n t i a l  of 400 eggs i n  t h e  f i e l d .  Dif ferences  i n  p a r a s i t e  

s u r v i v a l ,  searching behaviour, and d i s p e r s a l  r a t e s  may a l l  be  important 

f a c t o r s  i n  inc reas ing  o r  decreasing a p a r a s i t e ' s  e f fec t iveness  i n  laying i t s  
li8i 

Ill 

f u l l  complement of eggs. However, t h e  use  of t h e  present  l i f e  t a b l e  d a t a ,  
I 

put on a physio logica l  time s c a l e ,  w i l l  be  h e l p f u l  i n  t h e  i n t e r p r e t a t i o n  of 

t h e  f i e l d  d a t a  i n  Chapter V I  and t h e  cons t ruct ion  of t h e  model i n  Chapter 

V I I .  



CHAPTER I V  

A. Introduct ioxl  

Unlike aphidophagous p r e d a t o r s  which e a t  and d e s t r o y  t h e i r  prey soon 

a f t e r  prey l o c a t i o n ,  aphid p a r a s i t e s  l a y  one o r  s e v e r a l  eggs i n t o  t h e  aphid 

body, l eav ing  t h e  e n d o p a r a s i t i c  l a r v a  t o  consume i t s  hos t .  During t h e  

e a r l y  s t a g e s  of p a r a s i t e  development t h e  aphid con t inues  t o  grow and may 

even reproduce. 

A number of workers (Arthur ,  1944; Fox e t  aZ., 1967; Hafez, 1961; 

# 

S t a r y ,  1970) observed t h a t  i f  aphids  are p a r a s i t i z e d  a t  a n  e a r l y  age,  they  

become mummified b e f o r e  reaching  ma tu r i t y  and cannot reproduce. However, 

when o l d e r  i n s t a r s  o r  a d u l t  aphids  a r e  be ing  p a r a s i t i z e d  t h e  aphid can 

reach ma tu r i t y  and reproduce b e f o r e  succumbing t o  pa ra s i t i sm.  None of 

t h e s e  au tho r s  has  considered i n  d e t a i l  t h e  e f f e c t  of p a r a s i t i s m  on h o s t  

f ecund i ty  and popu la t ion  growth. 

The fo l lowing  experiment was conducted t o  i n v e s t i g a t e  t h e  e f f e c t  of 

p a r a s i t i s m  by Aphidius smithi Sharma & Subba Rao on t h e  f ecund i ty  and develop- 

mental  r a t e s  of t h e  ap t e rous  and a l a t e  forms of Acrythosiphon piswn (Har r i s ) .  

The e f f e c t  of p a r a s i t i z a t i o n  of d i f f e r e n t  h o s t  ages  on t h e  rate of aphid 

popula t ion  growth i s  considered.  

B. M a t e r i a l s  and Methods 

A l f a l f a  t i p s ,  pea aphid a d u l t s ,  and A. smithi mummies were c o l l e c t e d  

when needed from an  a l f a l f a  f i e l d  near  Kamloops, B.C., du r ing  t h e  months of 

June ,  J u l y ,  and August,  1972. T h i s  a s su red  t h a t  t h e  exper imenta l  animals  

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



Two a l f a l f a  t i p s  were p laced  i n t o '  i n d i v i d u a l  9.5 cm diameter  p l a s t i c  

r e a r i n g  cages (Mackauer and Bisdee,  1965) (Fig. 3). A l l  a l f a l f a  t i p s  were 

rep laced  weekly. Care was taken  t o  i n s u r e  t h a t  a l l  extraneous i n s e c t s  

(e.g. i n s e c t  p reda to r  l a r v a e  and eggs) were removed be fo re  u s ing  t h e  f i e l d -  

c o l l e c t e d  t i p s .  

To o b t a i n  a  l a r g e  number of pea aphids  of a known age a d u l t  aphids  

c o l l e c t e d  from t h e  f i e l d  were allowed t o  produce progeny on a l f a l f a  i n  

p l a s t i c  r e a r i n g  cages i n  t h e  l abo ra to ry .  Every f o u r  hours  any progeny pro- 

duced were t r a n s f e r r e d  w i t h  a camel 's  h a i r  pa in tb rush  i n t o  a  new con ta ine r  

w i t h  two a l f a l f a  stems and allowed t o  develop t o  t h e  r equ i r ed  age. The ages 

of a p t e r a e  and a l a t a e  t o  b e  p a r a s i t i z e d  are shown i n  F igs .  11A and B. 

Because a l a t e  nymphs could n o t  b e  d i s t i n g u i s h e d  from ap te rous  nymphs be fo re  

t h e  t h i r d  nymphal i n s t a r ,  on ly  t h i r d  i n s t a r  a l a t a e  o r  o l d e r  were used. 

F i e l d  c o l l e c t e d  Aphidius mummies were placed i n t o  i n d i v i d u a l  g e l a t i n  

capsules  ( s i z e  00) and checked d a i l y  f o r  a d u l t  emergences. Newly emerged 

A. smithi males and females  were t r a n s f e r r e d  t o  l a r g e  wooden cages t h a t  

conta ined  a supply of honey and a bouquet of a l f a l f a  stems wi th  a small 

number of aphids  ( t o  r e l i e v e  any p a r a s i t e  o v i p o s i t i o n  p r e s s u r e ) .  When 

r e q u i r e d ,  20 t o  30 female p a r a s i t e s  were t r a n s f e r r e d  i n t o  i n d i v i d u a l  g e l a t i n  

capsules .  I n d i v i d u a l  aphids  of known age  were a l s o  in t roduced  i n t o  t h e  

g e l a t i n  capsu le s ,  The p a r a s i t e s  were allowed t o  o v i p o s i t  i n t o  t h e  aphids  

only  once, i n s u r i n g  t h a t  no supe rpa ra s i t i sm could occur .  

P a r a s i t i z e d  aphids  were placed i n d i v i d u a l l y  i n t o  a r e a r i n g  cage con- 

t a i n i n g  a n  a l f a l f a  t i p  and examined d a i l y ;  t h e  number of nymphs depos i ted ,  

aphid dea ths ,  and mummification were recorded. A l l  progeny produced were 



removed a f t e r  each d a i l y  count.  The'aphid s t a g e  when mummification occurred 

and t h e  mean t o t a l  fecundi ty  of each age group of p a r a s i t i z e d  ap te rae  and 

a l a t a e  were recorded. Aphids t h a t  d id  not  show any s i g n s  of pa ras i t i sm 

a f t e r  e i g h t  days were discarded and not used i n  t h e  l i f e  t a b l e  ca lcu la t ions  

( see  below) . 
A l l  c u l t u r e s  were maintained a t  19.7 4 0 . 5 ' ~ ,  70 + 5% RH, and a  d i e 1  

period of 18 L/6 D hours. Control  da ta  of t h e  development, fecundi ty ,  and 

s u r v i v a l  r a t e s  of unparas i t i zed  apterous and a l a t e  pea aphids reared a t  

19.7OC a r e  given i n  Chapter 11. 

Aphid populat ion performance was assessed by const ruct ing  l i f e  t a b l e s  

and c a l c u l a t i n g  t h e  i n t r i n s i c  r a t e  of inc rease  (rm) and o ther  demographic 

da ta  (see  Chapter 11) .  

C. Resu l t s  

I .  Effect of parasitism on aphid development. P a r a s i t i z e d  apterous 

o r  a l a t e  A. piswn, i r r e s p e c t i v e  of t h e  beginning of pa ras i t i sm,  could s t i l l  

develop and moult u n t i l  i t  reached t h e  f o u r t h  i n s t a r  o r  t h e  a d u l t  s t a g e  

before  mummifying. I f  an apterous hos t  was p a r a s i t i z e d  before  it was  t h r e e  

days o l d ,  i.e. a s  a  f i r s t  o r  second i n s t a r  (Fig. l lA) ,  mummification took 

p lace  i n  t h e  f o u r t h  i n s t a r .  Third (3  t o  5.8 days) o r  o lder  i n s t a r s ,  when 

p a r a s i t i z e d ,  succumbed t o  paras i t i sm i n  t h e  a d u l t  s t a g e  (Fig. 11A). Because 

a l a t a e  have a  longer f o u r t h  i n s t a r  period than ap te rae ,  a l a t a e  p a r a s i t i z e d  

before  t h e  middle of t h e  t h i r d  i n s t a r  (4.37 days, Fig. 11B) produced f o u r t h  

i n s t a r  a l a t e  mummies. When t h i r d  i n s t a r s  (5.04 days) o r  o lde r  aphids were 

p a r a s i t i z e d ,  they mummified a s  aphids wi th  f u l l y  developed wings. 



Figure 11. The effect of parasitization on different age groups of apterous 

(A) and alate (B) morphs of Acyrthosiphon piswn, showing the 

approximate time of mummification and the reproductive rates 

of parasitized and unparasitized surviving aphids. Vertical 

lines indicate mean time of ecdysis of unparasitized aphids. 

N1, N2, N3, and N4 indicate instar periods. Arrows show mean 

age of aphid when parasitized. n = number of aphids that 

eventually mummified . 
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I n  c o n t r a s t ,  t h e  development of t h e  u n p a r a s i t i z e d  pea  aphid i s  shown 

i n  F igs .  1lA and B and w a s  desc r ibed  i n  Chapter  11. 

2. Reproduction of the parasitized pea aphid. P a r a s i t i s m  by A. smithi 

had a s i g n i f i c a n t  e f f e c t  on t h e  rate of reproduct ion .  Apterous and a l a t e  

nymphs p a r a s i t i z e d  e a r l i e r  t han  age 3.58 days (Fig.  1lA) and 5.04 days (Fig. 

l l B ) ,  r e s p e c t i v e l y ,  mummified be fo re  producing young. Thus aphid  popula- 

t i o n  growth w a s  completely des t royed  i f  nymphs were p a r a s i t i z e d  b e f o r e  t h e  

e a r l y  t h i r d  i n s t a r  ap t e rous  o r  l a t e  t h i r d  i n s t a r  a l a t e  s t a g e s .  However, a  

r e s i d u a l  r ep roduc t ive  c a p a c i t y  remained i n  4.04-day-old o r  o l d e r  a p t e r a e  

and 5.04-day-old o r  o l d e r  a l a t a e  (F igs .  1lA and B). The later t h e  aphid 

was p a r a s i t i z e d ,  t h e  g r e a t e r  was t h e  mean number of progeny produced/?/ 

gene ra t ion  (F igs .  l l A ,  B ,  12 ,  and Tables  X,  XI). Progeny product ion  usua l ly  

s t a r t e d  t o  drop  o f f  a f t e r  t h e  f i f t h  day and ended seven t o  e i g h t  days a f t e r  

t h e  beginning of p a r a s i t i s m  (Figs .  11A, B). 

P a r a s i t i z e d  a p t e r a e  tended t o  produce a  g r e a t e r  mean t o t a l  number of 

progeny and a t  a  s l i g h t l y  more r ap id  r a t e  t han  p a r a s i t i z e d  a l a t a e  (Fig.  12) .  

I f  ap t e rous  o r  a l a t e  aphids  were p a r a s i t i z e d  when 20 days o l d  o r  o l d e r ,  t h e  

e f f e c t  of p a r a s i t i s m  on f ecund i ty  was n e g l i g i b l e .  A t  t h a t  t ime most of t h e  

nymphs t h a t  a n  u n p a r a s i t i z e d  a d u l t  could p o t e n t i a l l y  have produced had 

a l r eady  been depos i ted  (Figs.  l l A ,  B ,  12) .  Most p a r a s i t i z e d  aphids  d i ed  

seven t o  n i n e  days a f t e r  t h e  beginning of p a r a s i t i s m  (Figs .  l l A ,  B). 

3. The effect of parasitism on the intrinsic rate of increase. The 

i n t r i n s i c  rate of n a t u r a l  i n c r e a s e ,  r m ,  v i r t u a l l y  summarizes i n  one v a l u e  

t h e  observed e f f e c t s  of t h e  environment on t h e  p o t e n t i a l  growth r a t e  of a  

popula t ion .  A number of au tho r s  (Barlow, 1962; Bi rch ,  1948; Force and 



Figure 12. Mean total fecundity (?/Q/generation) of each parasitized age 

group of apterous and alate Acyrthosiphon pisum reared at l9.7OC. 

Vertical lines + 1 SE. Total fecundity of unparasitized apterae 

and alatae are also shown. 

i r  

hi' 



MEAN TOTAL FECUNDITY ($'/Q/ GENERATION) 

P cn 00 
0 0 0 



TA
BL

E 
X

. 
T

h
e 

e
ff

e
c

ts
 o

f 
p

a
ra

si
ti

sm
 b

y 
A

. 
sm

it
h

i 
o

n
 t

h
e

 d
em

o
g

ra
p

h
ic

 a
n

d
 b

io
lo

g
ic

a
l 

c
h

a
ra

c
te

ri
s

ti
c

s
 

o
f 

th
e

 d
if

fe
re

n
t 

a
g

e
s 

of
 

a
p

te
ro

u
s 

A
. 

pi
sw

n 
(r

e
a

re
d

 a
t 

1
9

.7
 

+ 
0.

5*
C

, 
70

 +
 5

%
 R

H
, 

d
ie

1
 p

e
ri

o
d

 

of
 

1
8

 L
/6

 D
 

h
o

u
rs

, 
o

n
 M

ed
ic

ag
o 

sa
ti

va
 L

.,
 

v
a

r.
 

V
e

rn
a

l)
. 

In
tr

in
s

ic
 

F
in

it
e

 
G

e
n

e
ra

ti
o

n
 

D
o

u
b

li
n

g
 

A
ph

id
 

A
ge

 
a

t 
T

o
ta

l 
M

ea
n 

G
ro

ss
 R

ep
ro

- 
N

et
 R

ep
ro

- 
R

a
te

 o
f 

R
at

e 
of

 
T

im
e 

T
im

e 

P
a

ra
s

it
iz

a
ti

o
n

 
~

e
c

u
n

d
it

~
*

 d
u

c
ti

v
e

 R
a

te
 

d
u

c
ti

v
e

 R
a

te
 

In
c

re
a

se
 

In
c

re
a

se
 

(d
ay

s)
 

(d
ay

s)
 

In
s

ta
r 

D
ay

s 
n

 
(G

R
R

) **
 

**
 

(m
) **

* 
(A

) 
**

* 
0

)
 

(D
T 

T
h

ir
d

 

T
h

ir
d

 

T
h

ir
d

 

F
o

u
rt

h
 

F
o

u
rt

h
 

A
d

u
lt

 

A
d

u
lt

 

A
d

u
lt

 

A
d

u
lt

 

A
d

u
lt

 

A
d

u
lt

 

A
d

u
lt

 

A
d

u
lt

 

U
np

ar
as

it
iz

ed
 

22
 

9
3

-0
0

 +
 3

-3
6

 
9

4
.0

5
 

9
3

.0
0

 
0

.3
3

0
 

1
3

.7
4

 
2

.1
0

 
1

.3
9

1
 

(C
o

n
tr

o
l)

 

* 
M

ea
n 

+ 
1
 S

E
; 

**
 I

n
 ?

/?
/g

e
n

e
ra

ti
o

n
; 

**
* 

In
 ?

/?
/d

a
y

. 
m

 
C

n 



TA
BL

E 
X

I.
 

T
he

 e
ff

e
c

ts
 o

f 
p

a
ra

si
ti

sm
 b

y 
A

. 
sm
it
hi
 o

n
 t

h
e

 d
em

o
g

ra
p

h
ic

 a
nd

 b
io

lo
g

ic
a

l 
c

h
a

ra
c

te
ri

s
ti

c
s

 

of
 

th
e

 d
if

fe
re

n
t 

a
g

e
s 

o
f 

a
la

te
 A

. 
pi
sw
n 

(r
e

a
re

d
 

a
t 

1
9

.7
 

+ 
0.

5*
C

, 
70

 f
 

5%
 R
H
,
 

d
ie

1
 p

e
ri

o
d

 

of
 

18
 L

/6
 D

 h
o

u
rs

, 
o

n
 M

ed
ic

ag
o 

sa
ti
va
 L

.,
 

v
a

r.
 

V
e

rn
a

l)
. 

In
tr

in
s

ic
 

F
in

it
e

 
G

en
er

at
io

n
 

D
o

u
b

li
n

g
 

A
ph

id
 

A
ge

 
a

t 
T

o
ta

l 
M

ea
n 

G
ro

ss
 R

ep
ro

- 
N

e
t 

R
ep

ro
- 

R
a

te
 o

f 
R

a
te

 o
f 

T
im

e 
T

im
e 

P
a

ra
s

it
iz

a
ti

o
n

 
~

e
c

u
n

d
it

~
*

 d
u

c
t i

v
e

 R
a

te
 

d
u

c
ti

v
e

 R
at

e 
In

c
re

a
se

 
In

c
re

a
se

 
(d

ay
s)

 
(d

ay
s)

 

In
s

ta
r 

D
ay

s 
n

 
(G

R
R

) 
**

 
(R

0)
 **

 
(r

m
) *

**
 

(A
) **

* 
(

0
 

(D
T

) 
-
 T
h

ir
d

 
5

.0
 

F
o

u
rt

h
 

6
.0

 

F
o

u
rt

h
 

7
.0

 

F
o

u
rt

h
 

8
.0

 

A
d

u
lt

 
9

.0
 

A
d

u
lt

 
1

0
.0

 

A
d

u
lt

 
1

1
.0

 

A
d

u
lt

 
1

2
.0

 

A
d

u
lt

 
1

3
.0

 

A
d

u
lt

 
1

4
.0

 

U
n

p
a

ra
si

t i
z

e
d

 
(C

o
n

tr
o

l)
 

-
-
 

**
 

* 
M

ea
n 
f
 
1
 S

E
; 

In
 ?

/?
/g

e
n

e
ra

ti
o

n
; 

**
* 

In
 0

/9
/d

ay
. 



Messenger, 1964; 

d e t a i l  t h e  va lue  

organism under a 

Messenger, 

of rm a s  a  

v a r i e t y  of 

I 

1964a; S idd iqu i  and Barlow, 1972) d i s c u s s  i n  

measure of t h e  reproduct ive  p o t e n t i a l  of a n  

experimental  condi t ions .  

I n  t h i s  experiment,  l i f e  t a b l e  d a t a  of age-spec i f ic  s u r v i v a l  (1,) and 

f ecund i ty  (mx) (summarized i n  F igs .  l IA,  B and i n  Tables  X and XI) were 

obta ined  from only  those  aphids  t h a t  d ied  due t o  pa ra s i t i sm.  The i n t r i n s i c  

r a t e s  of i n c r e a s e  c a l c u l a t e d  from t h e s e  d a t a  were used t o  provide  an  ind ica-  

t i o n  of t h e  maximal a t t a i n a b l e  r a t e  of i n c r e a s e  under t h e  s p e c i f i e d  experimen- 

t a l  condi t ions .  The doubling time c a l c u l a t e d  d i r e c t l y  from r m  w a s  a l s o  

used t o  eva lua t e  t h e  r e l a t i v e  e f f e c t  of p a r a s i t i s m  on aphid popula t ion  

growth. The doubling t ime i s  considered t o  be  t h e  time i n  days r equ i r ed  

f o r  an aphid popula t ion  t o  double i n  numbers. 

Apterous and a l a t e  pea aphids  p a r a s i t i z e d  be fo re  t h e  age  of f i v e  and 

s i x  days,  r e s p e c t i v e l y ,  showed ze ro  o r  extremely s m a l l  va lues  f o r  r m  w i t h  

t h e  doubling t ime approaching i n f i n i t y .  Th i s  means t h a t  aphids  p a r a s i t i z e d  

i n  t h e  f i r s t ,  second, o r  t h i r d  i n s t a r  pe r iods  could no t  c o n t r i b u t e  s i g n i f i -  

c a n t l y  t o  popula t ion  growth, u s u a l l y  succumbing t o  p a r a s i t i s m  be fo re  pro- 

ducing any o f f s p r i n g  (F igs .  13A, B). 

The l a t e r  t h e  aphid was p a r a s i t i z e d ,  t h e  l a r g e r  t h e  r m  va lues  became, 

w i t h  t h e s e  va lues  reaching  t h e  equ iva l en t  of t h a t  of a normal unpa ras i t i zed  

aphid 15 days o r  o l d e r  (F igs .  13A, B). Indeed, t h e  r m  l e v e l l e d  o f f  t o  

0.330 ?/P/day f o r  a p t e r a e  and 0.275 V/P/day f o r  a l a t a e  when o l d e r  aphids  

were p a r a s i t i z e d  (F igs .  13A and B) . 
I n  c o n t r a s t ,  t h e  doubling t ime of t h e  aphid popula t ion  decreased wi th  

t h e  o l d e r  aphids being p a r a s i t i z e d .  However, t h e  DT l e v e l l e d  o f f  t o  2.1 



Figure 13. The intrinsic rate of increase and doubling times of apterous 

(A) and alate (B) A. piswn parasitized at different ages by 

A. smithi. The rm and DT values for unparasitized A. piswn 

are included for comparison. 
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days f o r  a p t e r a e  and 2.52 days f o r  a l h t a e  when o l d e r  aphids  were p a r a s i t i z e d  

(F igs .  13A, B). The above d a t a  i n d i c a t e  t h a t  t h e  l a t e r  aphids  a r e  being 

p a r a s i t i z e d  i n  t h e i r  l i f e ,  t h e  l e s s  e f f e c t  p a r a s i t i s m  has  on t h e  aphid 

popula t ion  as a whole. 

4 .  The effect of host age on the parasite's reproductive success. The 

success  of a  p a r a s i t e  female i n  producing o f f s p r i n g  depends on a number of 

f a c t o r s  which inc lude  h o s t  p re fe rence  and h o s t  s u i t a b i l i t y .  These f a c t o r s  

were reviewed by Mackauer (1973) and s t a r $  (1970). I n  t h i s  s tudy  t h e  h ighes t  

p ropor t ion  of aphids  t h a t  mummified were t h o s e  i n  t h e  second and t h i r d  i n s t a r s  

(ages 1.83 t o  5.3 days) (F igs .  14A and 15A). The lowest  p ropor t ion  of 

aphids  mummified c o n s i s t e d  of a d u l t  aphids  t h a t  had reached r ep roduc t ive  age. 

P a r a s i t e  females  were n o t  g iven  a  cho ice  between d i f f e r e n t  aphid  ages ;  

r a t h e r ,  females  were provided wi th  aphids  of known age ,  one a t  a t i m e .  

Female p a r a s i t e s  a r e  n o t  always s u c c e s s f u l  i n  i n j e c t i n g  a n  egg i n t o  t h e  

h o s t ,  even though t h e  motions of o v i p o s i t i o n  have been observed. Aphids 

a t t acked  by p a r a s i t e s  were n o t  d i s s e c t e d  t o  determine t h e  p ropor t ion  of eggs 

depos i ted  pe r  t o t a l  number of a t t a c k s  made because i t  was important  t o  o b t a i n  

a s  many mummified aph ids  as p o s s i b l e  t o  determine t h e  e f f e c t  of p a r a s i t i s m  

on aphid f ecund i ty  and development. Thus, t h e r e  w a s  no r e a l  way of knowing 

whether o r  no t  an  egg was i n j e c t e d  i n t o  t h e  aphid a f t e r  an  a t t a c k  was made. 

F igures  14B and 15B show t h e  p ropor t ion  of a t t a c k e d  aphids  a t  d i f f e r e n t  ages  

t h a t  d i d  not  succumb t o  p a r a s i t i s m  and cont inued normal development and 

f ecund i ty  p a t t e r n s .  With i n c r e a s i n g  age,  a h ighe r  p ropor t ion  of aphids  

escaped pa ra s i t i sm.  

P a r a s i t e  a t t a c k s  on r ep roduc t ive  aphids  were g e n e r a l l y  unsuccessfu l ,  a s  

few mummies were produced. These aphids  e i t h e r  d i e d  a few days a f t e r  p a r a s i t e  



Figure  14.  The p ropor t ion  of ap t e rous  A .  piswn t h a t  (A) d i ed  be fo re  t h e  

e i g h t h  day; (B) escaped p a r a s i t i s m ;  (C)  mummified, a f t e r  para- 

s i t e  a t t a c k  relative t o  aphid age  groups. n  = number of 

aphids  exposed t o  p a r a s i t e  a t t a c k .  
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Figu re  15. The p ropor t i on  of  alate A. piswn t h a t  (A) d ied  b e f o r e  t h e  

e i g h t h  day; (B) escaped pa ra s i t i sm;  (C) mummified, a f t e r  

p a r a s i t e  a t t a c k  r e l a t i v e  t o  aphid age groups. n  = number 

of aphids  exposed t o  p a r a s i t e  a t t a c k .  
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a t t a c k  o r  escaped pa ras i t i sm and achreved a normal longevi ty  (Figs. 14,  15) .  

The propor t ion  of aphid m o r t a l i t y  increased with o lde r  aphid ages being 

a t tacked.  The aphids t h a t  d ied  wi th in  e i g h t  days a f t e r  ov ipos i t ion  (Figs. 

14A, 15A) could have d ied  from a number of causes,  e.g. n a t u r a l  death ,  

handling,  p l a n t  r e s i s t a n c e ,  o r  o ther .  

D . Discussion 

P a r a s i t i s m  by A. smithi r e s u l t s  i n  t h e  aphid ' s  organs and t i s s u e s  being 

slowly consumed by t h e  developing p a r a s i t e  l a rva .  Thus t h e r e  is  a l a g  period 

between t h e  time of ov ipos i t ion  of t h e  p a r a s i t e  egg and aphid death.  The 

age of t h e  aphid when p a r a s i t i z e d  w i l l  determine i f  t h e  aphid w i l l  develop 

t o  ma tu r i ty ,  reproduce, and con t r ibu te  t o  aphid populat ion growth. Generally, 

t h e  pea aphid can continue t o  produce progeny f o r  s i x  t o  seven days a f t e r  

ov ipos i t ion ,  a t  which time t h e  reproductive r a t e  drops o f f .  The aphid can 

s t i l l  c o n t r i b u t e  t o  populat ion growth before  succumbing t o  paras i t i sm.  This  

phenomenon was a l s o  observed i n  f i e l d  co l l ec ted  p a r a s i t i z e d  aphids which 

produced up t o  45 progeny before  mummifying. 

A number of o t h e r  workers have found s i m i l a r  r e s u l t s .  Hafez (1961) 

found t h a t  t h e  r a t e  of development of an aphid is influenced t o  a s i g n i f i c a n t  

degree by p a r a s i t i z a t i o n .  When f i r s t  o r  second i n s t a r s  of Brevicoryne bras- 

sicae L. were p a r a s i t i z e d  by DiaretieZZa rapae, t h e  dura t ion  of development 

was increased i n  comparison with t h a t  of non-parasitized aphids of t h e  same 

age, The delay i n  development due t o  p a r a s i t i z a t i o n  i n  higher i n s t a r s  and 

t h e  a d u l t  s t a g e  was not  (apparently)  obvious o r  s i g n i f i c a n t  (Hafez, 1961). 

Although p a r a s i t i z a t i o n  can r e s u l t  i n  a lengthening of an aphid i n s t a r  period 

(Hafez, 1961), t h e  longevity of t h e  hos t  is  usua l ly  s h o r t e r  than t h a t  of 



normal unpa ras i t i zed  aphids .  Webster 'and P h i l l i p s  (1912) found t h a t  when 

aphid nymphs were p a r a s i t i z e d  be fo re  t h e  f i r s t  o r  second mol t ,  bo th  aphids  

and p a r a s i t e s  f a i l e d  t o  surv ive .  However, Johnson (1958, 1959) noted t h a t  

a d u l t  Aphidius platensis emerged from a l l  s t a g e s  of Aphis craccivora t h a t  

were p a r a s i t i z e d .  

Johnson (1958, 1959) showed t h a t  p a r a s i t i z a t i o n  of nymphs of Aphis 

craccivora by Aphidius platensus r e s u l t e d  i n  phys io log ica l  and morphological 

changes compared t o  normal hos t  development. These changes were t h e  r e s u l t  

of a premature breakdown of t h e  h o s t ' s  p ro tho rac i c  g l ands  (Johnson, 1965). 

Fox e t  aZ. (1967) found t h a t  A. piswn d i d  n o t  produce progeny i f  pa ra s i -  

t i z e d  i n  t h e  t h i r d  i n s t a r  by A. smithi; a l though,  i f  la te  f o u r t h  i n s t a r  and 

young a d u l t s  were p a r a s i t i z e d ,  they d i d  g i v e  b i r t h  t o  young. They a l s o  

found t h a t  p a r t u r i t i o n  u s u a l l y  ended a b r u p t l y  f o u r  days a f t e r  t h e  beginning 

of p a r a s i t i s m  i n  aphids  which had been p a r a s i t i z e d  when p a r t u r i t i o n  had j u s t  

begun. 

The e f f e c t  of p a r a s i t i z a t i o n  on pea aphid reproduct ion  i n  n a t u r e  depends 

on h o s t  i n s t a r  s e l e c t i o n  by t h e  p a r a s i t e  female. Fox e t  a l .  (1967) r epo r t ed  

t h a t  A. smithi females  u s u a l l y  a t t acked  f i r s t  and second i n s t a r  aphids  w i th  

l i t t l e  h e s i t a t i o n  but tended t o  h e s i t a t e  and/or  r e j e c t  t h i r d  and f o u r t h  i n s t a r  

nymphs and a d u l t  aphids.  Wiackowski (1962) found t h a t  second and t h i r d  

i n s t a r s  of t h e  pea aphid were p re fe r r ed  by A. smithi females ,  wh i l e  t h e  f i r s t  

and f o u r t h  i n s t a r s  were l e s s  f r equen t ly  a t t acked .  Mackauer (1973) showed 

t h a t  when A. smithi females  were given a choice ,  t hey  p r e f e r r e d  second o r  

o l d e r  i n s t a r  ( i . e .  1 .8 t o  5.3 day o ld )  pea aphids  (F igs .  14C, 15C), wh i l e  

a t t a c k i n g  f i r s t  i n s t a r s  and pre-reproduct ive adu lc s  w i th  less frequency than  



second i n s t a r s .  I n  a d d i t i o n ,  t h e  secbnd and t h i r d  aphid i n s t a r s  seem t o  be 

t h e  most s u i t a b l e  f o r  p a r a s i t e  development (Mackauer, 1973). 

I n  t h i s  s tudy ,  aphids  p a r a s i t i z e d  i n  t h e i r  e a r l y  s t a g e s  d i d  n o t  c o n t r i -  

b u t e  t o  popula t ion  growth. It is p o s s i b l e  t h a t  a n  e f f i c i e n t  p a r a s i t e  such 

as A. s m i t h i ,  i f  i t  a t t a c k e d  only  young aphids  (assuming a l l  aphids  of a  

p a r t i c u l a r  s t a g e  were found and p a r a s i t i z e d  by t h e  sea rch ing  p a r a s i t e ) ,  

could  cause  a  l o c a l  h o s t  popula t ion  t o  become e x t i n c t .  However, A. s m i t h i  

does n o t  a t t a c k  e x c l u s i v e l y  any one s t age .  F i e l d  c o l l e c t e d  pea aphids  have 

been shown t o  con ta in  p a r a s i t e  eggs i n  a l l  developmental and a d u l t  s t a g e s  

( f i e l d  d a t a ) .  Th i s  shows t h a t  t h e  p a r a s i t e  is  n o t  r i g i d l y  s e l e c t i v e  o r  

s p e c i f i c  i n  aphid i n s t a r  requirements  and can  o v i p o s i t  i n t o  o l d e r  aphids ,  

which i n  t u r n  s t i l l  can  c o n t r i b u t e  t o  aphid popu la t ion  growth be fo re  succumb- 

i n g  t o  pa ra s i t i sm.  

E. Summary 

Groups of ap t e rous  and a l a t e  pea aphids  d i f f e r i n g  i n  age from 1 t o  21 

days were p a r a s i t i z e d  by Aphidius s m i t h i  t o  de te rmine  t h e  e f f e c t  of p a r a s i t i s m  

on h o s t  development and fecundi ty .  The l a b o r a t o r y  d a t a  were intended t o  

e x p l a i n ,  i n  p a r t ,  t h e  e f f e c t  of p a r a s i t i s m  on aphid  popu la t ion  growth r a t e s  

i n  t h e  f i e l d .  

There was a  l a g  pe r iod  between t h e  t i m e  of p a r a s i t e  o v i p o s i t i o n  (para- 

s i t e  l a r v a l  development) and aphid death.  The age  of t h e  aphid a t  t ime of 

p a r a s i t i s m  determined whether o r  no t  i t  would develop t o  ma tu r i t y ,  reproduce, 

and c o n t r i b u t e  t o  popu la t ion  growth. Apterae p a r a s i t i z e d  as f i r s t  o r  second 

i n s t a r s  (one t o  t h r e e  days of age) developed t o  t h e  f o u r t h  i n s t a r  be fo re  

mummification, w h i l e  t h i r d  o r  o l d e r  i n s t a r  a p t e r a e  (3.6 days) developed t o  



t h e  a d u l t  s t a g e .  A la t ae ,  due t o  t h e i r '  longer  f o u r t h  i n s t a r ,  produced f o u r t h  

i n s t a r  mummies when p a r a s i t i z e d  i n  t h e  t h i r d  o r  younger i n s t a r  (4.4 days) .  

When a p t e r o u s  and a l a t e  f o u r t h  i n s t a r  o r  a d u l t  s t a g e s  were p a r a s i t i z e d ,  t h e  

aphids  cont inued  t o  develop and produce progeny f o r  s i x  t o  seven days a f t e r  

t h e  beginning  of p a r a s i t i s m ,  a t  which t ime reproduct ion  ceased.  

The i n t r i n s i c  r a t e s  of i n c r e a s e  (rm) were c a l c u l a t e d  from l abora to ry  

l i f e  t a b l e  da t a .  Apterae and a l a t a e  p a r a s i t i z e d  b e f o r e  f i v e  and s i x  days 

of age,  r e s p e c t i v e l y ,  showed i n f i n i t e l y  sma l l  v a l u e s  f o r  r m  and thus  could 

no t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  popula t ion  growth. When o l d e r  aphids  were 

p a r a s i t i z e d ,  t h e  r m  v a l u e  became l a r g e r  u n t i l  i t  reached a  maximum va lue  

equ iva l en t  t o  t h a t  of unpa ras i t i zed  aphids.  The d a t a  i n d i c a t e  t h a t  t h e  

l a t e r  a n  aphid is p a r a s i t i z e d  i n  i ts  l i f e ,  t h e  less e f f e c t  p a r a s i t i s m  has  

on t h e  aph id ' s  c o n t r i b u t i o n  t o  popula t ion  growth. A. smithi females ,  however, 

do no t  accep t  a l l  h o s t  s t a g e s  equa l ly ,  b u t  tend t o  s e l e c t  second t o  e a r l y  

t h i r d  i n s t a r  pea aph ids  more f r e q u e n t l y  t han  o t h e r  ages.  When second and 

t h i r d  i n s t a r  aph ids  a r e  p a r a s i t i z e d ,  they  cannot c o n t r i b u t e  t o  popula t ion  

growth. Under t h e s e  cond i t i ons  t h e  p a r a s i t e  could cause  a l o c a l  h o s t  popula- 

t i o n  t o  become e x t i n c t .  However, i n  t h e  f i e l d  t h e  p a r a s i t e  i s  no t  e n t i r e l y  

r e s t r i c t e d  t o  o v i p o s i t i n g  i n t o  a  g iven  ( i . e .  young) aphid i n s t a r ,  b u t  w i l l  

a l s o  o v i p o s i t  i n t o  o l d e r  aphids.  



CHAPTER V 

SEASONAL DYNAMICS OF PEA APHID POPULATIONS 

A. I n t r o d u c t i o n  

Although t h e r e  a r e  numerous s t u d i e s  on t h e  pea aphid ,  t h e r e  a r e  only 

a few works t h a t  have analysed m o r t a l i t y  f a c t o r s  and pea  aphid popula t ion  

t r e n d s  throughout  a  growing season. Two peak curves  of A. piswn popula t ions  

occur  d u r i n g  t h e  growing season  on a l f a l f a  i n  va r ious  p a r t s  of t h e  world 

(Cooke, 1963; Dunn and Wright,  1955; Hagen e t  al., 1971; Hagen and van den 

Bosch, 1968; Pas s  and P a r r ,  1971; van den Bosch e t  aZ., 1966). Many f a c t o r s  

can cause  f l u c t u a t i o n s  i n  pea aphid popula t ion  l e v e l s .  The i n d i v i d u a l  o r  

combined e f f e c t s  of p h y s i c a l  f a c t o r s  such as temperature extremes, heavy 

r a i n s  (Dunn and Wright,  1955),  and ha rves t ing  p r a c t i c e s  (van den Bosch e t  

aZ., 1966, 1967) can  cause  s i g n i f i c a n t  m o r t a l i t y  i n  pea aphid populat ions.  

B i o t i c  f a c t o r s  such a s  t h e  i n c r e a s e  i n  ma tu r i t y  of t h e  hos t  p l a n t  o r  h igh  

aphid 

r a t e s  

1969) 

(Dunn 

d e n s i t i e s  may cause  a  r educ t ion  i n  aphid f ecund i ty  and developmental 
I 

(Murdie, 1969a, b) and t h e  product ion  of a l a t e  o f f s p r i n g  (Sutherland,  

which l e a d s  t o  mass migra t ion ,  caus ing  r a p i d  popula t ion  d e c l i n e s  

and Wright,  1955). M o r t a l i t y  agen t s  such as p a r a s i t e s ,  p reda to r s ,  

and pathogens c o n t r i b u t e  t o  t h e  r e g u l a t i o n  of pea aphid popula t ions  (Dunn 

and Wright ,  1955; Cooke, 1963; Fluke,  1929; Hagen and van den Bosch, 1968; 

Smith and Hagen, 1966 ; ~ t a r i ,  1969 ; Voronina, 1971) . The c h a r a c t e r i s t i c s  

of aphidophagous i n s e c t s  have been reviewed, e.g. f o r  Cocc ine l l i dae  by 

Hagen (1962),  Hodek (1967),  and Hagen and van den Bosch (1968); and f o r  

Syrphidae by Schneider  (1969). The impact of n a t u r a l  enemies on aphid 

popu la t ions  w a s  reviewed by Hagen and van den Bosch (1968) and d iscussed  by 

Hodek e t  al. (1972),  Mackauer (1973), and s t a r ?  (1970). 



rlthough indigenous hymenopterous p a r a s i t e s ,  p reda to r s  (such a s  

Cocc ine l l i d s ,  Syrphids,  and Chrysopids) ,  and funga l  and b a c t e r i a l  d i s e a s e s  

undoubtedly a r e  important  m o r t a l i t y  agen t s  (Glendenning, 1935, 1941; 

I Handford and Neilson,  1957),  no d e t a i l e d  s tudy  of t h e i r  impact on pea aphid 

popula t ions  i n  a l f a l f a  f i e l d s  of B.C. has  been made t o  d a t e .  

Th i s  chap te r  r e p o r t s  on the  popula t ion  f l u c t u a t i o n s  of t h e  pea aphid 

and t h e  p o s s i b l e  m o r t a l i t y  agen t s  causing t h e s e  f l u c t u a t i o n s  dur ing  1971 

and 1972 i n  an  a l f a l f a  f i e l d  near  Kamloops, B.C. P a r a s i t i s m  i s  considered 

a s  a whole i n  t h i s  c h a p t e r ;  t h e  r e l a t i v e  c o n t r i b u t i o n  of each p a r a s i t e  

s p e c i e s  t o  aphid m o r t a l i t y  i s  d e a l t  w i t h  i n  Chapter V I .  

B. M a t e r i a l s  and Methods 

I .  Study area. An a l f a l f a  f i e l d  (approximately 2.4 a c r e s  o r  0.98 ha) 

was s tud ied  a t  t h e  Canada Department of A g r i c u l t u r e  F i e l d  S t a t i o n ,  Kamloops, 

B.C. The f i e l d  was approximately 800 metres  n o r t h  of t h e  Kamloops Ai rpo r t  

weather obse rva t ion  s i te  (Lat .  50'43' N ;  Long. 120•‹25' W ;  e l e v a t i o n  345.3 m 

above s e a  l e v e l ) .  

The Middle L a t i t u d e  Steppe c l i m a t e  a t  Kamloops is  gene ra l ly  dry  wi th  

a mean annual  p r e c i p i t a t i o n  of 260.6 mm (Table XII)  and is cha rac t e r i zed  by 

hot  dry  summers (mean normal f o r  J u l y  i s  2 0 . 9 ' ~ )  and cold dry  win te r s  (mean 

normal f o r  January is  - 6. O•‹C) . 
The Kamloops c l i m a t e  i s  i d e a l  f o r  growing c rops  such a s  a l f a l f a  dur ing  

t h e  summer months because t h e  h igh  i n s o l a t i o n  and h e a t  are present .  There 

i s  a l s o  an  unl imi ted  supply of i r r i g a t i o n  water  a v a i l a b l e  from t h e  nearby 

Thompson River .  
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Table XII. Mean monthly temperatures and precipitation for Kamloops 

Airport, B. C. (Lat. 50' 43' N; Long. 120•‹ 25' W; eleva- 

tion 345.3 m).* 

Mean maximum Mean minimum Mean 
1 

temperature (O C )  temperature ( O  C) precipitation (mm) 

Month Normal 1971 1972 Normal 1971 1972 Normal 1971 1972 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Weather records from the Kamloops Weather Office, Atmospheric Environ- 

ment Service, Canada Department of the Environment (Normals given are 

based on the period 1941 to 1970). 



2. Agro-production techniques.  The a l f a  Ma v a r i e t y  Verna 1 1  (Hienr i c h s  , 
1968) was used i n  t h i s  s tudy.  It is one of t h e  v a r i e t i e s  t h a t  i s  l e a s t  

r e s i s t a n t  t o  pea aphid i n f e s t a t i o n s  (Kindler e t  aZ., 1971; Pimentel  and 

Wheeler, 1973). 

A l f a l f a  i s  u s u a l l y  harves ted  f o r  hay t h r e e  o r ,  i n  very  warm sunny y e a r s ,  

f o u r  t imes a y e a r  i n  Kamloops (Fig. 1 ) .  A l f a l f a ,  when c u t  a t  a n  immature 

s t a g e ,  has  a h ighe r  amino a c i d  (Loper e t  az., 1963) o r  h ighe r  p r o t e i n  con ten t  

and thus  a h ighe r  f eed  va lue  than  when c u t  l a t e r .  To a c q u i r e  a ba l ance  

between t h e  maximum o b t a i n a b l e  p r o t e i n  con ten t  f o r  a hay crop wi thout  caus- 

i n g  a damaging r educ t ion  of food r e se rves  i n  t h e  r o o t s ,  Hubbard and McLean 

(1961) suggested t h a t  a l f a l f a  b e  cu t  when i n  10% blossom. The l a s t  a l f a l f a  

h a r v e s t ,  i n  t h e  f a l l ,  is made approximately f o u r  weeks be fo re  t h e  f i r s t  

major f r o s t .  Th i s  a l lows  t h e  a l f a l f a  t o  regrow a crown and i n s u r e s  a n  

abundant food supply s t o r e d  i n  t h e  r o o t s ,  cons iderably  reducing t h e  p o s s i b i l -  

i t y  of w i n t e r  k i l l  (W. A. Hubbard, pe r s .  corn.) .  The a l f a l f a  p l a n t  over- 

w i n t e r s  i n  i ts  dormant branch-root system. New shoo t s  begin t o  grow i n  

l a t e  March t o  mid-April (F ig .  1 ) .  

The a l f a l f a  i n  t h e  s tudy  a r e a  was f i v e  yea r s  o l d  i n  1971; t h i s  is a 

r e l a t i v e l y  o l d  s t and .  The s t and  was i n  good cond i t i on ,  a l though some dande- 

l i o n s  (Taraxacwn officinaze Weber) and shepherd ' s pur se  (CapseZZa bursa- 

p a s t o r i s  [L.]) were i n t e r s p e r s e d  i n  t h e  f i e l d .  When t h e  he igh t  of a l f a l f a  

w a s  between 25 and 35 cm, t h e r e  was a  mean of 44.9 a l f a l f a  t i p s  pe r  square  

f o o t  (.0929 m2) (+ 2.8 SE from a  sample of 40 one f o o t  squares  taken ran- 

domly i n  t h e  f i e l d )  .2 Cooke (1963) considered a good s t and  of a l f a l f a  t o  

T o t a l  e s t ima ted  mean number of a l f a l f a  t i p s  i n  t h e  f i e l d  were 4.7 x  lo6 
f 0.2 x l o6  SE. 
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be about 50 t i p s / f t 2  i n  t h e  a l f a l f a  f i e l d s  of the  Blue Mountain Range of 

e a s t e r n  Washington and Oregon. 

The f i e l d  was i r r i g a t e d  wi th  water s p r i n k l e r s  a t  l e a s t  once per  crop, 

genera l ly  when t h e  a l f a l f a  was 8 t o  20 cm high o r  during dry  per iods ,  when 

required.  

The a l f a l f a  crop was harvested t h r e e  times each year  f o r  hay. The 

a l f a l f a  was mown, allowed t o  dry f o r  two t o  t h r e e  days, raked i n t o  windrows, 

and baled a s  soon a s  it was properly cured. The ba les  were usua l ly  re- 

moved from t h e  f i e l d  a day l a t e r .  

Only one chemical t reatment was made during t h e  f i e l d  study. I n  e a r l y  

A p r i l ,  1972, the  f i e l d  was f e r t i l i z e d  wi th  300 l b s l a c r e  of superphosphate 

(0-20-0) and then harrowed. 

3. Sampling Methods. Three sampling methods were used a t  weekly 

i n t e r v a l s  t o  es t imate  aphid, p a r a s i t e ,  and predator  populat ions on the  

a l f a l f a  p lan t s :  (a)  a l f a l f a  t i p  sampling; (b) sweep sampling; and (c)  

mummy sampling. However, only t h e  r e s u l t s  of the  a l f a l f a  t i p  sampling a r e  

considered i n  d e t a i l  i n  t h i s  chapter .  Because of t h e  u n r e l i a b i l i t y  of 

sweep sampling a s  a q u a n t i t a t i v e  measure of i n s e c t  populat ions (Turnbull,  

1973), t h e  r e s u l t s  obtained by t h i s  method a r e  only b r i e f l y  mentioned. The 

method and r e s u l t s  of t h e  mummy sampling a r e  described i n  Chapter V I .  

a)  Alfalfa t i p  sampling. Weekly a l f a l f a  t i p  samples were made 

t o  ob ta in  a populat ion es t ima te  of aphids ( a l l  s t a g e s  and morphs), p a r a s i t e s  

(only immature s t a g e s ) ,  and predators  ( l a rvae ,  a d u l t s ) .  The c o l l e c t e d  

samples cons i s t ing  of 100 a l f a l f a  t i p s  (each 10  t o  20 cm long) were gathered 

i n  groups of 10 and placed i n t o  separa te  p l a s t i c  bags. When aphid popula- 
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t i o n s  were expected t o  be  low ( i . e .  i n  e a r l y  s p r i n g ) ,  an  a d d i t i o n a l  100 t o  

200 t i p s  were c o l l e c t e d .  The t i p  sample was g e n e r a l l y  made between 8 and 

10 AM ( P a c i f i c  Standard Time). T h i s  insured  t h a t  most i n s e c t s  t o  be  co l l ec -  

t e d  were r e l a t i v e l y  i n a c t i v e ,  t hus  l e s s e n i n g  t h e  chances of l o s i n g  specimens. 

Each a l f a l f a  t i p  sampled was approached s lowly s o  t h a t  t h e  f eed ing  o r  r e s t i n g  

i n s e c t s  were no t  d i s tu rbed .  An a d d i t i o n a l  p recau t ion  was taken  by holding 

t h e  open end of t h e  p l a s t i c  bag below t h e  a l f a l f a  t i p  wh i l e  i t  w a s  being 

picked,  s o  t h a t  a l l  i n s e c t s  would drop i n t o  t h e  bag. 

Each a l f a l f a  t i p  w a s  c o l l e c t e d  a t  l e a s t  7 m (5 t o  10  walking s t e p s )  

a p a r t  a long  f o u r  t r a n s i e n t  l i n e s  (18 m a p a r t )  w i t h i n  t h e  e n t i r e  a r e a  of t h e  

f i e l d .  A 10 m margin a long  t h e  edges of t h e  f i e l d  was n o t  sampled t o  avoid 

"edge e f f e c t s "  (van Emden, 1965). 

A f t e r  t h e  100 a l f a l f a  t i p s  had been sampled, t hey  were taken  immediately 

t o  t h e  l a b o r a t o r y  and processed;  however, i f  t h e  t i p  sample could n o t  be  

processed immediately it  w a s  placed i n  a c o o l e r  a t  5'~ t o  reduce  aphid devel- 

opment, reproduct ion ,  and i n s e c t  p reda t ion  u n t i l  processed.  To process  t h e  

t i p  sample one t i p  a t  a t ime was removed from a p l a s t i c  bag and a l l  aph ids ,  

mummies, and i n s e c t  p r e d a t o r s  were c o l l e c t e d  from t h e  f o l i a g e ,  us ing  a camel's 

h a i r  brush o r  a  p a i r  of f i n e  fo rceps .  A l l  aphids  and p r e d a t o r s  were placed 

i n t o  75% e thano l ;  t h e  mummified aphids  were counted and placed i n d i v i d u a l l y  

i n t o  g e l a t i n  capsu le s  f o r  l a t e r  p a r a s i t e  emergence and i d e n t i f i c a t i o n .  The 

preserved aphids  were sepa ra t ed  i n t o  i n s t a r s  (us ing  a n t e m a 1  l eng ths  a s  a  

s t a g e  i n d i c a t o r ;  s e e  Fig.  2  o r  Davis [1915]) and morphs and counted. The 

t h i r d  and f o u r t h  i n s t a r s  and a d u l t  aphids  were d i s s e c t e d  t o  determine t h e  

frequency of p a r a s i t i s m  by hyrnenopterous p a r a s i t e s .  Aphids were considered 



p a r a s i t i z e d  i f  they contained one o r  dore  p a r a s i t e  eggs o r  la rvae .  F i r s t  

and second aphid i n s t a r s  were not  d i s sec ted ,  a s  they were too  small  f o r  

rapid  d i s s e c t i o n .  I n s e c t  predators  were counted and grouped i n t o  f ami l i e s  

and s t a g e s  a s  follows: Syrphidae ( l a rvae ,  pupae); Coccinel l idae  ( l a rvae ,  

pupae, a d u l t s ) ;  Chrysopidae ( l a rvae ,  pupae); and Nabidae (nymphs, a d u l t s ) .  

i. Some advantages and disadvantages of a l f a l f a  t i p  sampling 

a s  a sampling method. A number of authors  have reviewed p l a n t  c l ipp ings  a s  

a method of sampling (Cooke, 1963; Fenton and Howell, 1957; Heathcote, 1971). 

The t i p  sample is an  accura te  method of determining q u a n t i t a t i v e l y  t h e  mean 

numbers of i n s e c t s  per  a l f a l f a  t i p .  I have found t h a t  t h e  common i n s e c t  

p reda to r s  t h a t  a r e  known t o  a t t a c k  and feed on t h e  pea aphid can usua l ly  be 

c o l l e c t e d  i f  sampling i s  done with care.  This  sampling method gives  a good 

q u a n t i t a t i v e  and q u a l i t a t i v e  means of measuring aphid populat ion age 

s t r u c t u r e  and predator  numbers, and t h e  frequency of paras i t i sm.  Severa l  

disadvantages of t h e  t i p  sampling method a r e  known, one of which i s  a tendency 

t o  s l i g h t l y  underest imate t h e  i n s e c t  populat ions per  t i p  because some i n s e c t s  

w i l l  drop off  when sampling o r  be missed while s o r t i n g  t h e  i n s e c t s  from the  

f o l i a g e .  Also, p a r a s i t e  a d u l t s  a r e  f a r  too  a c t i v e  and invar i ab ly  f l y  of f  

before  they a r e  placed i n t o  t h e  p l a s t i c  bag, Coccinel l id  l a r v a e  probably 

remain i n a c t i v e  on t h e  lower regions of t h e  a l f a l f a  stems during t h e  cooler  

t i m e  of t h e  n igh t  and e a r l y  morning, and thus  t h e r e  i s  a tendency f o r  t h e  

a l f a l f a  t i p  sample t o  underestimate the  number of c o c c i n e l l i d  l a rvae  present .  

b)  Stdeep sampZing. Sweep samples were made t o  determine the  

r e l a t i v e  abundance of a d u l t  p a r a s i t e s  and t h e  presence o r  absence of pre- 

da to r s .  Sweeps were made wi th  a 38 cm diameter beat ing  n e t  a t tached t o  a 
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90 cm long handle.  A sweep was taken  by hold ing  t h e  n e t  as f a r  forward a s  

p o s s i b l e ,  wi th  t h e  lower r i m  1 5  t o  25 cm below t h e  top  of t h e  a l f a l f a  i n  

t h e  f i e l d ,  and brought i n  a 180' a r c  t o  t h e  l e f t  t hen  back t o  t h e  r i g h t ,  

wh i l e  t h e  ope ra to r  s tepped forward one o r  two paces.  A l l  t h e  sweeps were 

made by me  t o  keep t h e  sampling method a s  c o n s i s t e n t  a s  poss ib l e .  A sample 

cons i s t ed  of 100 sweeps made d i agona l ly  a c r o s s  t h e  f i e l d .  

The c o l l e c t e d  m a t e r i a l  was subsequent ly f rozen  ( a t  - 10•‹C) f o r  s e v e r a l  

days. The i n s e c t s  were s o r t e d  i n  a wh i t e  enamel t r a y  (40 x 30 x 2 cm) con- 

t a i n i n g  a mixture  of water  and 5% de te rgen t .  

Sweep samples do n o t  g i v e  a b s o l u t e  numbers bu t  only an  i n d i c a t i o n  of 

t h e  r e l a t i v e  numbers of i n s e c t s  i n  a f i e l d .  The u n r e l i a b i l i t y  of t h e  sweep 

sample technique  jn producing q u a n t i t a t i v e  d a t a  i s  d iscussed  by Fenton and 

Howell (1957),  Cc e (1963), and Heathcote (1971).  For t h i s  reason  t h e  

sweep sample d a t a  (Appendix 5)  was used only  as a "rough and ready" d i f f e r e n -  

t i a t i o n  between h igh  and low numbers o r  t h e  presence  o r  absence of c e r t a i n  

aphidophagous i n s e c t s  i n  t h e  f i e l d .  

C) Estimation of alfalfa height and blossoming. The mean he igh t  

of a l f a l f a  i n  t h e  f i e l d  was es t imated  by randomly choosing t e n  stems and 

measuring t h e  l eng th  of t h e  stems from ground l e v e l  t o  t h e  h i g h e s t  t i p s .  

Only a v i s u a l  e s t i m a t e  of t h e  percent  blossom and seed  was made. 

4. Calculation of the physioZogicaZ time scale. Although ca lendar  

t i m e  w a s  used t o  r e p r e s e n t  t h e  f i e l d  s tudy  r e s u l t s ,  a phys io log ica l  time- 

s c a l e  (Hughes, 1963) was used i n  a n a l y s i s  of t h e  f i e l d  d a t a  and t h e  computer 

model (Chapter VII ) .  There are a number of ways t o  conver t  ca lendar  t ime 

i n  t h e  f i e l d  t o  a p h y s i o l o g i c a l  t ime-scale.  G i l b e r t  and Gu t i e r r ez  (1973) 
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f i t t e d  s i n e  curves  t o  t h e  d a i l y  maximum and minimum a i r  t empera tures  and 

i n t e g r a t e d  them above t h e  th re sho ld  temperature f o r  development t o  o b t a i n  

t h e  phys io log ica l  t ime. I n  t h i s  work a computer programme was w r i t t e n  t o  

sum t h e  day-degrees above t h e  t h r e s h o l d ,  us ing  two-hourly temperatures .  

The aphid and p a r a s i t e  s p e c i e s  had d i f f e r e n t  temperature t h re sho lds  (Table 

X I I I ) ;  however, t h e  d i f f e r e n t  phys io log ica l  t i m e  s c a l e s  c a l c u l a t e d  from 

t h e s e  t h r e s h o l d s  were g e n e r a l l y  i n  cons t an t  p ropor t ion  (Table X I 1 1  and 

Appendix 1) throughout t h e  season.  Thus t h e  same b a s i c  t ime s c a l e  of a 

"quip" ( q u a r t e r  i n s t a r  pe r iod )  could be  used f o r  a l l  i n s e c t s .  The number 

of qu ip  pe r iods  throughout  t h e  season4 were c a l c u l a t e d  and are used i n  t h e  

phys io log ica l  t ime s c a l e s .  

5. Calm Zation of alate production, emigration, and immigration. Thc. 

p ropor t ion  of f o u r t h  i n s t a r  aphids  t h a t  would develop i n t o  a l a t a e  was de te r -  

mined by t h e  method of Hughes (1963) and Hughes and G i l b e r t  (1968). A 

r e g r e s s i o n  equa t ion  was f i t t e d  t o  t h e  p ropor t ion  of a l a t i f o r m  f o u r t h  i n s t a r  

pea aphid  nymphs a g a i n s t  t h e  d e n s i t y  of aphids  1 5  qu ips  p rev ious ly .  ( I t  

should b e  noted t h a t  t h e  de te rmina t ion  of a l a t e  product ion  occurs  i n  t h e  

mother i n  response  t o  s t i m u l i  such as aphid dens i ty . )  

Emigrat ion of aphids  was considered a s  a l a t a e  l eav ing  t h e  l o c a l  popula- 

t i o n  and c o n t r i b u t i n g  t o  t h e  pre- reproduct ive  m o r t a l i t y  of t h e  aphid popula- 

t i o n  (Hughes, 1963).  Emigrat ion was measured by an  i n d i r e c t  method i n  t h i s  

s tudy .  An average  f o u r t h  i n s t a r  aphid t a k e s ,  from t h e  middle of i , s  i n s t a r ,  

The formula DD = (T-t)D was used where: DD = sum of day-degrees above t 
f o r  one day; T = t empera ture  ( O  C) f o r  a two-hour i n t e r v a l ;  t = t h r e sho ld  
temperature f o r  development; D = t ime per iod  1 /12  of one day. 

NQ = DD/Q, where: Q = one quip ;  NQ = accumulated number of qu ips  through 
season. 



Table XIII. The th re sho ld  temperatures  f o r  development ( t ) ,  t h e  

d i f f e r e n t  p ropor t ions  of t h e  phys io log ica l  t i m e  s c a l e s  

(P) ,  and t h e  equ iva l en t  number of day-degrees of  a quip  

f o r  t h e  pea aphid and i ts  a s s o c i a t e d  p a r a s i t e s  and a  

p reda to r .  

Spec ie s  

Threshold Quip* 

Temperature, P ropor t ion  Equivalent  

t ("  C) P Day-degrees 

P.  pequodorwn 6.88 0.88 

L. n iger  6.55 0.92 

A .  lucens 8.55 0.78 

* Quip = q u a r t e r  i n s t a r - p e r i o d ;  One in s t a r -pe r iod  = 24.78 day-degrees 

("  C) above 5.56"C. 

** For f u r t h e r  d e t a i l s  s e e  Appendix 1. 



one i n s t a r  per iod  ( o r  f o u r  quips)  t o  mature,  ecdyse,  and dry  i t s  wings be- 

f o r e  emigra t ing  (Table IV). With t h i s  in format ion  a  c rude  emigra t ion  r a t e  

can b e  est imated by comparing t h e  number of a l a t a e  pe r  100 a l f a l f a  t i p s  w i t h  

t h e  expected number of  a l a t i f o r m  f o u r t h  i n s t a r  nymphs f o u r  qu ips  be fo re  

(found by e x t r a p o l a t i n g  between two a l f a l f a  t i p  samples i n  Appendix 4 ) .  I f  

t h e r e  were fewer a l a t a e  t han  t h e  c a l c u l a t e d  number of f o u r t h  i n s t a r  a l a t i -  

forms, emigra t ion  had taken  p lace .  I f  t h e r e  were more a l a t a e  t han  t h e  

c a l c u l a t e d  number of a l a t i f o r m  f o u r t h  i n s t a r s ,  immigration of a l a t a e  i n t o  

t h e  f i e l d  was assumed. 

6. Calculation of the total  predator equivalents. To c a l c u l a t e  t h e  

numbers of aphids taken  by p reda to r s  i n  t h e  f i e l d  a n  i n d i r e c t  method w a s  

used t o  determine t h e  f eed ing  rates and d e n s i t y  of p reda to r s .  Maximum feed- 

i n g  r a t e  va lues  were es t imated  (Table X I V ,  Appendices 2 and 3 ) ,  and t h e  

d e n s i t y  of t h e  p r e d a t o r s  was obta ined  from t h e  a l f a l f a  t i p  samples (Appendix 

4). To s imp l i fy  m a t t e r s  a  common t o t a l  number of p r e d a t o r s  w i th  one feeding  

rate was requi red .  Because each p reda to r  t ype  had a d i f f e r e n t  feeding  r a t e  

(Table XIV), t h e  adjustment  of t h e  numbers of t h e  p reda to r  t ypes  t o  one 

equ iva l en t  p reda to r  t o t a l  was accomplished by us ing  t h e  formula VpPp, where: 

Vp i s  t h e  equ iva l en t  p reda to r  v o r a c i t y  of a  p a r t i c u l a r  p reda to r  type  (p) 

(Table XIV), and Pp i s  t h e  number pe r  100 a l f a l f a  t i p s  of p reda to r  t ype  ( p ) .  

C. Resu l t s  

The numbers and s t a g e s  of t h e  i n s e c t  s p e c i e s  found on t h e  a l f a l f a  t i p s  

were averaged f o r  t h e  whole f i e l d  and a r e  shown i n  Appendix 4 and Figs .  16 

and 17 as mean numbers pe r  100 a l f a l f a  t i p s .  Some of t h e  d a t a  were t r ans -  

formed i n t o  loglO (n  + 1 )  f o r  i l l u s t r a t i o n  purposes.  Subsequent d i scuss ions  



Table X I V .  A summary of t h e  mean feeding  r a t e s  o r  v o r a c i t i e s  of each 

p reda to r  type  and t h e  equ iva l en t  p reda to r  v o r a c i t y  va lues  

when compared w i t h  c o c c i n e l l i d  l a r v a l  f eed ing  r a t e s .  

Mean Feeding Rates  = Equivalent  

No. of aphids  e a t e n  P reda to r  

P reda to r  (p)  Pe r  qu ip  (F)* Vorac i ty  (V) ** 

Cocc ine l l i d  l a r v a e  9.6 

Cocc ine l l i d  a d u l t s  14.2  

Chryopid l a r v a e  4.4 

Nabid nymphs and a d u l t s  4.0 

Syrphid l a r v a e  6 .1  

* Appendices 2 and 3 show how t h e s e  va lues  were c a l c u l a t e d .  

** V = F/Fc, where: F = mean feeding  rate of a  p reda to r ;  and Fc = mean 

f eed ing  r a t e  of Cocc ine l l i d  l a r v a e  which i s  9.6. 



Figure 16. Composite diagram showing: (A) daily mean temperatures* and 

total precipitation; (B) predator trends; (C) total aphid and 

percent parasitism trends; (D) height and period of blossom of 

alfalfa in an alfalfa field near Kamloops, B.C.,during the 

summer of 1971. 

* 
(Means of two-hourly recordings of ambient [shaded] 1.22 m 

above ground temperatures taken at the Kamloops airport, 

Canada Department of Environment Weather Station, approx. 

800 metres from the field; vertical lines are temperature 

ranges. ) 





Figure 17. Composite diagram showing: (A) daily mean temperatures* and 

total precipitation; (B) predator trends; (C) total aphid and 

percent parasitism trends; (D) height and period of blossom 

of alfalfa in an alfalfa field near Kamloops, B.C., during the 

summer of 1972. 

* (Means of two-hourly recordings of ambient [shaded] 1.22 m 
above ground temperatures taken at the Kamloops airport, 

Canada Department of Environment Weather Station, approx. 

800 metres from the field; vertical lines are temperature 

ranges. ) 
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and a n a l y s e s  a r e  l a r g e l y  based on t h e s e  d a t a .  

1. Seasonal aphid population trends. I n  t h e  s p r i n g  of bo th  1971 and 

1972 t h e  aphid numbers increased  r a p i d l y  once t h e  f i r s t  ap t e rous  progeny of 

t h e  f u n d a t r i c e s  had matured. The peak aphid  popula t ion  f o r  t h e  f i r s t  crop 

w a s  443 aphids  p e r  100 t i p s  dur ing  1971, tw ice  a s  many as i n  1972 (Figs.  

16 ,  17) .  Although h a r v e s t i n g  reduced aphid popula t ions ,  t h e  regrowth of 

a l f a l f a  was u s u a l l y  accompanied by a  r a p i d  recovery i n  aphid numbers. Aphid 

d e n s i t i e s  u s u a l l y  peaked be fo re  each h a r v e s t ;  t h e r e  were t h r e e  a l f a l f a  

c rops  and g e n e r a l l y  t h r e e  aphid popula t ion  peaks pe r  season ,  e s p e c i a l l y  i n  

1971. The f i r s t  crop c u t t i n g  caused heavy aphid l o s s e s  i n  bo th  yea r s .  The 

h ighes t  number of  aphids  pe r  100 t i p s  w a s  563 dur ing  t h e  second crop i n  

1971, which dec l ined  r a p i d l y  t o  about 100 aphids  b e f o r e  t h e  c rop  was cu t .  

Aphids d i d  n o t  reach  a s  h igh  a popu la t ion  peak i n  t h e  second crop  dur ing  

1972 a s  i n  1971. I n  t h e  t h i r d  c rop  of 1971 t h e  aphid popula t ion  increased  

t o  549 aphids  p e r  100 t i p s  b e f o r e  d e c l i n i n g  aga in .  I n  1972 t h e  aphids  were 

extremely r a r e  du r ing  t h e  t h i r d  c rop  per iod .  

The i n t e r p r e t a t i o n  of pea aphid popula t ion  f l u c t u a t i o n s  becomes c l e a r e r  

when changes i n  t h e  t o t a l  aphid numbers a r e  p l o t t e d  on a loga r i thmic  s c a l e  

a g a i n s t  a p h y s i o l o g i c a l  t ime s c a l e  (Fig. 18) .  There was more accumulated 

hea t  ( i n  day-degrees) i n  1971 than  i n  1972; e.g. t h e  f i r s t  ha rves t  occurred 

a t  approximately t h e  same t i m e  (day 68 and 67) i n  both  y e a r s ,  b u t  t h e  t o t a l  

number of qu ips  i n  1971 a f t e r  1 A p r i l  was g r e a t e r  by 11 quips  than  i t  was 

i n  1972 (Fig.  1 8 ) .  However, t h e  i n i t i a l  r a t e  of increase was t h e  same f o r  

bo th  aphid popu la t ions  i n  s p r i n g  of 1971 and 1972. T h i s  sugges ts  t h a t  

s i m i l a r  p roces ses  of popu la t ion  i n c r e a s e  occur  a t  t h e  beginning of aphid 



Figure 18. Loglo (n + 1) of the t o t a l  number of pea aphids per 100 t i p s  

plotted on a physiological time sca le  (after  1 Apri l ) ,  from 

an a l f a l f a  f i e l d  near Kamloops, B . C . ,  during 1971 and 1972. 

(1  quip = 6.2  day-degrees above 5 . 5 6 ' ~  .) 
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popula t ion  growth, even though 

I n  s p r i n g ,  1971, aphid numbers 

i n i t i a l  aphid d e n s i t i e s  may be  d i f f e r e n t .  

reached 'a  p l a t e a u  s h o r t l y  b e f o r e  t h e  a l f a l f a  

h a r v e s t ;  wh i l e  dur ing  s p r i n g ,  1972, a  p l a t e a u  was reached 20 quips  p r i o r  t o  

t h e  ha rves t .  The p l a t e a u  i n  both y e a r s  coincided wi th  t h e  mass emigra t ion  

of a l a t e s  from t h e  f i e l d  (F ig .  20).  

The i n i t i a l  i n c r e a s e  and peaking of aphid numbers i n  t h e  second crop of 

both y e a r s  c l o s e l y  p a r a l l e l  each o t h e r ,  a l though t h e r e  was a  much lower 

aphid d e n s i t y  i n  1972. Aphid d e n s i t i e s  were very  low i n  t h e  t h i r d  c rop ,  1972, 

and remained low u n t i l  t h e  a l f a l f a  was c u t  (Fig.  17C). I n  c o n t r a s t ,  t h e r e  

was a s t eady  r a t e  of i n c r e a s e  i n  t h e  t h i r d  c rop  of 1971, s i m i l a r  t o  t h e  o t h e r  

two crops  of t h a t  yea r ,  b e f o r e  t h e  aphid numbers dec l ined  i n  t h e  l a t e  f a l l  

(F igs .  l6C, l7C, 18) . 
2. Possible fdictors causing aphid population changes. a )  Weather. 

Kamloops c l i m a t e  r e s t r i c t s  aphid popula t ion  growth t o  t h e  summer months 

(Apr i l  t o  October) .  During t h e  l a t e  autumn and win te r  t h e  temperatures  

a r e  too co ld  f o r  e i t h e r  p l a n t  o r  aphid growth (Table XI I ) .  The summer of 

1971 w a s  gene ra l ly  warmer than  t h a t  of 1972 (Table X I I ,  F igs .  16 ,  1 7 ) ,  

e s p e c i a l l y  dur ing  A p r i l ,  J u l y ,  and August. Heavy r a i n  and winds up t o  50 

mph occas iona l ly  occurred dur ing  both  s u m e r s ,  e s p e c i a l l y  dur ing  thunder- 

s torms (F igs .  16 and 1 7 ) .  The mechanical e f f e c t  of heavy r a i n  and s t r o n g  

wind g u s t s  du r ing  prolonged bad weather i n  1971 (days 175 t o  185) and 1972 

(days 103 t o  110) may have caused t h e  aphid popula t ion  t o  dec rease  (Figs.  

16 ,  17 ) .  I n  gene ra l ,  however, t h e  e f f e c t  of heavy r a i n s  o r  wind on aphid 

popula t ions  may have been de t ec t ed  more r e a d i l y  by more f r equen t  sampling. 

Weather e f f e c t s  on aphid  popula t ions  were e s p e c i a l l y  important  dur ing  

t h e  per iod  of one week a f t e r  hay ha rves t ing .  The p roces s  of ha rves t ing  

caused a  r educ t ion  i n  aphid numbers. However, t h e  mild weather a f t e r  t h e  



f i r s t  c u t  i n  both y e a r s  apparent ly  allowed t h e  s u r v i v a l  of many aphids  
, 

(F igs .  16,  17,  1 8 ) ,  which began reproducing on t h e  new a l f a l f a  growth. 

Many p a r a s i t e  a d u l t s  and Cocc ine l l i d  l a r v a e  were a l s o  observed t o  su rv ive  

t h i s  per iod  ( c a s u a l  obse rva t ions ) .  I n  c o n t r a s t  t o  t h e  f i r s t  c u t s ,  t h e  

weather was h o t t e r  and d r i e r  a f t e r  t h e  second crop  c u t s .  Very few su rv iv ing  

aphids ,  p a r a s i t e s ,  and p reda to r s  were l e f t  t o  reproduce on t h e  subsequent 

new a l f a l f a  growth, perhaps having been k i l l e d  immediately a f t e r  t h e  second 

c u t ,  i n  both  y e a r s ,  by t h e  hot  dry  weather (Figs .  16 ,  17 ,  Appendix 4 ) .  

Aphid r e c o l o n i z a t i o n  of t h e  f i e l d  f o r  t h e  t h i r d  crop occurred when immigrant 

alates f lew i n  from o t h e r  p l a n t  h o s t s  o r  a l f a l f a  f i e l d s .  

b)  Harvesting. Mowing l e f t  a  7  t o  15  cm s t u b b l e  and t h e  c u t  

a l f a l f a  dry ing  on t h e  ground f o r  one t o  two days. Th i s  microcl imate 

a f forded  some s h e l t e r  f o r  i n s e c t s  and induced a  r ap id  regrowth of t h e  p l a n t s .  

However, t h e  dry ing  and removal of c u t  a l f a l f a  deprived t h e  remaining aphids 

of food,  except  f o r  t h e  r egene ra t ing  young shoo t s ,  caus ing  h igh  aphid 

m o r t a l i t y .  

The mowing o p e r a t i o n  i s  o f t e n  combined wi th  r ak ing  t o  reduce l e a f  l o s s  

i n  t h e  c u t  crop. However, i n  t h e  s tudy  f i e l d  t h e  mowing, r ak ing ,  and 

b a l i n g  ope ra t ions  were performed s e p a r a t e l y ,  caus ing  cons ide rab le  l e a f  

l o s s  from t h e  hay h a r v e s t .  The l eaves  s e t t l e d  on t h e  ground i n  t he  f i e l d ,  

a l lowing any mummies which were a t t ached  t o  t h e s e  l e a v e s  t o  remain i n  t h e  

f i e l d .  I n  a d d i t i o n ,  t h e  e f f e c t  of l eav ing  t h e  a l f a l f a  t o  dry  i n  windrows 

f o r  s e v e r a l  days allowed some p a r a s i t i z e d  aphids  t o  mummify on t h e  s t u b b l e  

o r  on t h e  ground, t hus  reducing p a r a s i t e  m o r t a l i t y  due t o  ha rves t ing .  



c) Plant aging. The f i e l d  evidence d i d  n o t  show whether o r  no t  

ma tu ra t ion  o r  t h e  q u a l i t y  of t h e  a l f a l f a  p l a n t  a f f e c t s  pea aphid develop- 

ment o r  reproduct ion .  A s imple l a b o r a t o r y  experiment showed t h a t  t h e r e  

were no d i f f e r e n c e s  i n  t h e  development o r  t o t a l  mean f ecund i ty  of a p t e r a e  

r ea red  on  pre-bud and bloom s t a g e s  of a l f a l f a  c u t  from t h e  f i e l d  and kep t  

i n  t a p  wa te r  a t  19.7OC (procedure a s  i n  Chapter 1 1 ) .  The d a t a  were no t  

cons idered  adequate ,  however, t o  draw any d e f i n i t e  conclus ions  nor  t o  re-  

p o r t  i n  d e t a i l  here .  Suther land  (1969a) r epo r t ed  t h a t  t h e  ag ing  of t h e  

a l f a l f a  p l a n t  ( i . e .  t h e  f lower ing  s t a g e )  may i n c r e a s e  a l a t e  product ion.  

d)  migrat ion .  Figure  19 shows t h e  r e l a t i o n s h i p  between aphid 

d e n s i t y  and a l a t e  formation i n  t h e  f i r s t  a l f a l f a  crop f o r  bo th  yea r s .  I n  

t h i s  s t u d y  no a t tempt  has  been made t o  ana lyse  t h e  p o s s i b l e  mechanisms t h a t  

i n f l u e n c e  a l a t e  formation.  However, Suther land  (1969a, b) has  shown aphid 

d e n s i t y  and p l a n t  age  can a f f e c t  pea aphid a l a t e  product ion.  

F igu res  20A and B compare t h e  number of a l a t a e  observed i n  t h e  a l f a l f a  

t i p  samples w i t h  t h e  c a l c u l a t e d  number of a l a t i f o r m  f o u r t h - i n s t a r  nymphs 

moult ing f o u r  qu ips  prev ious ly .  These graphs g i v e  a n  i n d i r e c t  i n d i c a t i o n  

of a l a t e  product ion  and emigra t ion  i n  t h e  f i e l d  f o r  bo th  yea r s .  I f  t h e r e  

were more a l a t i f o r m  f o u r t h - i n s t a r s  p re sen t  t han  a l a t a e ,  i t  was assumed t h a t  

t h e  d i f f e r e n c e  i n  numbers was t h e  r e s u l t  of a l a t a e  t h a t  emigrated away from 

t h e  f i e l d .  The l a r g e s t  product ion of a l a t i f o r m  f o u r t h  i n s t a r  nymphs occurred 

dur ing  t h e  f i r s t  c rop  i n  both  1971 and 1972. The l a r g e  number of a l a t e s  i n  

crop 3 ,  1971, w a s  comprised mainly of winged sexua l s  (F ig .  20A, Appendix 4 ) .  

The l a r g e  product ion  of a l a t i f o r m  progeny i n  t h e  f i r s t  crop is  shown 

i n  F igs .  19 and 20. Emigration from t h e  a l f a l f a  f i e l d  could be  considered 



Figure 19. The relationship between pea aphid density and the proportion 

of winged progeny (fourth instars)  i n  a l f a l f a  t i p  samples of 

A.  pisum during the f i r s t  a l f a l f a  crop period, 1971, 1972. 





Figure 20. Comparison of the number of a latae  found i n  the a l f a l f a  t i p  

samples with the expected number of a l a t e  fourth-instar nymphs 

of A. piswn moulting four quips previously, presented on a 

physiological t i m e  sca le  (A) 1971 and (B) 1972. (1 quip = 

6 . 2  day-degrees above 5.56OC) 
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a  m o r t a l i t y  f a  c t o r ,  as t h e  l o s s  of r ep roduc t ive  a d u l t s  reduced aphid popula- 

t i o n  growth a t  l e a s t  t emporar i ly ,  e s p e c i a l l y  j u s t  b e f o r e  t h e  f i r s t  c u t s  i n  

both  y e a r s  (F igs  18 ,  20).  Mass emigra t ion  of a l a t a e  occurred  j u s t  be fo re  

t h e  f i r s t  crop was c u t  i n  1971 (Fig.  20A) and 1 5  quips  be fo re  t h e  f i r s t  c u t  

i n  1972 (Fig. 20B). Th i s  pre-reproduct ive m o r t a l i t y  (Hughes, 1963) may 

have caused t h e  r educ t ion  i n  aphid popula t ion  growth j u s t  b e f o r e  t h e  crop 

was c u t  i n  1971 (Fig.  18 ,  qu ips  77 t o  85; F ig .  16C, days 65 t o  70) and i n  

1972 (Fig.  18,  qu ips  45 t o  55; Fig. 17C, days 52 t o  60) .  However, once new 

apterous  progeny matured and began reproducing t h e  aphid popu la t ion  resumed 

an  upward t r end  ( s e e  day 60 and 67 i n  Appendix 4 ,  Fig.  17C). 

A l a t e  product ion  dec l ined  a f t e r  t h e  f i r s t  c u t  i n  both  y e a r s  (F igs .  20A, 

B). Any f o u r t h  i n s t a r  a l a t a e  found i n  t h e  f i e l d  samples immediately a f t e r  

t h e  f i r s t  c u t  were probably progeny of a p t e r a e  su rv iv ing  from t h e  f i r s t  c u t  

and reproducing du r ing  t h e  e a r l y  a l f a l f a  recovery.  

I n  t h e  second and t h i r d  c rops  t h e r e  was a l a g  per iod  between t h e  a r r i v a l  

of t h e  f i r s t  immigrant a l a t e s  and be fo re  t h e i r  ap t e rous  progeny could s t a r t  

producing o f f s p r i n g  dur ing  the second and t h i r d  c rops  (Appendix 4 ,  F igs .  

20A, B). However, it r e a l l y  was no t  u n t i l  h igh  aphid  d e n s i t i e s  were reached 

t h a t  a l a t e  o f f s p r i n g  were produced i n  abundance. During 1971 t h e  aphid 

popula t ion  qu ick ly  inc reased  i n  d e n s i t y ,  reaching  a peak dur ing  quips  125 

t o  150 (Fig.  l 8 ) ,  wh i l e  f o u r t h  i n s t a r  a l a t e  product ion  a l s o  increased  (Fig. 

20A) and dec l ined  a long  wi th  t h e  aphid popula t ion  dec l ine .  I n  c o n t r a s t ,  

dur ing  t h e  second crop i n  1972 aphid popula t ions  d i d  no t  i n c r e a s e  t o  as 

h igh  a  d e n s i t y  a s  i n  1971 (Fig.  18 ) .  Indeed, f o u r t h  i n s t a r  a l a t e  product ion  

i n  t h e  f i e l d  was non-exis tent  a f t e r  qu ip  125 f o r  t h e  r e s t  of t h e  1972 season 

(Fig.  20B) . 



el Immigration. F l i g h t s  a e  immigratin .g i n t o  t h e  f i e l d  

probably s t a r t e d  j u s t  b e f o r e  t h e  f i r s t  crop of a l f a l f a  was c u t .  However, 

t h e r e  w a s  no way of knowing t h e  degree  of immigration dur ing  t h e  f i r s t  crop,  

a s  t h e r e  were more a l a t i f o r m  f o u r t h  i n s t a r s  produced i n  t h e  f i e l d  than  t h e  

t o t a l  of a l a t a e  p re sen t  fou r  qu ips  l a t e r  (F igs .  20A, B). A f t e r  t h e  f i r s t  

c u t  t h e r e  were l a r g e  numbers of immigrant alatae observed i n  t h e  samples 

c o l l e c t e d  dur ing  qu ips  100 t o  140, 1971 (F ig .  20A). High numbers of i m -  

migrant  a l a t a e  and t h e  s u r v i v a l  of aphids  from t h e  previous  crop were im-  

p o r t a n t  i n  producing a  r a p i d  aphid popu la t ion  growth r a t e  dur ing  t h e  second 

crop ,  1971 (F igs .  20A, 18 ,  16C, and Appendix 4 ) .  I n  c o n t r a s t ,  t h e r e  were 

very  few a l a t a e  observed i n  t h e  e a r l y  a l f a l f a  regrowth per iod  of t h e  second 

c rop ,  1972 (Fig.  20B). A s  a consequence of low a l a t e  immigration and few 

aphids  su rv iv ing  from t h e  previous  c rop ,  aphid popu la t ion  growth was slow 

i n  t h e  second crop ,  1972 (F igs .  20B, 17 ,  17C, and Appendix 4 ) .  Although 

t h e r e  were two peaks of alate numbers later i n  t h e  second c rop  (Fig. 20B) 

and a l though t h e s e  aphids  con t r ibu ted  t o  minor aphid popu la t ion  i n c r e a s e s  

(Fig. 1 8 ) ,  t h e s e  i n c r e a s e s  were i n s i g n i f i c a n t .  

The c o n t r i b u t i o n  of immigrant a l a t a e  was extremely important  i n  deci-  

d ing  t h e  d e n s i t y  l e v e l s  t h a t  pea aphid popu la t ions  would reach  subsequent 

t o  a  ha rves t ing  i n  t h e  f i e l d .  The e f f e c t  of immigrant a l a t a e  on t h e  popula- 

t i o n  t r e n d s  was amply demonstrated by comparing t h e  number of immigrants 

and popula t ion  growths i n  t h e  second and t h i r d  c rops  of 1971 and 1972 (F igs .  

I 
1 16C, 17C, 20A and B). The l a r g e r  t h e  number of immigrant a l a t a e  co lon iz ing  

a  f i e l d ,  t h e  g r e a t e r  t h e  aphid popula t ion  n a t a l i t y  and t h e  h ighe r  d e n s i t i e s  

t o  which t h e  popu la t ion  peaked. 



The importance of immigrant a l a t a e '  r eco lon iz ing  a l f a l f a  f i e l d s  is 

c l e a r l y  shown i n  t h e  e a r l y  p a r t  of t h e  t h i r d  c rop  dur ing  bo th  yea r s .  Af t e r  

t h e  second crop  c u t  dur ing  both y e a r s ,  t h e  weather was very  ho t  and d r y  

(Figs.  16A and 17A), which caused t h e  m o r t a l i t y  of p r a c t i c a l l y  t h e  whole 

aphid populat ion.  I n  1971 low numbers of hea l thy  a l a t a e  were found i n  t h e  

f i e l d  samples of t h e  e a r l y  t h i r d  crop (Fig.  20A); no o t h e r  a d u l t  morph ( i . e .  

a p t e r a e )  were found u n t i l  day 147 (Appendix 4, Table  4.1).  The d a t a  i nd i -  

c a t e  t h a t  on ly  a f t e r  t h e  r eco lon iza t ion  of t h e  a l f a l f a  f i e l d  by immigrant 

a l a t a e  and t h e  development of t h e i r  progeny d i d  a d u l t  a p t e r a e  reappear  i n  

t h e  f i e l d  ( s ee  t h e  i n s t a r  and morph d i s t r i b u t i o n  between days 128 and 147 

i n  Appendix 4, Table  4.1). I n  c o n t r a s t ,  a l though t h e r e  were immigrant 

a l a t a e  e n t e r i n g  t h e  f i e l d  du r ing  t h e  e a r l y  t h i r d  c rop ,  1972 (Fig. 20B, 

Appendix 4,  Table 4.2),  they were few i n  number and of poor q u a l i t y  ( i . e .  

showed low rep roduc t ive  p o t e n t i a l ) .  Consequently,  due t o  t h e  low number of 

immigrant a l a t a e ,  t h e  aphid popula t ion  d i d  n o t  adequate ly  recover  and r e -  

mained a t  a low d e n s i t y  u n t i l  t h e  a l f a l f a  was harves ted  i n  e a r l y  September, 

1972 (Figs.  17C, 18 ) .  

f) Disease. The inc idence  of funga l  d i s e a s e  i n  pea 

aphid popula t ions  w a s  n e g l i g i b l e  i n  t h e  p re sen t  s tudy.  Thus, m o r t a l i t y  due 

t o  pathogens was n o t  considered a s  l i m i t i n g  t o  t h e  pea aphid i n  t h e  f i e l d  

s tud ied .  

However, fungus e p i z o o t i c s  can occur i n  t h e  Kamloops a rea .  I have 

observed up t o  10% fungus i n f e c t i o n  of a pea aphid  popu la t ion  when t h e  

IP popula t ion  reached d e n s i t i e s  of over 2,000 aphids/100 t i p s  i n  another  f i e l d  

i n  Kamloops du r ing  J u l y ,  1971. 



g )  Parasitism. I n  t h i s  c h a p t e r ,  p a r a s i t i s m  i s  considered only  

i n  terms of i t s  g e n e r a l  c o n t r i b u t i o n  t o  t h e  m o r t a l i t y  of pea aphid popula- 

t i o n s .  I n t e r n a l  p a r a s i t i s m  of t h e  pea aphid i s  one of t h e  few s e l e c t i v e  

m o r t a l i t y  agents  t h a t  can be  measured us ing  a  d i r e c t  approach ( K i r i t a n i  and 

Dempster, 1973) i n  q u a n t i t a t i v e l y  eva lua t ing  p a r a s i t e  e f f e c t i v e n e s s  i n  t h e  

c o n t r o l  of pea aphid popula t ions .  Once a  p a r a s i t e  female has  ov ipos i t ed  

i n t o  a n  aphid,  t h e  l a t t e r  i s  "marked" f o r  t h e  r e s t  of i t s  l i f e .  Unlike 

p reda to r s  t h a t  l e a v e  no t r a c e  of having e a t e n  t h e i r  p rey ,  t h e  p a r a s i t e  l a r v a  

i s  d e t e c t a b l e  i n  a  l i v i n g  aphid.  

A l l  ages of p a r a s i t e s  were g e n e r a l l y  evenly d i s t r i b u t e d  i n  a l l  of t h e  
# 

aphid s t a g e s  d i s s e c t e d  ( t h i r d  i n s t a r  nymphs t o  a d u l t s ) .  The percent  pa ra s i -  

t i s m  of t h e  t h i r d ,  f o u r t h  nymphal i n s t a r ,  and a d u l t  fol lowed t h e  same t r e n d s  

throughout each season.  Thus, t h e  p a r a s i t i s m  r a t e  was considered a s  a n  over- 

a l l  percentage f o r  each f i e l d  sample: 

% p a r a s i t i s m  = 
t o t a l  p a r a s i t i z e d 5  t h i r d  i n s t a r s  o r  o l d e r  aphids  

t o t a l  l i v e  aphids  ( t h i r d  i n s t a r  o r  o l d e r )  x 100 

The percent  p a r a s i t i s m  of pea aphid popula t ions  was h igher  dur ing  most 

of t h e  1972 growing season  than  i n  1971 (F igs .  16C, 17C, 21).  During 1971 
5 

p a r a s i t i s m  r a t e s  were low i n  e a r l y  s p r i n g ,  reaching  a  h igh  of 10% be fo re  

t h e  f i r s t  c u t ;  they  then  inc reased  s t e a d i l y  t o  s l i g h t l y  more than  45% i n  

t h e  second crop and s t a b i l i z e d  a t  31  t o  34% i n  t h e  t h i r d  c rop  per iod  (F igs .  

16C, 21).  I n  c o n t r a s t ,  dur ing  1972 p a r a s i t i s m  f l u c t u a t e d  from 20 t o  80% 

i n  t h e  sp r ing  and from 25 t o  70% i n  t h e  second and t h i r d  c rops  (Figs.  17C, 

An aphid wi th  more than  one p a r a s i t e  immature was s t i l l  counted a s  one 
p a r a s i t i z e d  aphid.  



Figure 21. A comparison of the parasitism rates of pea aphid populations 

on a physiological time scale during 1971 (A) and 1972 ( B ) .  





Figure  22. Time t rends*  i n  t h e  r e l a t i o n  between percent  p a r a s i t i s m  and 

t h e  number of aphids  dur ing  each crop i n  1971 (A) and 1972 (B) .  

* (Each p o i n t  a long a l i n e  r e p r e s e n t s  a subsequent sampling 

occas ion . )  
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22).  On days 14 and 27, du r ing  1972, Aost p a r a s i t e  a d u l t s  had emerged 

from t h e i r  d iapaus ing  mummies ( s e e  Appendix 5 f o r  t o t a l  number of p a r a s i t e  

a d u l t s  c o l l e c t e d  i n  sweep samples) .  The mass p a r a s i t e  emergence dur ing  

s p r i n g ,  1972, coincided wi th  t h e  appearance of t h e  f u n d a t r i x  gene ra t ion  

(Appendix 4 ) ,  g iv ing  a very  h igh  p a r a s i t e  t o  aphid r a t i o 6  which r e s u l t e d  i n  

competi t ion f o r  h o s t s  among p a r a s i t e  females  and super  and/or  mu l t ipa ra s i -  

t i s m ;  up t o  f o u r  p a r a s i t e  eggs o r  l a r v a e  pe r  aphid were recorded.  Th i s  w a s  

t h e  only per iod  dur ing  which supe rpa ra s i t i sm was recorded ,  

F igures  22A and B show t h e  r e l a t i o n s h i p  between t h e  p a r a s i t i s m  rates 

and changes i n  aphid popu la t ion  d e n s i t i e s  i n  each crop f o r  bo th  years .  

There was a delayed d e n s i t y  dependent r e l a t i o n s h i p  between p a r a s i t i s m  rates 

and changes i n  aphid numbers f o r  each of t h e  t h r e e  c rops  dur ing  1972 (Fig. 

22A). The d i s r u p t i v e  e f f e c t  of t h e  h a r v e s t i n g  of each crop  ( a t  arrow) on 

t h e  aphid-paras i te  i n t e r r e l a t i o n s h i p s  can b e  seen  (Fig.  22).  There was a 

t ime l a g  probably due t o  s lower p a r a s i t e  t han  aphid developmental rates, 

r e s u l t i n g  i n  an  i n c r e a s e  of p a r a s i t i s m  even a f t e r  aphid numbers dec l ined  

(Fig.  22A). The curve  f o r  t h e  t h i r d  c rop ,  i n  1971 (Fig. 22A), became in- 

c r e a s i n g l y  s m a l l e r ,  sugges t ing  aphid and p a r a s i t e  popula t ions  had g e n e r a l l y  

s t a b i l i z e d  (F igs .  l6C, 21, 22A) . It should b e  noted t h a t  t h i s  occurred i n  

l a t e  f a l l  when tempera tures  were low, slowing up aphid and p a r a s i t e  develop- 

men t . 

Simi l a r  r e s u l t s  were found i n  "spot checks" of sweep and a l f a l f a  t i p  
samples i n  two o t h e r  a l f a l f a  f i e l d s  10 t o  20 m i l e s  away from t h e  s tudy  
a r e a  on day 14,  1972. Over 80% p a r a s i t i s m  and 16  pa ra s i t e s /100  sweeps 
were recorded.  



I n  c o n t r a s t ,  t h e  r e l a t i o n s h i p s  bbtween t h e  p a r a s i t i s m  r a t e  and changes 

i n  aphid  numbers du r ing  1972 were d i f f e r e n t  from those  i n  1971 (F igs .  22A, 

B). The percent  p a r a s i t i s m  of aphids  seemed t o  be  independent of changes 

i n  aphid  d e n s i t y  f o r  both t h e  f i r s t  and second c rops  dur ing  1972 (Fig. 22B). 

There were two peaks i n  t h e  r a t e  of p a r a s i t i s m  a s  t h e  aphid popula t ion  in-  

c reased  dur ing  t h e  f i r s t  crop (F igs .  21, 22B). The probable  reasons  f o r  

t h e r e  be ing  no d e n s i t y  dependent a s s o c i a t i o n  between p a r a s i t e s  and aphid 

popu la t ion  growth dur ing  t h e  f i r s t  c rop ,  1972, were: (1)  t h e  l a r g e  numbers 

of p a r a s i t e  a d u l t s  emerging from diapause  i n  e a r l y  s p r i n g  caus ing  a  h igh  

p a r a s i t e  t o  aphid r a t i o ;  (2) a "genera t ion  e f f e c t "  caus ing  two d i s c r e t e 7  

gene ra t ions  of p a r a s i t e s  t o  develop dur ing  t h e  sp r ing .  I n  t h e  second crop,  

1972, t h e r e  was probably a d e n s i t y  dependent response  of p a r a s i t e s  t o  aphid 

popu la t ion  growth. However, t h i s  response was probably masked by f a c t o r s  

such as :  (1) low aphid  popula t ion  growth r a t e ;  and (2)  a g e n e r a l l y  high 

p a r a s i t e  t o  aphid r a t i o  due probably t o  immigration of p a r a s i t e  a d u l t s  from 

o t h e r  f i e l d s .  (Unfor tuna te ly  no d a t a  werecol lec ted  t o  show a d u l t  p a r a s i t e  

d i s p e r s a l  p a t t e r n s . )  The h a r v e s t i n g  p r a c t i c e s  a l s o  probably had an  obscur- 

i n g  e f f e c t  on t h e  paras i te -aphid  r e l a t i o n s h i p s .  

h)  Predation. Ladybird b e e t l e  a d u l t s  and l a r v a e  (Cocc in i l l i dae )  

and hove r f ly  l a r v a e  (Syrphidae) were t h e  main aphid p r e d a t o r s  found i n  t h e  

a l f a l f a  t i p  samples (Appendix 4 ,  F igs .  16B, 17B). Lacewing l a r v a e  (Chryso- 

p idae)  and nabid nymphs and a d u l t s  (Nabidae) were p re sen t  i n  sma l l e r  numbers. 

The phenomenon of d i s c r e t e  gene ra t ions  of p a r a s i t e s  occu r r ing  i n  s p r i n g  
was confirmed by t h e  s imu la t ion  model (Chapter V I I ) ;  however, a s  t h e  
season progressed t h e  overlapping of p a r a s i t e  gene ra t ions  became maximum. 



The fo l lowing  is  a l i s t  of t h e  cbmrnon and more important  p reda to r  

s p e c i e s  a s soc i a t ed  w i t h  t h e  pea aphid four,d i n  t h e  a l f a l f a  f i e l d  near  

Kamloops, B.C.: CoccineZZa tranversoguttuta richardsoni Brown, CycZoneda 

poZita Casey, Hippodamia convergens Guerin-Meneville, H. quinquesignata 

(Kirby) (Coleoptera:  Cocc ine l l i dae ) ;  Chrysopa camea Stephens (Neuroptera: 

Chrysopidae);  Nabis aZternatus Parsh  (Hemiptera: Nabidae);  Scaeva pyrastri 

(Linn) (Diptera:  Syrphidae) . 
The t o t a l  p reda to r  equ iva l en t s  (Appendix 3) a r e  presented  on a  physio- 

l o g i c a l  t ime s c a l e  i n  F ig .  23. Using t h e s e  t o t a l s  one can m u l t i p l y  t h e  

numbers by 9.6 (which is  t h e  mean feeding  r a t e  of Cocc ine l l i d  l a r v a e  o r  t h e  

v o r a c i t y  equ iva l en t )  t o  o b t a i n  t h e  maximum number of aphids  t h a t  could have 

been ea ten .  Th i s  method i s  crude,  bu t  i t  does g i v e  a rough e s t ima t ion  of 

aphid m o r t a l i t y  due t o  preda t ion .  Although t h e r e  were g e n e r a l l y  more pre- 

d a t o r s  found i n  t h e  f i e l d  samples dur ing  1971 as compared wi th  1972 (Fig.  

23) ,  t h e r e  was a  h igher  p reda to r  t o  aphid r a t i o  i n  1972 than  i n  1971 (Figs.  

16,  17 ) .  Most of t h e  common p reda to r  t ypes  were p r e s e n t  i n  t h e  a l f a l f a  

f i e l d  from e a r l y  May t o  October (F igs .  16B, 17B) ( s e e  a l s o  sweep samples of 

1972, Appendix 5) . 
Syrphid l a r v a e  were most abundant when aphid numbers were h igh  (Fig.  

16B), showing a  d e n s i t y  dependent response t o  changes i n  aphid popula t ion  

l e v e l s  (F igs .  24A, 16B). However, t h e r e  were more p r e d a t o r s  i n  t h e  f i r s t  

crop i n  1972 than  i n  1971 (Fig.  23).  Cocc ine l l i d  a d u l t s  were t h e  f i r s t  t o  

reproduce dur ing  t h e  f i r s t  c rop ,  1972, and many Cocc ine l l i d  l a r v a e  survived 

t h e  f i r s t  ha rves t  t o  pupate  10  t o  15  days l a t e r  (F igs .  17B, 23).  

There seemed t o  be  a  d e n s i t y  dependent a s s o c i a t i o n  wi th  t h e  t o t a l  

number of p reda to r s  and aphids  i n  each crop du r ing  1971 and t h e  f i r s t  crop 

'I, 



Figure 23. A comparison of the total predator equivalents for 1971 and 

1972 on a physiological time scale. 
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Figure 24. Time trends* i n  the re la t ion  between t o t a l  predator equivalents 

and the number of aphids during each crop i n  1971 (A) and 

1972 ( B ) .  

* (Each point along a l i n e  represents a subsequent sampling 

occasion.)  
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i n  1972 (Fig. 24) ,  a l though no such a g s o c i a t i o n  was observed du r ing  t h e  

second crop  i n  1972. 

D . Discuss ion  

Numerous f a c t o r s  can cause  f l u c t u a t i o n s  i n  aphid numbers. F a c t o r s  such 

a s  weather ,  emigra t ion ,  d i s e a s e ,  p a r a s i t e s ,  and p r e d a t o r s  have been d iscussed  

by many workers (Cooke, 1963; Dunn and Wright,  1955; Pass  and P a r r ,  1971; 

star;, 1968; van den Bosch e t  aZ., 1966).  P r i o r  t o  t h e  mid-1950's l i t t l e  

was known of t h e  e f f e c t  of p r e d a t o r s  and p a r a s i t e s  on pea aphid popula t ions  

i n  North America. Smith and Hagen (1966) r epo r t ed  on popula t ions  of A. 

piswn and Therioaphis t r i f o Z i i  and t h e i r  p a r a s i t e s ,  p r e d a t o r s ,  and pathogens 

i n  C a l i f o r n i a .  They concluded t h a t  C o c c i n e l l i d s  were extremely important  

f a c t o r s  i n  t h e  b i o l o g i c a l  c o n t r o l  of t h e s e  aphids  on a l f a l f a ,  e s p e c i a l l y  

dur ing  s p r i n g  and f a l l .  Cooke (1963) s t u d i e d  t h e  pea aphid on a l f a l f a  and 

peas i n  t h e  Blue Mountain a r e a  of e a s t e r n  Washington and Oregon. He conclu- 

ded t h a t ,  a l though Cocc ine l l i d  and Syrphid l a r v a e  were t h e  most "valuable" 

p r e d a t o r s  of t h e  pea aphid ,  " t h e i r  a c t i v i t i e s  u s u a l l y  come t o o  la te  t o  

check an  i n c i p i e n t  (aphid)  outbreak1', A s  a r e s u l t  of such s t u d i e s  a  number 

of hymenopterous p a r a s i t e s  were in t roduced  i n t o  North America t o  supplement 

t h e  impact of indigenous p a r a s i t e s  ( s e e  Chapter  I and Mackauer, 1971). 

Recent s t u d i e s  have shown t h e  in t roduced  hymenopterous p a r a s i t e  A. smith; 

t o  be  an e f f e c t i v e  m o r t a l i t y  agent  of t h e  pea aphid i n  C a l i f o r n i a  (van den 

Bosch e t  aZ., 1966) and i n  Kentucky (Pass  and P a r r ,  1971).  

I n  t h i s  s tudy  t h e r e  were a number of i n t e r r e l a t e d  f a c t o r s  which determin- 

ed t h e  gene ra l  l e v e l  t o  which aphid d e n s i t i e s  would r i s e  and f a l l  be fo re  t h e  

hay ha rves t .  Perhaps t h e  most important  f a c t o r s  were t h o s e  t h a t  in f luenced  
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t h e  i n i t i a l  numbers and age  s t r u c t u r e  of t h e  aphid popu la t ion  a t  t h e  begin- 

ning of each crop ,  because i t  was t h e s e  i n t i a l  va lues  t h a t  i n f luenced  aphid I 
I 

popu la t ion  growth r a t e s .  

A l f a l f a  i s  a p e r e n n i a l  h o s t  p l a n t  f o r  t h e  pea aphid ;  however, harves t -  

i n g  has  a d i s r u p t i v e  e f f e c t  which causes  heavy aphid m o r t a l i t y ,  e s p e c i a l l y  

when accompanied by h o t  d ry  weather .  The su rv iv ing  aphids  a r e  e s p e c i a l l y  

v u l n e r a b l e  t o  t h e  v a g a r i e s  of t h e  weather immediately a f t e r  a h a r v e s t ,  

u n t i l  s u f f i c i e n t  a l f a l f a  regrowth has  occurred t o  supply  adequate  s h e l t e r .  

I f  t h e  weather  is  g e n e r a l l y  mild dur ing  a l f a l f a  recovery,  some aphids  sur -  

v i v e  and reproduce, c o n t r i b u t i n g  t o  a  r a p i d  aphid popu la t ion  growth. I n  

a d d i t i o n ,  t h e  c o n t r i b u t i o n  of t h e  immigrant a l a t a e  t o  t h e  r e c o l o n i z a t i o n  of 

ha rves t ed  a l f a l f a  f i e l d s  i s  an important  f a c t o r  i n  i n f luenc ing  t h e  i n i t i a l  

numbers and aphid  popula t ion  growth r a t e s .  The "rain1' of t h e s e  d i s p e r s i n g  

a l a t a e  probably depends on t h e  'many "source" a l f a l f a  f i e l d s  i n  t h e  Kamloops 

a rea .  

Any aphid  colony o r  c o l o n i e s  w i t h i n  a n  a l f a l f a  f i e l d  can produce a l a t a e  

t h a t  c o n t r i b u t e  t o  t h e  alate "rain",  a l though t h e  product ion  of a l a t a e  is  

in f luenced  by a number of f a c t o r s .  Suther land  (1969a, b)  r epo r t ed  t h a t  more 

a l a t e  o f f s p r i n g  were produced when pea aphids  f e d  on mature p l a n t s  o r  were 

exposed t o  t h e  t a c t i l e  s t i m u l a t i o n  of o t h e r  aphids  a t  h ighe r  aphid d e n s i t i e s .  

It should a l s o  b e  noted t h a t  t h e r e  i s  probably a n  i n t r i n s i c  f a c t o r  (Suther- 

land ,  1970) which may cause pea aphids  t o  be  more s e n s i t i v e  t o  producing a  

h igher  p ropor t ion  of a l a t e s  dur ing  some pe r iods  compared t o  o t h e r s .  I n  

Kamloops t h e  f i r s t  few pea aphid gene ra t ions  of t h e  e a r l y  s p r i n g  were pro- 

bably more s e n s i t i v e  t o  environmental s t i m u l i  t han  t h e  pea aphid gene ra t ions  
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occur r ing  dur ing  t h e  r e s t  of t h e  summer. The h ighes t  p ropor t ion  of a l a t a e  

produced i n  Kamloops occurred dur ing  e a r l y  s p r i n g ,  1971, when aphid d e n s i t i e s  

were u s u a l l y  n o t  as h i g h  a s  dur ing  t h e  r e s t  of t h e  season.  The most ev ident  

emigra t ion  of a l a t a e  i n  both y e a r s  occurred as t h e  a l f a l f a  matured i n  la te  

May t o  e a r l y  June. Cooke (1963) a l s o  found t h e  h e a v i e s t  pea aphid f l i g h t s  

occurred  dur ing  s p r i n g  i n  t h e  Blue Mountain r eg ion  of Oregon and Washington. 

I n  t h i s  s tudy ,  a l a t e  emigrat ion f l i g h t s  a f t e r  t h e  main s p r i n g  d i s p e r s a l  

occurred  only  dur ing  t h e  l a t e r  pe r iods  of t h e  second and t h i r d  c rops  when 

h ighe r  aphid d e n s i t i e s  probably induced a l a t e  product ion.  

During bo th  1971 and 1972 t h e  inc idence  of fungus d i s e a s e  was extremely 

low and probably had l i t t l e  e f f e c t  on pea aphid popula t ions .  I n  c o n t r a s t ,  

t h e  aphidophagous p a r a s i t e s  and p r e d a t o r s  were important  m o r t a l i t y  agen t s  

of t h e  pea aphid.  The a p h i d i i d  p a r a s i t e s  were g e n e r a l l y  more e f f e c t i v e  i n  

reducing  aphid numbers than t h e  i n s e c t  p reda to r s .  A s  w i l l  be  seen from t h e  

fo l lowing  d i s c u s s i o n ,  t h e  e f f e c t  of t iming of p a r a s i t i s m  o r  p reda t ion  on 

t h e  i n i t i a l  numbers of aphids was important  i n  t h e  n a t u r a l  c o n t r o l  of t h e  

pea aphid  populat iol  

Although t h e r e  was a  l a r g e r  number of p a r a s i t e s  and p reda to r s  dur ing  

1971 than  i n  1972, t h e  r a t i o  between t h e  number of p a r a s i t e s  (or  p reda to r s )  

and aph ids  was h ighe r  i n  1972 a s  compared t o  1971 (Appendix 4 ) .  The lower 

p a r a s i t e  t o  aphid r a t i o  was r e f l e c t e d  i n  t h e  p a r a s i t i s m  r a t e  of t h e  aphid 

popu la t ion ,  which reached a  maximum of only  45% i n  1971, compared t o  70 t o  

80% i n  1972 (Fig.  21).  High p a r a s i t i s m  r a t e s  of pea aphid popula t ions  have 

been recorded by o the r  au thors .  Up t o  69% and over 80% p a r a s i t i s m  of t h e  

pea aphid  by Aphidius s m i t h i  have been r epor t ed  by Pass  and P a r r  (1971) and 
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van den Bosch e t  aZ. (1966),  r e s p e c t i v e l y .  

Although t h e  p reda to r s  could have helped t o  des t roy  t h e  newly a r r i v e d  

immigrant a l a t a e ,  t h e  p reda to r s  were low i n  numbers (F ig .  16B). Only when 

t h e  aphid popula t ion  had reached h ighe r  d e n s i t i e s  d i d  p reda to r  numbers a l s o  

i n c r e a s e ,  becoming more e f f e c t i v e  i n  reducing aphid popula t ion  growth. 

P a r a s i t e s  a l s o  showed a l a g  i n  response t o  aphid popula t ion  growth (Figs.  

16C, 21A). P a r a s i t e s  a r e  no t  p a r t i c u l a r l y  e f f e c t i v e  i n  reducing t h e  i n i t i a l  

popula t ion  growth "explosion" caused by immigrant a l a t a e ;  i.e. i f  hea l thy  

a l a t e  a d u l t s  were p a r a s i t i z e d  as soon a s  they  a r r i v e d  i n  a f i e l d ,  t h e  a l a t a e  

could s t i l l  reproduce and c o n t r i b u t e  t o  aphid popula t ion  growth (Chapter IV). 

I n  c o n t r a s t ,  du r ing  e a r l y  s p r i n g ,  1972, a  l a r g e  number of p a r a s i t e s  

emerged from diapaus ing  mummies t o  co inc ide  w i t h  t h e  f u n d a t r i x  genera t ion .  

Th i s  mass emergence caused a  very  h igh  i n i t i a l  p a r a s i t i s m  of up t o  80% of 

t h e  aphids.  Star; (1969) a l s o  r epo r t ed  h igh  percent  p a r a s i t i s m  of funda- 

t r i c e s  of A. piswn by Aphidius e .  erv i  dur ing  e a r l y  s p r i n g  i n  a l f a l f a  f i e l d s  

of Czechoslovakia.  Van den Bosch e t  aZ. (1964) observed t h e  p a r a s i t e  

Trioxys cornpZanutus f r e s h l y  emerged from diapause  reduced a spr ingt ime out- 

break  of Therioaphis t r i f o Z i i  wi th  heavy p a r a s i t i z a t i o n ,  a l though p a r a s i t i z a -  

t i o n  was low dur ing  t h e  r e s t  of t h e  season.  G i l b e r t  and Gu t i e r r ez  (1973) 

found t h a t  t h e  e f f e c t i v e n e s s  of t h e  p a r a s i t e  Aphidius rubifoZii  i n  cont ro l -  

l i n g  Masonuphis maxima was dependent on t h e  performance of i t s  f i r s t  genera- 

t i o n  i n  spr ing .  

I n  t h i s  s tudy ,  t h e  e a r l y  s p r i n g  h igh  p a r a s i t i s m  r a t e s  of t h e  r ep roduc t ive  

aphids  probably helped t o  reduce aphid popula t ion  growth f o r  t h e  r e s t  of t h e  

1972 season. Spot checks of two o t h e r  f i e l d s  i n  t h e  Kamloops a r e a  dur ing  

t h e  s p r i n g  and summer showed s i m i l a r  low aphid popula t ion  l e v e l s  and h igh  



p a r a s i t i s m  r a t e s .  With t h e  g e n e r a l l y  reduced aphid popu la t ions  throughout 

t h e  Kamloops a r e a  dur ing  1972, t h e  alate "rain" was probably a l s o  reduced. 

Thus, w i th  t h e  combined e f f e c t  of t h e  f i r s t  h a r v e s t ,  which removed a  con- 

s i d e r a b l e  number of aph ids ,  and a  l a c k  of a l a t e  immigrants a f t e r  t h e  f i r s t  

c u t ,  t h e  aphid popula t ion  never  was a b l e  t o  recover  r a p i d l y .  R e l a t i v e l y  

h igh  numbers of p r e d a t o r s  and p a r a s i t e s  su rv iv ing  t h e  f i r s t  c u t  because of 

t h e  mild weather (F igs .  17A, B) a l s o  reduced t h e  chance of t h e  su rv iv ing  

aphid popula t ion  t o  c o n t r i b u t e  t o  r a p i d  aphid popula t ion  growth. 

The h igher  p a r a s i t e  o r  p reda to r  t o  aphid r a t i o  may have con t r ibu ted  t o  

t h e  l a c k  of a  d e n s i t y  dependent a s s o c i a t i o n  between p a r a s i t e s  o r  p reda to r s  

and aphid numbers i n  t h e  second c rop ,  1972 (F igs .  22B, 24B). I n  c o n t r a s t ,  

p a r a s i t e s  and p r e d a t o r s  showed a d e n s i t y  dependent response  t o  aphid popula- 

t i o n  changes dur ing  1971 (F igs .  22A, 24A). Van den Bosch e t  aZ. (1966) and 

Pass  and P a r r  (1971) found t h e  p a r a s i t e  A. smithi t o  e x h i b i t  a  d e n s i t y  de- 

pendent response t o  pea aphid growth; however, many f a c t o r s  could mask t h i s  

response.  Van den Bosch e t  aZ. (1966) found weather  cond i t i ons ,  a g r i c u l t u r a l  

p r a c t i c e s ,  and compet i t ion  from fungus d i s e a s e  t o  obscure  A. smithits d e n s i t y  

dependence. Pimentel  and Wheeler (1973) found no density-dependent assoc ia-  

t i o n  between p a r a s i t i s m  and t h e  numbers of pea aph ids  on v a r i o u s  a l f a l f a  

v a r i e t i e s ;  they  d i d  no t  a t tempt  t o  e x p l a i n  t h e i r  r e s u l t s .  I n  t h i s  s tudy  

t h e  reasons  f o r  t h e  l a c k  of p a r a s i t e  d e n s i t y  dependent a s s o c i a t i o n  wi th  

aphid numbers dur ing  1972 a r e  not  completely c l e a r .  The e f f e c t  of d i s c r e t e  

gene ra t ions  dur ing  t h e  s p r i n g  and t h e  probable mass immigration of p a r a s i t e s  

from o t h e r  f i e l d s  accompanied by a  low number of immigrant alates may have 

produced a  h igh  p a r a s i t e  t o  aphid r a t i o ,  t h u s  caus ing  low aphid popula t ion  



I 
I: 
1. 

I 

growth r a t e s  and a l a c k  of p a r a s i t e  d e n s i t y  dependent response  t o  changes 

i n  aphid numbers. 

P a r a s i t e s  were g e n e r a l l y  a more important  m o r t a l i t y  f a c t o r  t han  pre- 

d a t o r s  i n  a f f e c t i n g  pea aphid numbers ( s e e  a l s o  Chapter VI I ) .  P a r a s i t e s  

probably seldom overwhelm pea aphid popula t ions  a s  t hey  d i d  i n  t h i s  s tudy  

dur ing  1972; however, p a r a s i t e s  a long  wi th  o t h e r  m o r t a l i t y  agen t s  such as 

p reda to r s  (Cocc ine l l i dae ,  Syrphidae,  Chysopidae) could e x e r t  a cons ide rab le  

r egu la to ry  i n f l u e n c e  on pea aphid popula t ions .  Indeed, t h e  combined e f f e c t s  

of ha rves t ing ,  weather ,  and aphidophagous i n s e c t s  probably keep pea aphid 

popula t ions  i n  t h e  a l f a l f a  f i e l d s  of t h e  Kamloops area w e l l  below economic 

th re sho ld  l e v e l s  du r ing  most years .  Outbreaks of pea aphid popula t ions  

could e a s i l y  occur i n  l o c a l  a r e a s  when t h e r e  is  a h igh  i n i t i a l  aphid i n f e s -  

t a t i o n  and r ap id  aphid popula t ion  growth due t o  h igh  s u r v i v a l  r a t e s  of 

reproduct ive  a d u l t  ap t e rous  aphids  from t h e  previous  crop.  T h i s  aphid 

popula t ion  growth may be  enhanced by l a r g e  numbers of immigrant a l a t e s  

e n t e r i n g  t h e  a r e a  and i n i t i a l l y  low p a r a s i t e  and/or  p reda to r  responses.  

The d u r a t i o n  and harshness  of a win te r  probably determines t h e  number 

of aphids  and p a r a s i t e s  and t h e  t ime when they  appear  i n  e a r l y  sp r ing .  

Indeed, t h e  win te r  cond i t i ons  may w e l l  determine t h e  i n i t i a l  aphid and 

p a r a s i t e  numbers and t h e  u l t i m a t e  d e n s i t i e s  a t  which they w i l l  peak dur ing  

t h e  summer. 

Ill 
'It 

E. Summary 

The popula t ion  t r e n d s  of t h e  pea aphid ,  Acyrthosiphon piswn, and i t s  
1 

m o r t a l i t y  agen t s  were s t u d i e d  i n  a n  a l f a l f a  f i e l d  nea r  Kamloops, B.C. 

Samples of 100 a l f a l f a  t i p s  were c o l l e c t e d  weekly dur ing  t h e  summer months 



of 1971 and 1972; t h e  numbers and s t a g e s  of aphid ,  p a r a s i t e ,  and p reda to r s  

c o l l e c t e d  were recorded. Both ca lendar  t ime and a  phys io log ica l  t ime s c a l e  

were used t o  ana lyse  t h e  f i e l d  da t a .  Pea aphid popula t ions  u s u a l l y  reached 

a  peak i n  numbers f o r  each of t h e  t h r e e  a l f a l f a  c rops  wi th  t h e  h i g h e s t  peak 

occu r r ing  i n  t h e  second crop dur ing  1971, which reached 563 aphids  per  100 

a l f a l f a  t i p s .  

The d i s r u p t i v e  e f f e c t  of ha rves t ing  cons iderably  reduced aphid popula- 

t i o n s ,  and subsequent weather  cond i t i ons  inf luenced  aphid recovery.  Mild 

weather  a f t e r  t h e  f i r s t  crop i n  both y e a r s  allowed r a p i d  aphid recovery,  

wh i l e  h o t  dry weather a f t e r  t h e  second crop of bo th  y e a r s  decimated aphid 

and p a r a s i t e  popula t ions .  A e r i a l  migra t ion  was c l e a r l y  e s s e n t i a l  t o  pea 

aphid  r e c o l o n i z a t i o n  of a n  a l f a l f a  f i e l d ,  e s p e c i a l l y  a f t e r  a  hay h a r v e s t  

and subsequent h o t  d ry  weather.  The numbers of p a r a s i t i z e d  and u n p a r a s i t i z e d  

aphids  su rv iv ing  from t h e  previous  crop and t h e  numbers of immigrant a l a t a e  

were important  i n  determining t h e  d e n s i t y  l e v e l s  a t  which t h e  pea aphid 

popula t ion  would peak. 

High wind v e l o c i t i e s  and heavy p r e c i p i t a t i o n  r a t e s  decimated aphid 

numbers on s e v e r a l  occas ions ,  bu t  u sua l ly  only a f t e r  aphid popula t ions  had 

a l r e a d y  reached peak l e v e l s .  

The main product ion  of a l a t a e  and mass emigra t ion  occurred dur ing  t h e  

l a t e r  per iod  of t h e  f i r s t  crop i n  both years .  However, sma l l e r  emigra t ion  

f l i g h t s  d i d  occur du r ing  t h e  l a t e r  pe r iods  of t h e  second and t h i r d  crops 

i n  1971. Emigration of a l a t a e  was not  considered an  important  m o r t a l i t y  

f a c t o r ;  a l though when mass d i s p e r s a l  occurred dur ing  t h e  s p r i n g ,  aphid 

popula t ion  growth w a s  reduced. 



Among n a t u r a l  enemies t h e  hymenupterous p a r a s i t e s  appeared t o  b e  t h e  

most important  m o r t a l i t y  f a c t o r  of pea  aphid popula t ions  $n Kamloops; up 

t o  80% p a r a s i t i s m  was recorded.  The p a r a s i t e s  showed a delayed d e n s i t y  

dependent response t o  t h e  i n c r e a s e  of pea aphid popula t ions .  However, t h e  

d e n s i t y  dependent response  could be  masked by a n  i n c r e a s e  of t h e  p a r a s i t e  

t o  aphid r a t i o  probably caused by a l a r g e  number of immigrant p a r a s i t e s ,  

o r  by e a r l y  s p r i n g  p a r a s i t e  emergents from diapaus ing  mummies, o r  by 

ha rves t ing  p r a c t i c e s .  

High p a r a s i t i s m  r a t e s  of t h e  e a r l y  s p r i n g  gene ra t ion ,  e s p e c i a l l y  of 

t h e  f u n d a t r i x  gene ra t ion  i n  1972, were important  i n  slowing down i n i t i a l  

aphid popula t ion  growth and c o n t r i b u t i n g  t o  low aphid  numbers f o r  t h e  r e s t  

of t h e  season. 

Aphidophagous p r e d a t o r s  belonging t o  t h e  Cocc ine l l i dae ,  Syrphidae, 

Chrysopidae, and Nabidae were found t o  respond t o  aphid  popula t ion  inc reases .  

ill 

i ' 



CHAPTER V I  

THE DISTRIBUTION AND SEASONAL DYNAMICS OF THE PARASITES 

A. I n t roduc t ion  

There a r e  very  few s t u d i e s  on t h e  populat  1 dynamics of t h e  pea 

aphid t h a t  have considered t h e  e f f e c t s  of primary and secondary p a r a s i t e  

s p e c i e s  i n  t h e  f i e l d .  The i n f l u e n c e  of primary and secondary p a r a s i t i s m  on 

aphids w a s  reviewed by Hagen and van den Bosch (1968),  and t h a t  of secon- 

dary  p a r a s i t i s m  by Gu t i e r r ez  (1968) and S u l l i v a n  (1969). Hagen and van 

den Bosch (1968) considered i t  d i f f i c u l t  t o  determine t h e  impact of primary 

p a r a s i t e s  on aphid popu la t ions ,  e s p e c i a l l y  when t h e  s tudy  of t h e  secondary 

p a r a s i t e s  added t o  t h e  a l r eady  complex problem. 

Chapter  V analysed t h e  impact of p a r a s i t i s m  on t h e  pea aphid  i n  r e l a -  

t i o n  t o  o t h e r  m o r t a l i t y  f a c t o r s .  The purpose of t h i s  chap te r  is  t o  show 

t h e  r e l a t i v e  c o n t r i b u t i o n  of each p a r a s i t e  s p e c i e s ,  e s p e c i a l l y  of t h e  

e x o t i c  Aphidius smithi ,  t o  t h e  o v e r a l l  p a r a s i t i s m  of t h e  pea aphid.  To 

achieve  t h i s  purpose t h e  fo l lowing  a s p e c t s  were s tud ied :  (1) t h e  d i s t r i b u -  

t i o n  and r e l a t i v e  abundance of t h e  p a r a s i t e  s p e c i e s  i n  sou the rn  B.C.; (2) 

t h e  changes i n  s easona l  abundance of each p a r a s i t e  s p e c i e s  nea r  Kamloops 

dur ing  1971 and 1972; and (3) t h e  e f f e c t  of hyper -paras i tes  on primary 

p a r a s i t e  abundance dur ing  t h i s  per iod .  

B.  Ma te r i a l s  and Methods 

The d i s t r i b u t i o n  and r e l a t i v e  abundance of t h e  primary p a r a s i t e s  of 

t h e  pea aphid thrc:lghout southern  B r i t i s h  Columbia was determined i n  sur-  

veys du r ing  l a t e  J u l y  t o  e a r l y  August of 1971 and 1972. I n  a d d i t i o n ,  

s easona l  changes i n  p a r a s i t e  abundance were monitored i n  an  a l f a l f a  f i e l d  



a t  t h e  Canada Department of Agr i cu l tu re  Research S t a t i o n ,  Kamloops, B.C. ,  

on a weekly b a s i s  dur ing  t h e  summers of 1971 and 1972. To measure y e a r l y  

changes of t h e  p a r a s i t e  complex between 1969 and 1972 a d d i t i o n a l  samples 

were taken dur ing  J u l y  and August i n  another  a l f a l f a  f i e l d  about  100 metres  

e a s t  of t h e  main s tudy  f i e l d .  

Over 20,000 mummies were c o l l e c t e d  and examined from t h e  samples 

taken  throughout sou the rn  B.C. and t h e  two f i e l d s  i n  Kamloops-during 1971 

and 1972. 

Mummified aphids  con ta in ing  advanced p a r a s i t e  l a r v a e  o r  pupae were 

c o l l e c t e d  i n  t h e  f i e l d .  Samples were taken  by walking through a f i e l d  

c o l l e c t i n g  a l f a l f a  l e a v e s  t o  which mummies were a t t ached .  The l eaves  and 

mummies were then  placed i n t o  ha l f -p in t  cardboard con ta ine r s .  The sampling 

t ime usua l ly  was one hour.  A l l  sampling t imes were recorded.  Mummy counts  

a r e  expressed i n  numbers c o l l e c t e d  p e r  u n i t  e f f o r t  o r  p e r  one hour per iod  

of s - s rch ing .  

>lummy samples were taken , t o  t h e  l abo ra to ry ,  and mummies were ca te -  

gorized i n t o :  p rev ious ly  emerged; a t t acked  by Cocc ine l l i d  a d u l t s  o r  

Chrysopid l a r v a e  (F igs .  29A, B); wi th  o r  without  wings; and Aphidius o r  

Praon mummies (F igs .  28A, C). Praon and Aphidius mummies were p laced  i n t o  

s e p a r a t e  con ta ine r s  and s t o r e d  a t  room temperature.  Emerged p a r a s i t e s  were 

c o l l e c t e d  and put  i n t o  a l coho l  a t  one t o  two-day i n t e r v a l s .  When a l l  para- 

s i t e s  had emerged, t h e  primary p a r a s i t e s  were i d e n t i f i e d  a s  t o  sex  and 

s p e c i e s  according t o  c r i t e r i a  g iven  by Mackauer and Campbell (1972) and 

Mackauer and Finlayson (1967). The secondary p a r a s i t e s  were determined a s  

t o  genus and s p e c i e s ,  u s ing  t h e  c r i t e r i a  given by specimens p rev ious ly  



i d e n t i f i e d  by D r .  M.  Mackauer and D r .  C .  M. Yoshimoto. The t o t a l  number 
, 

of each p a r a s i t e  s p e c i e s  and t h e  unemerged mummies were counted and recorded.  

To o b t a i n  f u r t h e r  in format ion  on mummy c h a r a c t e r i s t i c s  and p a r a s i t e  

a s s o c i a t i o n s  over  3,000 mummies were taken from va r ious  samples and i n d i v i -  

d u a l l y  r ea red  i n  g e l a t i n  capsules  ( s i z e  00) .  The emergent p a r a s i t e  s p e c i e s  

and t h e  c h a r a c t e r i s t i c s  of t h e  emergence h o l e  on t h e  mummy were noted. 

To assess t h e  damage caused t o  a mummy by an  i n s e c t  p r e d a t o r ,  v a r i o u s  

p reda to r  types  were p laced  i n  g e l a t i n  capsules  con ta in ing  mummies ( see  a l s o  

Appendix 2) .  

To enable  t h e  r e c o g n i t i o n  of p a r a s i t e  s p  s emergence p a t t e r n s  from 

mummy samples taken  a t  v a r i o u s  s t a g e s  of pea a ,~ l l id  popu la t ion  growth and 

d e c l i n e ,  emergences of each p a r a s i t e  s p e c i e s  were d a i l y  recorded from 

mummy samples taken  a t  t h e  beginning and end of crop 2 i n  1971. 

C. Resu l t s  

I .  The parasite compZex i n  southern Br i t i sh  CoZwnbia. Thi s  s e c t i o n  

r e p o r t s  on a survey which w a s  made dur ing  1971 and 1972 t o  observe t h e  

d i s t r i b u t i o n  and r e l a t i v e  abundance of t h e  e x o t i c  and indigenous p a r a s i t e s  

of t h e  pea aphid throughout southern  B.C. Most of t h i s  s e c t i o n  (pages 131  

t o  141) i s  quoted d i r e c t l y  from Campbell and Mackauer (1973). 

Table XV shows t h e  primary and secondary p a r a s i t e s  a s s o c i a t e d  wi th  t h e  

pea aphid i n  a l f a l f a  f i e l d s  throughout southern  B.C. (See a l s o  Appendix 6 ) .  

a )  The parasites o f  the  pea aphid. I n  sou the rn  B.C.  t h e  pea 

aphid is a t t acked  by t h r e e  n a t i v e  and two e x o t i c  a p h i d i i d  p a r a s i t e s .  Two 

of t h e  n a t i v e  p a r a s i t e s ,  Praon pequodomvn Viereck and A. e m i  puleher Baker, 

a r e  r e l a t i v e l y  common throughout t h e  a r e a  (Table XV). The t h i r d ,  Monoctonus 
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pauZensis Ashmead, was recovered only 'once ,  perhaps because i t  e x p l o i t s  
I 

t h e  pea aphid only a s  a  f a c u l t a t i v e  hos t  (Calver t  and van den Bosch, 1972). 

The two in t roduced  p a r a s i t e s  a? A. e. ervi and A. smithi, which invaded 

and became e s t a b l i s h e d  i n  l a r g e  a r e a s  of southern  B r i t i s h  Columbia follow- 

i n g  t h e i r  r e l e a s e  i n t o  t h e  northwestern United S t a t e s  (Mackauer and Camp- 

b e l l ,  1972).  

b) Distribution and rektive abundance of parasites; The f o u r  

common p a r a s i t e s  ( a s  mentioned above) were found throughout t h e  a r e a  

surveyed. The p a r a s i t e s ,  however, d i f f e r e d  s i g n i f i c a n t l y  i n  r e l a t i v e  

abundance, sugges t ing  t h a t  c l i m a t e  may have inf luenced  t h e  abundance, 

d i s t r i b u t i o n ,  and performance of t h e  e x o t i c  spec i e s .  

i, The I n t e r i o r  of southern  B r i t i s h  Columbia. The I n t e r i o r  

i nc ludes  t h e  a r e a  between long i tude  121•‹30' and 115' W (Fig.  25) .  The a r e a  

which i s  t y p i f i e d  by t h e  Lower Thompson and Okanagan River  Basin has  a  

Middle L a t i t u d e  Steppe type  c l ima te  wi th  very  hot  and d ry  summers and 

gene ra l ly  co ld  and dry  w i n t e r s  (Fig.  26A). The t o t a l  annual  p r e c i p i t a t i o n  

i s  approximately 25 cm. The Columbia and Kootenay River  b a s i n s  t o  t h e  e a s t  

a r e  r e l a t i v e l y  c ~ o l e r  and w e t t e r  than  t h e  Okanagan. 

Aphidius smithi was t h e  most abundant pea aphid p a r a s i t e  throughout 

t h e  I n t e r i o r  du r ing  1971 and 1972 (Figs.  25, 27).  I n  t h e  h o t t e s t  and d r i e s t  

a r e a s ,  such a s  t h e  Okanagan between Summerland and Osoyoos (Fig. 25, Nos. 

7 ,  8 ) ,  A. smithi comprised over  90% of t h e  parasite-mix. A t  sampling s i t e s  

n o r t h  of l a t i t u d e  50' N and towards t h e  e a s t e r n  border  of d i s t r i b u t i o n ,  t h e  

r e l a t i v e  abundance of A. smithi decl ined  g radua l ly  t o  a  low of 45 t o  70%. 

The r educ t ion  i n  numbers of A. smithi i n  t h e s e  "marginal" a r e a s  was com- 

pensated f o r  by a  corresponding i n c r e a s e  of e i t h e r  P. pequodomm o r  A. e. 



Figure 25. Distribution and relative abundance of four hymenopterous 

parasites of the pea aphid in southern British Columbia 

during June to August, 1971. (Small circles = 1 to 300 

mummies per man hour of collection time; medium circles = 

301 to 600 mummies per hour; large circles = 601 to 1,000 

mummies per hour.) (From Campbell and Mackauer, 1973.) 





Figure 26. Climatographs of (A) Kamloops, B.C., and (B) Chilliwack, B.C., 

giving mean total precipitation (above) and mean maximum and 

minimum temperatures (below) . (Data from Temp. PPT Tables, 

Publ. Atmos. Environ. Serv. Govt. Canada. Based on a 30- 

year period, 1941 to 1970.) (From Campbell and Mackauer, 

1973.) 





Figure 27. Changes in the relative abundance of four hymenopterous 

parasites of the pea aphid in an alfalfa field 100 metres 

east of main study field at Kamloops, B.C., between 1969 

and 1972. Sample total (n) based on emerging primary para- 

sites. (From Campbell and Mackauer, 1973.) 





pulcher, depending on l o c a l i t y  and seasona l  cond i t i ons .  The second i n t r o -  

duced p a r a s i t e ,  A .  e .  e r v i ,  whi l e  p re sen t  i n  t h e  I n t e r i o r ,  was not  a  s i g -  

n i f i c a n t  c o n s t i t u e n t  of t h e  p a r a s i t e  complex. 

i i .  The Lower F rase r  River  Basin.  The a r e a  west of longi -  

tude  121•‹30' W (Fig.  25) has  a  Marine West Coast c l i m a t e ,  i , e .  r e l a t i v e l y  

wet and mild summers and w i n t e r s  wi th  t h e  average t o t a l  annual  p r e c i p i t a t i o n  

ranging between 100 and 180 cm (Fig. 26B). 

The most abundant pea aphid p a r a s i t e  i n  t h e  Lower F r a s e r  River  Basin 

was A .  e .  e r v i .  Samples taken  near  Chi l l iwack  i n  1971 and 1972 (Fig. 25, No. 

19) contained s l i g h t l y  more than  80% of t h i s  s p e c i e s ,  w i t h  P. pequodomun, 

A .  e .  pulcher, and A .  smithi c o l l e c t i v e l y  c o n t r i b u t i n g  t h e  remaining 1 2  t o  

18% of t h e  t o t a l .  The p a r a s i t e  complex and t h e  r e l a t i v e  abundance of A .  

e .  erv i  a t  a d d i t i o n a l  c o l l e c t i n g  s i t e s  near  Vancouver (F raze r  and G i l b e r t ,  

p e r s .  comm.) and i n  n o r t h e r n  Washington S t a t e  were s i m i l a r  t o  t h e  d a t a  f o r  

Chil l iwack.  For example, a  sample taken  near  Bur l ing ton ,  Wash., i n  1970 

contained 69.1% A .  e .  e r v i ,  15.4% A .  e .  pulcher, 7.7% A .  smithi, and 7.8% 

P.  pequodorum. 

C) Changes i n  the parasite complex. Changes i n  t h e  r e l a t i v e  

abundance of each p a r a s i t e  s p e c i e s  a t  Kamloops between 1969 and 1972 are 

shown i n  Fig. 27. I n  1969 (and probably e a r l i e r )  A .  e .  puZcher was numeri- 

c a l l y  t h e  most important  pea aphid p a r a s i t e .  I n  1970 i t  was d i sp l aced  from 

t h i s  p o s i t i o n  by t h e  invading A.  smithi ,  which presumably had colonized 

t h e  a r e a  sometime between 1966 and 1968. The i n c r e a s e  i n  r e l a t i v e  abundance 

of A.  smithi from 22% i n  1969 t o  80% i n  1971 had t h e  g r e a t e s t  impact on t h e  

n a t i v e  A .  e .  pulcher, which decreased i n  abundance from 51.6 t o  11.5%. 



The impact of A. smithi on P. pequodorh was less dramat ic ,  reducing  t h e  

percent  c o n t r i b u t i o n  of P. pequodorwll from 26.4 t o  8.2% dur ing  t h e  per iod .  

Aphidius e. em; was recovered a t  Kamloops f o r  t h e  f i r s t  t i m e  i n  1970. 

It c o n s t i t u t e d  0.3 and 0.1% of t h e  t o t a l  number of primary p a r a s i t e s  i n  I 

1971 and 1972, r e s p e c t i v e l y .  There is  no informat ion  on t h e  r e l a t i v e  im- 

p a c t  of t h e  s p e c i e s  on t h e  p a r a s i t e  complex i n  t h e  Lower F r a s e r  Val ley  

Basin p r i o r  t o  1971. 

2. The seasonal dynamics of parasites near Kamloops. a)  Mwrony 

characteristics. The d i f f e r e n t  composition of t h e  mummy samples changed throughout 

t h e  a l f a l f a  growing season  i n  both  1971 and 1972 (Figs.  30, 31).  Because 

mummies were cemented t o  t h e  s u b s t r a t e  t h e r e  was a tendency f o r  t h e  accumu- 

l a t i o n  of o l d  emerged mummies (F igs .  28A t o  28F) from one gene ra t ion  t o  t h e  

nex t ,  l e ad ing  t o  an  apparent  i n c r e a s e  of p a r a s i t e s  i n  t h e  f i e l d .  T h i s  

1 I graveyard1' e f f e c t  was w e l l  demonstrated i n  t h e  murmny samples c o l l e c t e d  

throughout t h e  season;  t h e  p rev ious ly  emerged mummies  i nc reased  i n  numbers 

as each a l f a l f a  c rop  matured (Fig.  30) .  Indeed, t h e  h i g h e s t  p ropor t ions  

of p rev ious ly  emerged mummies were observed a t  t h e  end of t h e  second and 

t h i r d  c rops  dur ing  1971 and t h e  second crop i n  1972 (F igs .  31A, B). The 

weighted mean percent  of p rev ious ly  emerged mummies c o l l e c t e d  i n  t h e  samples 

was 14.9% and 8.3% f o r  1971 and 1972, r e s p e c t i v e l y  (Table XVI). 

P r a c t i c a l l y  a l l  samples contained some mummies t h a t  f a i l e d  t o  emerge. 

The causes  of unemerged mummies  were probably due t o  a number of f a c t o r s :  

( a )  handl ing;  (b) d e a t h  due t o  n a t u r a l  causes ,  e.g.  p a r a s i t e  a d u l t  unable 

t o  complete emergence (Fig.  29E); ( c )  exces s ive  h y p e r p a r a s i t e  a t t a c k  (Fig.  

29C); and (d) p a r a s i t e  l a r v a  l eav ing  mummy b e f o r e  completing cocoon (Fig. 

29D). 



Figure 28. Emergence holes  made by primary and secondary p a r a s i t e s  on 

pea aphid,  Acyrthosiphon piswn, mummies. 

Aphidius smith; mummy of t h e  pea aphid;  t y p i c a l  Aphidius sp .  

round emergence ho le  on dorsum of mummy. 

Aphidius e rv i  e r v i  mummy of t h e  pea aphid;  t y p i c a l  Aphidius 

sp.  emergence hole  wi th  l i d  a t tached.  

Pram pequodorwn mummy wi th  dead a l a t e  pea aphid s k i n  above 

cocoon; emergence hole  i s  a l s o  shown. 

Monoctonus pauzensis mummy of t h e  pea aphid; t y p i c a l  emergence 

hole  on t h e  a p i c a l  por t ion  of t h e  mummy, p o s t e r i o - l a t e r a l  

view. 

Lygocerus niger emergence hole  i n  an Aphidius sp .  - pea aphid 

mummy. 

Asaphes Zucens emergence hole  i n  an Aphidius sp. - pea aphid 

mummy. 





!+ Figure  29. The e f f e c t  of entomophagous p reda to r s  and o t h e r  f a c t o r s  on 
I 

pea aph id ,  Acyrthosiphon piswn, mummy c h a r a c t e r i s t i c s .  

(A) Aphidius sp .  - pea aphid mummy a t t a c k e d  by a  CoccineZZa 

transversoguttata a d u l t .  Note dark  s t a i n e d  edges of h o l e  

caused by C o c c i n e l l i d  a d u l t  " d i g e s t i v e  ju ices" .  

(B) Aphidius sp .  - pea aphid m m y  a t t acked  by a Chrysopa camea 

t h i r d  i n s t a r  l a r v a .  Note h o l e  caused by p e n e t r a t i o n  of 

Chrysopid mandible. 

(C) Aphidius sp .  - pea  aphid mummy wi th  m u l t i p l e  " d r i l l "  h o l e s  

probably caused by secondary p a r a s i t e s .  

(D) Pea aphid  s k i n ,  b u t  wi thout  p a r a s i t e  cocoon caus ing  t h e  s k i n  

t o  b e  t r a n s l u c e n t .  Mature p a r a s i t e  l a r v a  probably l e f t  o r  

removed from aphid s k i n  be fo re  completion of i t s  s i l k  cocoon. 

(E) A. smithi a d u l t  unable t o  s u c c e s s f u l l y  complete emergence 

from mummy which d i ed  i n  half-emerged p o s i t i o n .  

(F) Pea aphid  a t t a c k e d  by fungus (probably Entomophthera sp.)  

and could  be  mistaken f o r  an  Aphidius sp .  mummy. 





Figure 30. Seasonal changes in the composition of the mummy samples 

measured as totals per hour (total aphid population trends 

from alfalfa tip samples are also shown) for (A) 1971 and (B) 

1972. (Numbers near histograms are numbers of mummies 

collected per hour lower than or equal to 14.) 



TOTAL NUMBER OF MUMMIES / HOUR 
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Figure  31. Seasonal  changes of t h e  p ropor t ions  i n  t h e  composition of t he  

mummy samples du r ing  (A) 1971 and (B) 1972. Sample t o t a l s  

(n) a r e  based on t o t a l  number of mummies c o l l e c t e d  p e r  hour.  
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The proportion of unemerged mummies generally remained constant during 

both 1971 and 1972 (Figs. 30, 31), with an overall mean proportion of 

0.13 in all mummy samples collected in the study field ( 2  0.01 SE, n = 30, 

range 0.00 to 0.21). 

A1 Rawy e t  aZ. (1969), star; (1966), and Wheeler e t  aZ. (1968) re- 

ported that predators belonging to the families Coccinellidae, Chrysopidae, 

and Nabidae attacked and fed on pea aphid mummies. In this study, only 

a small proportion of the mummies collected throughout the two years had 

been attacked by predators (mean 0.01 to 0.02, ranging from 0.00 to 0.06) 

(Fig. 31). These mummies had been attacked by Coccinellid adults and 

Chrysopid larvae (Figs. 29A, B) (see also Appendix 2). 

Usually less than 0.05 of the mummies collected consisted of alate 

aphids (Figs. 28C, 31). However, during some periods high proportions of 

alate mummies were noted, especially in the early third crops of both 

years (Fig. 31). It is assumed that some of the immigrant alatae were 

probably parasitized prior to colonizing the field. 

The mean percentages of parasites emerging from the total mummy 

samples in 1971 and 1972 were 77.2 and 69.7%, respectively (Table XVI). 

From 9,424 mummies collected in the main study area during 1971-72, a total 

of 6,857 or 72.7% primary and secondary parasites emerged. 

Changes in the total number of primary parasite emergences from the 

mummy samples generally corresponded with increases and decreases of the 

aphid populations (Fig. 30). 



Table X V I .  T o t a l s  (n)  and weighted mean percentages (%) of previous ly  

emerged and unemerged mummies, mummies a t t acked  by p reda to r s ,  

and emerged a d u l t  p a r a s i t e s  from mummy samples taken near  

Kamloops, du r ing  1971, 1972. 

- - 

Mummies 

Previous ly  emerged 832 8.3 318 14.9 

Attacked by p r e d a t o r s  42 1 .8  6 9 0.8 

Unemerged 820 12.7 486 14.6 

T o t a l  primary and 
secondary p a r a s i t e  
emergences 3895 77.2 2962 69.7 

T o t a l  5589 100.0 3835 100.0 



With an increase in viable mummies collected from the field, there was a 
I 

corresponding increase in the total number of hyperparasite emergences 

(Fig. 3 0 ) .  Indeed, as the alfalfa crop matured and aphid population de- 

clined, the proportion of primary parasite emergences decreased and the 

proportion of hyperparasite emergences increased (Figs. 30 and 3 1 ) .  

Detailed daily observations of parasite emergences from mummy samples 

revealed that the emergence patterns of parasites changed with the matura- 

tion of an alfalfa crop (Fig. 3 2 ) .  Primary parasites emerged distinctly 

earlier than the hyperparasites in mummy samples collected during the 

early second crop in 1972 (Fig. 32A). In contrast, the mummies collected 

later in the same crop produced an overlapping of primary and hyperparasite 

emergences (Fig. 32B) . 
The typical pattern of hyperparasite emergence in the mummy samples 

shown in Fig. 32A revealed 50% of L. niger emerged 4 . 5  days earlier than 

50% of Charips sp. and 5 days earlier than the Asaphes sp. The pattern of 

emergence in Fig. 32A seems to indicate the presence of discrete hyper- 

parasite generations. However, the mummy sample collected on day 116 

from the study field (Fig. 30B) shows a different pattern of hyperparasite 

emergences (Fig. 32B). The order of parasite species emergence is similar, 

but there is an overlapping of emergence within the hyperparasite species; 

i.e. young hyperparasite immatures as well as pupae were collected in the 

mummy sample at the same time. Thus, the period of hyperparasite emergences 

was longer :wing the later part of the crop (Fig. 32B) than in the early 

crop growth (Fig. 32A). 



- 

Figu re  32. Dai ly  p a r a s i t e  emergence p a t t e r n s  showing t h e  accumulated 

percentages  of p a r a s i t e s  emerging from two mummy samples 

t aken  from an a l f a l f a  f i e l d  n e a r  Kamloops on (A) day 88 

(27/~une/1972)  and (B) day 116 (25/July/1972) ( s e e  Fig.  30B 

f o r  t o t a l  sample s i z e s ) .  The t o t a l  number (n) of each 

p a r a s i t e  s p e c i e s  t h a t  emerged is shown. (Room tempera ture  

20 t o  24OC.) 





[ p a r a s i t e  s p e c i e s  found i n  t h e  s tudy  f i e l d  near  Kamloops du r ing  t h e  summers 

of 1971 and 1972 a r e  shown i n  Table  X V I I  and Figs .  33, 37B, 38B. Aphidius 

smithi was t h e  most abundant primary p a r a s i t e ,  c o n t r i b u t i n g  80.9% i n  1971 

and 75.6% i n  1972 t o  t h e  t o t a l  number of primary p a r a s i t e  emergences 

(Table XVII). A. e .  putcher w a s  t h e  second most abundant p a r a s i t e  (12.6% 

i n  1971 and 19.3% i n  1972),  wh i l e  P. pequodomun con t r ibu ted  6.0 t o  4.7% of 

t h e  t o t a l  primary p a r a s i t e  popu la t ion  i n  1971 and 1972, r e s p e c t i v e l y .  A. 

smithi "orange" mutant and A. e .  e m i  were r a r e l y  found near  Kamloops, 

c o n s t i t u t i n g  0.5% of t h e  t o t a l  p a r a s i t e  popula t ion .  D i f f e rences  i n  t h e  

r e l a t i v e  abundance of primary p a r a s i t e s  between t h e  main s tudy  f i e l d  and 

t h e  f i e l d  100 m east of t h e  s tudy  f i e l d  du r ing  1971 and 1972 were sma l l  

(F ig .  27 and Table  XVII). 

F l u c t u a t i o n s  i n  r e l a t i v e  p a r a s i t e  percentages  i n  t h e  second and t h i r d  

c rops  of both y e a r s  were probably due t o  sampling e r r o r  o r  incomplete  over- 

lapping  of p a r a s i t e  gene ra t ions  dur ing  e a r l y  a l f a l f a  growth (Fig. 33).  

The change i n  p a r a s i t e  s p e c i e s  composition was e s p e c i a l l y  ev iden t  dur ing  

t h e  e a r l y  s p r i n g  i n  both  yea r s  (Fig.  33) .  A. e. puleher was t h e  most 

abundant p a r a s i t e  i n  t h e  f i r s t  sample taken  i n  1971 and 1972; however, A. 

smithi soon became more abundant t han  A.  e. putcher. There were two peaks 

i n  A. e .  putcher and A. smithi abundance during t h e  f i r s t  crop of bo th  

yea r s  (Fig.  33) ,  bu t  t h e s e  peaks d i d  no t  co inc ide .  The d a t a  sugges t  t h a t  

A. e. puZcher a d u l t s  emerged s l i g h t l y  e a r l i e r  t han  A. smithi a d u l t s  from 

diapause.  Because A. e .  putcher and A. smithi have approximately t h e  same 

h e a t  requirements  f o r  development (Chapter I I I ) ,  an  e a r l i e r  appearance of 



Table XVII. The mean r e l a t i v e  abundance of primary p a r a s i t e s ,  expressed  

a s  percentages  of t o t a l  primary p a r a s i t e  emergences from 

a l l  mummy samples c o l l e c t e d  du r ing  1971 and 1972 from t h e  

main s tudy  f i e l d  a t  Kamloops. 

- pp - pp -- - -- 

A. smithi 80.9 75.6 

A. e .  puleher 12.6 19 .3  

P. pequodomun 6.0 4.7 

Others* 0.5 0.4 

To t a l  2042 100.0 2015 100.0 

* Other p a r a s i t e s  i n c l u d e  A. smithi "orange" mutant and A .  e .  e r v i .  



Figure 33. The seasona l  r e l a t i v e  abundance of primary p a r a s i t e s ,  expressed 

i n  percentages  of t o t a l  primary p a r a s i t e  emergences from 

mummy s amp l e  s 

a l f a l f a  f i e l d  

c o l l e c t e d  during (A) 1971 and (B) 1972, i n  an 

a t  Kamloops. 



PERCENT OF TOTAL PRIMARY PARASITE EMERGENCES 

TOTAL NUMBER OF PRl MARY PARASITE EMERGENCES 



A. e. putcher a d u l t s  would r e s u l t  i n  an  e a r l i e r  appearance of A. e. putcher 

mummies ( ~ i g .  3 3 ) .  Sweep samples confirm t h e  s taggered  appearance of t h e  

a d u l t s  of bo th  p a r a s i t e  s p e c i e s  i n  e a r l y  sp r ing  (Appendix 5).  

The assumed c o r r e l a t i o n  between h e a t  requirements  and mummy appearance 

i s  f u r t h e r  s t rengthened  when comparing t h e  h igher  temperature t h re sho ld  

( 6 . 9 ' ~ )  of P. pequodom w i t h  t h e  lower th re sho ld  ( 6 . 1 ' ~ )  of A. e.  putcher 

and A. emithi. P. pequodorum a d u l t s  appeared about two weeks a f t e r  t h e  

o t h e r  p a r a s i t e s  i n  t h e  sweep samples (Appendix 5) .  A s  a consequence of t h e  

l a t e  P. pequodorwn emergence from diapause ,  Pram mummies d i d  n o t  start 

appearing u n t i l  day 32 i n  1971 and day 16  i n  1972 (Fig.  33).  Indeed, be- 

cause  of t h e  s lower developmental r a t e  of P. pequodomun only one peak of 

abundance ( i . e ,  one gene ra t ion )  occurred i n  t h e  f i r s t  crop of bo th  years .  

The changes i n  r e l a t i v e  peak abundance f o r  each of t h e  p a r a s i t e  s p e c i e s  

dur ing  t h e  f i r s t  crop were probably due t o  a d i s c r e t e  gene ra t ion  e f f e c t .  

However, a s  t h e  season  progressed ,  overlapping p a r a s i t e  gene ra t ions  occurred 

and, i n  response  t o  aphid  popula t ion  i n c r e a s e s ,  t h e  s u p e r i o r  f ecund i ty  

(Chapter 111) (and probably sea rch ing  capac i ty )  of A. smith; helped i t  t o  

become more abundant t h a n  t h e  o t h e r  two p a r a s i t e s  (Fig. 33) .  

The weighted mean s e x  r a t i o s  of each p a r a s i t e  s p e c i e s  emerging from 

t h e  mummy samples throughout each season i n  1971 and 1972 are shown i n  

Table  X V I I I .  There were gene ra l ly  s l i g h t l y  more females  t han  males of each 

s p e c i e s  i n  bo th  yea r s .  

c )  Secondary parasites. Addi t iona l  in format ion  w a s  ob ta ined  on 

seconda-y p a r a s i t e  emergences from t h e  mummy samples. However, i t  i s  no t  

w i t h i n  t h e  scope of t h i s  t h e s i s  t o  ana lyse  i n  d e t a i l  t h e  secondary p a r a s i t e  



I 

Table XVIII. Weighted mean sex ratios of three primary parasites 

emerging from mummies sampled near Kamloops during 1971 

and 1972. 

Species 

Sex ratio* 

1971 1972 

Overall 

mean 

* Mean sex ratio 1 1 SE; numbers in brackets are the total parasite 
emergences of each parasite species from 18 samples for 1971 and 16 

samples for 1972. 



( o r  hype rpa ra s i t e )  popula t ion  dynamic$. Only a  b r i e f  a n a l y s i s  was made t o  

determine:  (1) t h e  o v e r a l l  e f f e c t  of hype rpa ra s i t i sm a s  a m o r t a l i t y  f a c t o r  

of pr imary p a r a s i t e s ;  and (2)  t h e  r e l a t i v e  abundance of each h y p e r p a r a s i t e  

s p e c i e s .  Some r e l e v a n t  in format ion  on hype rpa ra s i t e  development and season- 

a l  abundance is  summarized. For d e t a i l e d  s t u d i e s  and l i t e r a t u r e  reviews 

on h y p e r p a r a s i t e s  a t t a c k i n g  pea aphid p a r a s i t e s ,  s e e  Gu t i e r r ez  (1968) and 

S u l l i v a n  (1969). - 

The p ropor t ion  of hype rpa ra s i t i sm g e n e r a l l y  i nc reased  a s  t h e  a l f a l f a  

crop matured (F igs .  30, 31) .  F igure  34 shows t h e  p ropor t ion  of t o t a l  

p a r a s i t e  emergences from t h e  mummy samples t h a t  y i e lded  primary p a r a s i t e s  

on a  p h y s i o l o g i c a l  t ime s c a l e .  The f i g u r e ,  i n  o t h e r  words, shows t h e  pro- 

p o r t i o n  of primary p a r a s i t e s  t h a t  survived t h e  a c t i v i t y  of t h e  hype rpa ra s i t e s  

i n  t h e  f i e l d .  L i t t l e  was known on t h e  exac t  popu la t ion  i n t e r r e l a t i o n s h i p s  

between each h y p e r p a r a s i t e  and primary p a r a s i t e  s p e c i e s .  I f  t h e r e  w a s  any 

h y p e r p a r a s i t e  s p e c i f i c i t y  towards a  p a r t i c u l a r  primary p a r a s i t e  s p e c i e s ,  

t h i s  was no t  d e t e c t e d  because a l l  h y p e r p a r a s i t e  s p e c i e s  emerged from both 

Aphidius and Praon mummies. Thus t h e  most r e a l i s t i c  way of showing hyper- 

p a r a s i t e  a c t i v i t y  i n  t h e  s imu la t ion  model (Chapter V I I )  was t o  u se  t h e  

equa t ions  (Table XIX) d e s c r i b i n g  t h e  o v e r a l l  s u r v i v a l  r a t e s  of primary 

p a r a s i t e s  a s  shown i n  Fig.  3 4 .  

The h y p e r p a r a s i t e  s p e c i e s  found t o  a t t a c k  p a r a s i t i z e d  pea aphids  a r e  

l i s t e d  i n  Table XV. More secondary p a r a s i t e s  were c o l l e c t e d  i n  1971 than  

i n  1972 (Fig.  30 and Tables  XX, XXI). Asaphes Zucens and Lygocems ni3er 

were t h e  most abundant secondary p a r a s i t e s  du r ing  each season  i n  both yea r s  

(Table XXI) . L. niger appeared e a r l i e r  t han  A. Zucens i n  e a r l y  s p r i n g  



- 

Figure 34. Proportion of primary parasites surviving hyperparasitism 

(or proportion of total parasite emergences producing primary 

parasites) in the mummy samples on a physiological time scale. 

(one quip or KA = 6.2 day-degrees above 5.56OC). Each num- 

bered straight line is described by an equation in Table XIX. 



PROPORTION OF PRIMARY PARASITES 
SURVIVING HYPERPARASITISM 



Table XIX. Proportion of primary pa2asites surviving hyperparasitism. 

Numbered equations represent the straight lines shown in 

Figure 3 4 .  

Equation Time period Correlation 

No. (a) Equation coefficient (r)* 

KA = Physiological time in quips (equivalent to horizontal axis in Figure 

HYPER = Proportion of primary parasites surviving hyperparasitism during 

season on physiological time scale. 

* Correlation coefficients shown when four or more values were used to 
calculate regression equations. 



(Figs.  35, 37A, 38A), probably becaus'e of L. niger's lower temperature 

developmental t h re sho ld  (6.55OC) compared t o  A. Zucens' t h r e sho ld  (8.55OC). 

Indeed, L. niger w a s  t h e  f i r s t  h y p e r p a r a s i t e  t o  emerge from most of t h e  

mummy samples (Fig. 32). Because Charips sp .  a d u l t s  can  p a r a s i t i z e  e a r l i e r  

s t a g e s  of primary p a r a s i t e s  (Gu t i e r r ez ,  1968),  Charips sp .  u s u a l l y  appeared 

f i r s t  i n  t h e  e a r l y  s t a g e s  of t h e  a l f a l f a  growth, e s p e c i a l l y  i n  t h e  second 

and t h i r d  c rops ,  1971 (Fig.  35A). However, a s  more mummies  accumulated i n  

t h e  f i e l d  an  i n c r e a s i n g  p ropor t ion  of Asaphes Zucens appeared i n  t h e  mummy 

samples. Because of t h e  a b i l i t y  of Asaphes sp.  t o  p a r a s i t i z e  primary 

p a r a s i t e s  and o t h e r  secondary p a r a s i t e s  (Su l l i van ,  1969),  t h e r e  was inva r i a -  

b l y  an  i n c r e a s e  i n  t h e  number of mummies con ta in ing  Asaphes Zucens. A t  t h e  

end of each crop i n  bo th  y e a r s ,  when a l a r g e  number of mummies were co l l ec -  

t e d ,  t h e  h ighes t  p ropor t ion  of h y p e r p a r a s i t e  mergences  were of A. lucens 

a d u l t s  (Figs .  35, 37A, 38A). 

D.  Discuss ion  

Most of t h e  fo l lowing  s e c t i o n  (pages 165 t o  171) i s  quoted d i r e c t l y  

from Campbell and Mackauer (1973). 

I .  Exotic parasite dispersal and establishment. A s  a l r e a d y  mentioned, 

A. e. ermi and A. smithi were l i b e r a t e d  a g a i n s t  t h e  pea aphid i n  t h e  north-  

western United S t a t e s  between 1961 and 1964 ( H a l f h i l l  e t  al. ,  1972). Both 

s p e c i e s  subsequent ly spread  a c r o s s  t h e  border  i n t o  Canada, where they  be- 

came important  n a t u r a l  enemies of t h e  aphid.8 Various f a c t o r s  such as c l ima te ,  

The only pea aphid  p a r a s i t e s  r e l ea sed  i n  wes tern  Canada were ca.  13,000 
specimens of t h e  Orange phenotype of A. smithi, which were l i b e r a t e d  i n  
1972 near  Kamloops f o r  exper imenta l  purposes.  



I 

Table XX Mean percentages of t o t a l  primary and secondary paras i te  

emergences from mummy samples c o l l e c t e d  i n  study f i e l d  

during 1971 and 1972. 

Primary paras i tes  52.4 68 .1  

Secondary paras i tes  47.6 31.9 

Total 3895 100.0 2962 100.0 

No. o f  mummy samples 18 - 16 - 



Table X X I .  Mean r e l a t i v e  abundance of  secondary p a r a s i t e s ,  expressed 

a s  percentages  of  t o t a l  secondary p a r a s i t e  emergences from 

a l l  mummy samples c o l l e c t e d  du r ing  1971 and 1972 from t h e  

main s tudy  f i e l d  a t  Kamloops. 

Lygocemcs niger 23.6 

Charips sp .  8.4 

Asaphes Zucens 52.0 

Asaphes vuZgaris 13 .1  

Pachyneuron siphonophorae 1.8  

Coruna c Zava tu 1.1 

T o t a l  1853 100.0 



- 

Figure  35. The seasona l  r e l a t i v e  abundance of t h e  more common secondary 

p a r a s i t e s ,  expressed i n  percentages  of t o t a l  secondary p a r a s i t e  

emergences from mummy samples c o l l e c t e d  dur ing  (A) 1971, (B) 

1972, i n  a n  a l f a l f a  f i e l d  a t  Kamloops. (N.B. Pachyneuron 

siphonophorueand Coruna cZavata a r e  not  shown because they  

were r a r e l y  observed i n  t h e  samples.) 



PERCENT OF TOTAL SECONDARY PARASITE EMERGENCES 

TOTAL NUMBER OF SECONDARY PARASITE EMERGENCES 
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p h y s i c a l  environment,  and t h e  a v a i l a b i l i t y  of s u i t a b l e  h o s t s ,  among o t h e r s ,  
r 

Y 

a f f e c t e d  t h e  r a t e  of spread  and t h e  degree of success  of e s t ab l i shmen t ,  i f  

any, of t h e  co lon iz ing  s p e c i e s .  

The d a t a  i n  t h e  p r e s e n t  s tudy  i n d i c a t e  t h a t  t h e  e x o t i c  p a r a s i t e s  in-  

vaded sou the rn  B r i t i s h  Columbia and spread  a long  two main r o u t e s  from re- 

l e a s e  sites i n  Washington S t a t e  (and Idaho) .  One r o u t e  was along t h e  

Okanagan and Columbia River  systems i n t o  t h e  I n t e r i o r .  H a l f h i l l  et aZ. 

(1972) f i r s t  observed A. smithi i n  1965 i n  southern  Washington S t a t e ,  near  

Walla Walla. The f i r s t  r e p o r t  of t h e  p a r a s i t e  occu r r ing  i n  B r i t i s h  Columbia 

was a l s o  i n  1965 from C h r i s t i n a  Lake, i n  t h e  Columbia River  Basin c l o s e  t o  

t h e  Canada-United S t a t e s  border  (Mackauer and Fin layson ,  1967).  Fu r the r  

northward expansion by t h e  invading p a r a s i t e  was a f f e c t e d  by a r educ t ion  

i n  a g r i c u l t u r a l  l and .  While t h e  pea aphid occurs  throughout most of south- 

e r n  B r i t i s h  Columbia, i t  i s  reasonably abundant on ly  where a l f a l f a  and 

c love r  a r e  grown commercially f o r  hay, s i l a g e ,  o r  seed product ion.  Other  

h o s t  p l a n t s ,  such a s  sweetc lover ,  a r e  common components of t h e  r u d e r a l  

f l o r a ;  however, t h e s e  p l a n t s  u s u a l l y  do n o t  support  s u f f i c i e n t l y  numerous 

aphid c o l o n i e s  t o  enab le  t h e  development of l a r g e  p a r a s i t e  popula t ions .  

D i s p e r s a l ,  i t  was shown by Johnson (1969),  is  a d e n s i t y  dependent phenomenon. 

When p a r a s i t e  abundance i s  low, both  t h e  d i s p e r s i o n  w i t h i n  a s p e c i e s '  gene ra l  

a r e a  of  d i s t r i b u t i o n  and t h e  p r o b a b i l i t y  of d i s p e r s a l  over l a r g e  areas o r  

a c r o s s  e c o l o g i c a l  b a r r i e r s  tends  t o  be reduced. It is ,  t h e r e f o r e ,  n o t  

s u r p r i s i n g  t h a t  A. smithi r equ i r ed  between one t o  t h r e e  y e a r s  ' o  spread  

200 t o  300 km from t h e  border  a r e a  t o  Kamloops, i n  t h e  I n t e r i o r .  The 

e s t i m a t i o n  of t h e  r a t e  of spread  i n  t h i s  l a r g e l y  f o r e s t e d  a r e a  i s  based on 



Most of t h i s  s e c t i o n  (pages 171 t o  173) i s  quoted d i r e c t l y  from Campbell 
and Mackauer (1973) . 

t h e  f i nd ing  t h a t  A. smithi was w e l l  e s t a b l i s h e d  i n  t h e  v i c i n i t y  of Kamloops 

i n  1969, having a r r i v e d  perhaps one o r  two y e a r s  e a r l i e r .  

The second r o u t e  of e n t r y  was a long  t h e  coas t  from northwestern Wash- 

i ng ton  i n t o  t h e  Vancouver a r e a  and from t h e r e  e a s t  i n t o  t h e  Lower F r a s e r  

River  Basin. It would appear  t h a t  A. e. ermi spread mainly through t h e  

coo l  and wet c o a s t a l  a r e a ,  a l though t h e  p a r a s i t e ' s  appearance a t  Winfield 

and a t  Kamloops (Fig.  26, Nos. 6 ,  4)  sugges ts  t h a t  i t  a l s o  en te red  through 

t h e  r i v e r  v a l l e y s  running from t h e  I n t e r i o r  ( -  sou the rn  B r i t i s h  Columbia t o  

Washington S t a t e .  Human t r a n s p o r t  may have -d i n  t h e  invas ion  of t h e  

Lower F r a s e r  River  Basin by t h e  e x o t i c  p a r a s i - e s ,  i n  p a r t i c u l a r  by t h e  

t r a n s p o r t a t i o n  of p a r a s i t i z e d  aphids  and mummies on ba led  a l f a l f a  hay from 

t h e  I n t e r i o r  t o  d a i r y  and c a t t l e  farms near  t h e  coast. .  

2. Distribution of exotic parasites. On t h e  b a s i s  of l abo ra to ry  

experiments Mackauer (1971) concluded t h a t  A. smithi w a s  s u p e r i o r  t o  P. 

pequodom, A. e. ervi, and A. e. puZcher i n  s ea rch ing  behaviour ,  f ecund i ty ,  

and developmental t ime.  Th i s  assessment was n o t  g e n e r a l l y  confirmed by 

t h e  f i e l d  performance of A. smithi. Open releases of t h e  p a r a s i t e  over  

l a r g e  a r e a s  of t h e  United S t a t e s ,  e a s t e r n  Canada, and Hawaii r e s u l t e d  i n  

economic c o n t r o l  of t h e  pea aphid only  i n  C a l i f o r n i a  (Hagen and Schl inger ,  

1960; Hagen and van den Bosch, 1968). Although t h e  p a r a s i t e  became es tab-  

l i s h e d  i n  Hawaii (Davis and Krauss ,  1962) , Mexico (Clancy , 1967) , and i n  

t h e  northwestern United S t a t e s  ( H a l f h i l l  e t  aZ., 1972),  t h e r e  is  no evidence 

sugges t ing  t h a t  t h e s e  co lon iza t ions  had any long-term e f f e c t  on pea aphid 



i abundance. Releases  i n  t h e  e a s t e r n  United S t a t e s  (Angalet and Coles ,  1966) 

and Canada (Mackauer, 1971),  wh i l e  r e s u l t i n g  i n  t h e  temporary es tab l i shment  

of t h e  p a r a s i t e ,  appa ren t ly  f a i l e d  a s  c o n t r o l  measures. Following i t s  

d iscovery  i n  sou the rn  Ontar io  i n  1964 (Mackauer and Bisdee, 1965),  t h e  

p a r a s i t e ' s  r e l a t i v e  abundance had increased  t o  approximately 53% by 1966; 

however, dur ing  t h e  next  f o u r  y e a r s  t h e  impact of A. smithi dec l ined  d r a s t i -  

c a l l y  from 23% i n  1968 t o  0.3% i n  1970 (M. Mackauer, p e r s .  corn . ) .  Mummy 

samples c o l l e c t e d  du r ing  1972 i n  P r i n c e  Edward County, On ta r io ,  d i d  not  

c o n t a i n  any r e p r e s e n t a t i v e s  of t h i s  p a r a s i t e  b u t ,  i n s t e a d ,  inc luded  spec i -  

mens of A .  e. ervi.1•‹ 

Comparing t h e  performance of A. smithi i n  southern  B r i t i s h  Columbia 

d i r e c t l y  w i th  t h a t  of t h e  European A. e. ervi sugges t s  t h a t  t h e  use fu lnes s  

of both p a r a s i t e s  as b i o l o g i c a l  c o n t r o l  agen t s  is r e s t r i c t e d  by c e r t a i n  

f a c t o r s .  Both A. smithi and A. e. e m i  s u c c e s s f u l l y  colonized a r e a s  of 

North America t h a t  d i f f e r e d  i n  important  e lements  from t h e  c o u n t r i e s  of 

o r i g i n .  I n  a d d i t i o n ,  t h e  presence of s e v e r a l  n a t i v e  (and presumably well-  

adapted) p a r a s i t e s  and h y p e r p a r a s i t e s  d i d  n o t  prevent  t h e  co lon iza t ion .  

D i r e c t  compet i t ion  between p a r a s i t e  s p e c i e s ,  however, appa ren t ly  d i d  no t  

p lay  an important  r o l e  i n  determining l o c a l  abundance. Th i s  is  surmised 

from t h e  r e l a t i v e  infrequency i n  t h e  f i e l d  of super- and/or  m u l t i p a r a s i t i s m ,  

except  when aphids  were r a r e  i n  e a r l y  sp r ing .  

l o  The p a r a s i t e  A. e. ervi was l i b e r a t e d  i n  t h e  e a s t e r n  United S t a t e s  
between 1959 and 1968 (R. J. Coulson, pe r s .  comm.to D r .  M. Mackauer). 
Th i s  i s  t h e  f i r s t  record  of i t s  es tab l i shment  i n  e a s t e r n  North America. 



L 
, A comparison of t h e  cl imatographs (Figs.  26 and 36) of major r e l e a s e  

and s tudy  a r e a s  sugges t s  t h a t  c l i m a t e  w a s  a major f a c t o r  among t h e  v a r i e t y  
1 

a f f e c t i n g  r , tabl ishment  and abundance of t h e  e x o t i c  p a r a s i t e s .  For example, 

i n  B r i t i s h  Columbia A. srnithi b e c - ~ e  t h e  ch ief  p a r a s i t e  of t h e  pea aphid i n  

t h e  Steppe c l i m a t e  of t h e  I n t e r i o r  reg ion  (Fig.  26A). The p a r a s i t e  a l s o  per- 

formed w e l l  i n  t h e  v a l l e y s  of c e n t r a l  and c o a s t a l  C a l i f o r n i a  (Fig.  36A) 

which a r e  c l i m a t i c a l l y  s i m i l a r  t o  t h e  Okanagan Valley,  i n d i c a t i n g  t h a t  A. 

srnithi t o l e r a t e s  (and probably is  adapted t o )  a ho t  and d ry  c l ima te .  

Aphidius srnithi, s o  f a r ,  has  performed very  poorly under t h e  r e l a t i v e l y  

mi ld  and wet c l i m a t i c  cond i t i ons  of t h e  Lower F r a s e r  River  Basin (Fig.  26B), 

t o  which cond i t i ons ,  appa ren t ly ,  t h e  European A .  e .  em< i s  w e l l  adapted.  

The hypothes is  regard ing  t h e  r o l e  of c l ima te  ga ins  f u r t h e r  suppor t  by 

r e f e r e n c e  t o  Fig. 36B, which shows t h a t  sou th -cen t r a l  On ta r io  h a s ,  on t h e  

average ,  a r e l a t i v e l y  humid summer c l ima te  wi th  cons ide rab le  p r e c i p i t a t i o n  

throughout t h e  year .  Although low win te r  temperatures  p e r s i s t  f o r  a long 

per iod  i n  Ontar io ,  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  average mini- 

mum win te r  tempera tures  between, e .g . ,  B e l l e v i l l e  and Kamloops. I n  f a c t ,  

A. smithi 's  poor performance i n  e a s t e r n  Canada s t r o n g l y  a rgues  t h a t  i t  is 

p r e c i p i t a t i o n  (poss ib ly  i n  combination wi th  temperature)  r a t h e r  than  an  

assumed i n a b i l i t y  t o  s u r v i v e  low win te r  temperatures  i n  diapause (Hagen 

and Sch l inge r ,  1960) t h a t  l i m i t s  t h e  p a r a s i t e ' s  p o t e n t i a l  d i s t r i b u t i o n  and 

c o n t r o l  a b i l i t y .  

3. Seasonal dynamics o fparas i t e s .  A s  t h e  aphid popula t ion  increased  

t h e  rate of p a r a s i t i s m  increased  (Chapter V ) ,  and t h e r e  was a corresponding 

i n c r e a s e  i n  t h e  t o t a l  number of mummies c o l l e c t e d  i n  f i e l d  samples (Fig.  30).  



Figure 36. Climatographs of (A) Bakersfield, California; (B) Belleville, 

Ontario, giving mean total precipitation (above) and mean 

maximum and minimum temperatures (below). (Data from Temp. 

PPT Tables, Publ. Atmos. ~rkironrn. 1970 Serv. Govt. Canada; 

and Climates Calif. State, U.S. Dept. Commerce, rev. 1966) 

(From Campbell and Mackauer, 1973.) 





Figure 37. Total emergences (logarithmic scale) of (A) secondary parasites, 

(B) primary parasites from mummy samples taken from an alfalfa 

field near Kamloops, B.C., during 1971. 
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Figure 38. Total emergences (logarithmic scale) of (A) secondary para- 

sites, (B) primary parasites from mummy samples taken from 

an alfalfa field near Kamloops, B.C., during 1972. 
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T h i s  was due t o  t h e  accumulation of emerged mummies i n  t h e  f i e l d .  T h i s  

"graveyard e f f e c t "  could  probably b e  mis leading  when cons ider ing  p a r a s i t e  

e f f e c t i v e n e s s  i n  c o n t r o l l i n g  t h e  aphid.  I n  c o n t r a s t ,  when t h e  aphid  popula- 

t i o n  grew o r  dec l ined  t h e r e  was a  corresponding i n c r e a s e  and r educ t ion  i n  

t h e  p a r a s i t i s m  r a t e  and a l a g  per iod  i n  t h e  i n c r e a s e  and dec rease  i n  numbers 

of primary p a r a s i t e s  emerging from t h e  mummies (Fig.  30) .  These observa- 

t i o n s  g e n e r a l l y  confirm t h e  d e n s i t y  dependent a c t i o n  of t h e  p a r a s i t e s ,  

which w a s  noted i n  Chapter  V. However, it would be  d i f f i c u l t  t o  engage i n  

any a c c u r a t e  c a l c u l a t i o n s  a s s o c i a t i n g  aphid d e n s i t i e s  w i t h  mummy c o l l e c t i o n s  

o r  p a r a s i t e  emergences because of t h e  compl ica t ing  a c t i o n  of hype rpa ra s i t e s  

(Fig.  30) .  A l l  t h r e e  primary p a r a s i t e  s p e c i e s  responded t o  aphid d e n s i t y  

i n c r e a s e s  p r o p o r t i o n a l l y ,  o r  i n  a  d e n s i t y  dependent manner, e s p e c i a l l y  

dur ing  t h e  second and t h i r d  c rops ,  1971 (Figs.  33, 37B, 38B). 

A. smithi con t r ibu ted  t h e  h i g h e s t  t o  aphid p a r a s i t i s m  a t  80.9 and 75.6% 

dur ing  1971 and 1972, r e s p e c t i v e l y ,  wh i l e  A. e. puZcher (12.6 and 19.3%) 

and P. pequodomm (6.0 and 4.7%) con t r ibu ted  less than  A. smithi t o  o v e r a l l  

p a r a s i t i s m  of t h e  pea aphid  dur ing  1971 and 1972. A. smithi was t h e  main 

c o n t r i b u t o r  t o  t h e  h igh  r a t e s  of p a r a s i t i s m  (two peaks) i n  t h e  f i r s t  c rop  

of s p r i n g ,  1972 (Fig. 33B and Figs .  17C, 21) . A. smithi 's higher  f  ecun- 

d i t y  and developmental r a t e s  t han  those  of t h e  indigenous p a r a s i t e s  (Chap- 

ter 111) seem t o  have con t r ibu ted  t o  A. smithi becoming t h e  most abundant 

N.B. Mean phys io log ica l  t ime between mean mummy s t a g e  and immature 
p a r a s i t e  s t a g e  i s  14  t o  16 quips .  Aligning peak A. smithi abundance 
from f i r s t  crop mummy samples i n  Fig.  33B w i t h  peak pe rcen t  p a r a s i t i s m  
r a t e s  14 t o  16 quips  e a r l i e r  i n  F ig .  21 (use  Fig.  17C as a h e l p  t o  
conver t  ca l enda r  t i m e  t o  phys io log ica l  t ime) g i v e s  a  c l o s e  agreement 
of curves.  



parasite in the study field, practically for the whole of the growing 

season during 1971, 1972. 

Because A, e. ervi  occurred at very low numbers at Kamloops, it was 

not considered in the final analysis of the parasite dynamics. 

The pattern of secondary parasite emergences (Fig. 32) was influenced 

by (1) development time and (2) stage of primary parasite that is preferred 

for ovipositioning by the hyperparasite. For example, L. niger has a 

-'lower,temperature developmental threshold (8.55OC) than Asaphes Zucens 

(6.55'C) (Chapter 111) . Gutierrez (1968) showed that Charips sp. generally 

attacked primary parasite larvae before aphid mummification. Lygocems 

sp. generally attacked primary parasite larvae in the early mummy stages 

(Spencer, 1926), while Asaphes sp. could attack mummies containing either 

the primary parasite (mature larva or pupa) or a secondary parasite (egg 

to pupa) of another species or its own species (Sullivan, 1969). The 

majority of Charips sp. emerged later than Lygocems adults (Fig. 32), 

indicating that although Charips attacked an earlier developmental stage 

of primary parasite, it probably had higher heat requirements than Lygocems. 

There were three main extrinsic mortality factors acting on the mummy 

stages of primary parasites that were measured: (1) predation; (2) harves- 

ting; and (3) hyperparasitism. In general, predation of mummies was not 

appreciable. A maximum predation value of approximately 6% of the total 

mummies collected was recorded in early spring, 1972, due mainly to an 

abundance of adult Coccinellids in the field. 

The harvesting of alfalfa was the main mortality factor of primary 

parasite mummies, decimating the mummy population in the field. Only a 



few mummies  u s u a l l y  remained a t t a c h e d ' t o  t h e  s t u b b l e  o r  on l e a v e s  t h a t  had 

dropped o f f  a f t e r  t h e  d r y  a l f a l f a  w a s  raked,  ba l ed ,  and removed. Harvest- 

i n g  a l s o  has  t h e  e f f e c t  of (1) reducing t h e  p o t e n t i a l  r e s e r v o i r  of hyper- 

p a r a s i t e s  and (2)  removing emerged mummies. Van den Bosch e t  aZ. (1966, 

1967) and Pass  and P a r r  (1971) a l s o  recorded h a r v e s t i n g  a s  being a n  im-  

p o r t a n t  m o r t a l i t y  f a c t o r  of p a r a s i t e s .  By removing t h e  mature a l f a l f a ,  

t h e  subsequent  new a l f a l f a  growth allowed aphid and p a r a s i t e  popula t ions  

t o  i n c r e a s e  and r each  d e n s i t i e s  s i m i l a r  t o  t h o s e  experienced i n  t h e  e a r l i e r  

crop.  

The importance of h y p e r p a r a s i t e s  a s  m o r t a l i t y  f a c t o r s  of primary para- 

sites i s  in f luenced  by t h e  environment and t h e  aphid and p a r a s i t e  h o s t  

s p e c i e s  involved.  Many au tho r s  (Evenhuis,  1964; George, 1957; Hafez, 1961; 

Pae t zo ld  and Vater, 1966; Way e t  aZ., 1969) have found t h a t  t h e  e f f e c t i v e -  

nes s  of t h e  a p h i d i i d  p a r a s i t e ,  DiaeretieZkz rapae, i n  c o n t r o l l i n g  t h e  

cabbage aphid ,  Brevicoryne brassicae, was more o r  l e s s  l i m i t e d  by t h e  

a c t i v i t y  of hype rpa ra s i t e s .  Hafez (1961) r epo r t ed  69 t o  80% and Pae tzo ld  

and Vater (1966) over  90% hype rpa ras i t i sm of mummies c o l l e c t e d  dur ing  a 

growing season.  I n  c o n t r a s t ,  Shands e t  aZ. (1965) found hype rpa ra s i t i sm 

d i d  n o t  have a n  a p p r e c i a b l e  nor a c o n s i s t e n t  e f f e c t  on primary p a r a s i t e s  

t h a t  a t t a c k e d  p o t a t o - i n f e s t i n g  aphids  i n  Maine. Hyperparasi t ism ranged 

from 22 t o  42% dur ing  t h e  per iod  of 1952 t o  1961 (Shands e t  aZ., 1965).  

There  are only  two f i e l d  s t u d i e s  on t h e  pea aphid  t h a t  recorded t h e  

e f f e c t  of h y p e r p a r a s i t e s  on primary p a r a s i t e s .  The f i r s t  was by star; 

(1966), who found a n  average  of 33% hype rpa ras i t i sm of A. e.  ervi  i n  r ed  

c love r  f i e l d s  i n  wes tern  Bohemia du r ing  1956. The main h y p e r p a r a s i t e  
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s p e c i e s  were AZZoxysta scuteZZata, Co'runa clavata, Asaphes vulgaris, and 

Lygocerus sp .  H e  found t h a t  h y p e r p a r a s i t e  pe rcen t  i n f e s t a t i o n  w a s  e s p e c i a l l y  

g r e a t  a t  t h e  end of an aphid outbreak ,  when primary p a r a s i t e s  had a l r eady  

reached h ighe r  d e n s i t y  l e v e l s .  I n  t h e  second s tudy ,  Gu t i e r r ez  (1968, 1970) 

found a n  average of 33% hype rpa ras i t i sm of a  l a r g e  primary p a r a s i t e  complex 

(which cons i s t ed  of A. smithi, P. pequodomun, Ephedrus s p . ,  Trioxys sp . ,  

and s e v e r a l  Aphelinus spp.) a t t a c k i n g  A. piswn and Therioaphis t r i f o l i i  

( t h e  spo t t ed  a l f a l f a  aphid)  i n  a l f a l f a  f i e l d s  of C a l i f o r n i a  dur ing  1966. 

The p a r a s i t e  complex is  more complicated i n  C a l i f o r n i a  (because of t h e  

a d d i t i o n a l  presence  of T .  t r i f o Z i i  and i ts  p a r a s i t e s )  t han  a t  Kamloops , l 
making a  d i r e c t  comparison of p a r a s i t i s m  rates d i f f i c u l t .  However, i n  some 

a l f a l f a  f i e l d s  where Gu t i e r r ez  found most ly A. smithi mummies, Lygocems 

sp. (63%) was t h e  most abundant of a l l  h y p e r p a r a s i t e s  emerging, w i th  Asaphes 

Zucens, Charips v i t r i x ,  Aphidencyrtus aph&iivorus, and a  few o t h e r  s p e c i e s  

be ing  less abundant. Gu t i e r r ez  (1968) suggested t h a t  repea ted  ha rves t ing  

of a l f a l f a  probably had a n  i n h i b i t i n g  e f f e c t  on bo th  primary and secondary 

p a r a s i t e s .  

I n  t h i s  s tudy ,  t h e  mean hype rpa ra s i t i sm rate of mummies was 47.6 and 

31.9% i n  1971 and 1972, r e s p e c t i v e l y .  Asaphes Zucens and Lygocerus niger 

were t h e  most abundant of t h e  hype rpa ra s i t e s  a t t a c k i n g  t h e  primary p a r a s i t e s  

i n  Kamloops (Table XXI, F igs .  37A, 38A). These mean hype rpa ra s i t i sm r a t e s  

a r e  s i m i l a r  t o  t hose  r epo r t ed  by s ta r ;  (1966) and Gu t i e r r ez  (1970), a s  

- -- - -- - - 

l2 Only one o t h e r  aphid s p e c i e s ,  t h e  pink form of Macrosiphwn euphorbiae 
Thomas, was found a t  very  low d e n s i t i e s  i n  t h e  a l f a l f a  f i e l d .  No para- 
s i t e  s p e c i e s  t h a t  a t t a c k  t h e  pea aphid were found t o  a t t a c k  M. euphor- 
biae . 



reported above. However, the mean annual hyperparasitism rate does not 

reflect the seasonal changes in hyperparasite numbers. Indeed, hyperpara- 

sites showed a density dependent response to the increase in parasitized 

hosts similar to that shown by the primary parasites to the pea aphid num- 

bers. Hyperparasitism was low early in each crop but as the number of 

parasitized hosts increased so did the number of hyperparasites (Figs. 30, 

35, 37A, 38A). Hyperparasites did not seem to affect the primary parasite 

numbers, especially during the growth phase of the aphid and parasite popu- 

lations. Up to the point of peak host populations there was between 15 and 

40% hyperparasitism (Figs. 30, 34). Thus, about 85 to 60% of the primary 

parasites emerged from mummies surviving hyperparasitism (Fig. 34), which 

was probably sufficient to maintain parasite population growth. But after 

host populations peaked, the rate of hyperparasitism sometimes increased 

rapidly to 70 and 85% (Fig. 34). This increase was probably due to a 

decrease in the number of parasitized hosts (Figs. 30, 37, 38) rather than 

to an increase in the abundance of hyperparasites. 

In other words, hyperparasitism is probably not an important mortality 

factor to primary parasites that are in surplus supply. Hyperparasites 

probably do not limit primary parasite numbers when the impact of primary 

parasites on pea aphid populations (i.e, during the aphid population growth 

phase) is most crucial. Thus, hyperparasites take care of some of the 

overabundance of primary parasites when the latter are not needed to help 

reduce growing aphid populations. There are probably enough primary para- 

sites emerging (even with 60 to 70% hyperparasitism) to respond to any re- 

newed aphid population growth. Moreover, the alfalfa harvesting generally 



removed t h e  h y p e r p a r a s i t e  bu i ldup  a t ' t h e  end of each crop  growth, g iv ing  

pr imary p a r a s i t e s  t h e  chance t o  respond r a p i d l y  t o  aphid popu la t ion  growth 

i n  t h e  fo l lowing  crop.  

E. Suntmary 

A survey of t h e  pea aphid p a r a s i t e s  was made by t a k i n g  mummy samples 

i n  a l f a l f a  f i e l d s  throughout sou the rn  B r i t i s h  Columbia, I n  a d d i t i o n ,  t h e  

popu la t ion  t r ends  of t h e s e  p a r a s i t e s  were monitored by t ak ing  mummy samples 

i n  an  a l f a l f a  f i e l d  nea r  Kamloops dur ing  t h e  summers of 1971 and 1972. 

The indigenous p a r a s i t e s ,  Aphidius e rv i  puleher and Pram pequodorwn, 

and t h e  e x o t i c  p a r a s i t e s ,  A .  smithi and A .  e .  e r v i ,  were found throughout 

sou the rn  B.C. A .  smithi w a s  t h e  numerical ly  dominant p a r a s i t e  under ho t  

d ry  c l i m a t i c  c o n d i t i o n s  i n  t h e  I n t e r i o r  of B.C. ,  wh i l e  A .  e .  e r v i  w a s  

numer ica l ly  dominant under t h e  r e l a t i v e l y  wet and mild c l i m a t i c  cond i t i ons  

of t h e  lower F r a s e r  Val ley .  It i s  suggested t h a t  t h e  e f f e c t  of w e t  o r  

humid c l i m a t e  reduces A .  smithi's  p o t e n t i a l  t o  c o n t r o l  t h e  pea aphid.  

A t o t a l  of 9,424 mummies w a s  c o l l e c t e d  a t  weekly i n t e r v a l s  (of one 

hour du ra t ion )  i n  an  a l f a l f a  f i e l d  near  Kamloops, B.C., dur ing  t h e  summers 

of 1971 and 1972. Only 72.7% of t h e  p a r a s i t e s  emerged (n = 6857) from t h e  

t o t a l  mummies c o l l e c t e d .  More primary p a r a s i t e s  emerged from t h e  mummies 

t han  h y p e r p a r a s i t e s ;  52.4% of 3,895 emergences i n  1971 and 68.1% of 2,962 

emergences i n  1972 were primary p a r a s i t e s .  During 1971 and 1972, 2,042 

and 2,015 primary p a r a s i t e s  emerged from t h e  samples,  r e s p e c t i v e l y ,  of 

which A .  smithi (80.9 and 75.6%) was t h e  most abundant,  w h i l e  A .  e .  puleher 

(12.6 and 19.3%) and P. pequodomun (6.0 and 4.7%) were l e s s  abundant. 



Low s p r i n g  tempera tures  inf luended  t h e  development of t h e  va r ious  

p a r a s i t e  s p e c i e s  d i f f e r e n t l y .  Aphidius smith; and A. e .  puZcher develop a t  

lower temperatures  t han  Praon pequodomun and were t h e r e f o r e  r e l a t i v e l y  more 

abundant i n  e a r l y  sp r ing .  D i s c r e t e  gene ra t ions  caused changes i n  t h e  

abundance of p a r a s i t e  s p e c i e s  dur ing  t h e  f i r s t  s p r i n g  crop.  However, in- 

c reased  temperatures  i n  summer and p a r a s i t e  responses t o  aphid popula t ion  

growth produced over lapping  gene ra t ions  and a n  average c o n t r i b u t i o n  of 70 

t o  80% by A. smith;, 1 3  t o  20% by A. e .  puleher, and 5 t o  10% by P. 

pequodomun t o  aphid p a r a s i t i s m  r a t e s  du r ing  t h e  second and t h i r d  crops.  

P reda t ion  of mummies by Cocc ine l l i d  a d u l t s  and Chrysopid l a r v a e  was 

n o t  s i g n i f i c a n t ,  w i th  a  mean l o s s  ranging from 0.8 t o  1.8% dur ing  both 

y e a r s  and a  maximum of 6.0% co inc id ing  wi th  Cocc ine l l i d  a d u l t  abundance i n  

t h e  s p r i n g  of 1972. Harves t ing ,  however, was a n  impor tan t  m o r t a l i t y  f a c t o r ,  

decimating mummies a t  t h e  end of each crop. 

Of t h e  t o t a l  number of mummies t h a t  y i e lded  emergents,  47.6 and 31.9% 

y ie lded  hype rpa ra s i t e s  i n  1971 and 1972, r e s p e c t i v e l y .  Asaphes Zucens 

(52.0 and 41.1%) and Lygocerus niger (23.6 and 34.7%) were numerical ly  t h e  

most abundant h y p e r p a r a s i t e s  i n  1971 and 1972, r e s p e c t i v e l y .  Hyperparas i tes  

d i d  no t  l i m i t  t h e  p a r a s i t e  popula t ion  growth phase, as dur ing  t h i s  per iod  

hyperparas i t i sm of p a r a s i t i z e d  aphids  r a r e l y  exceeded 1 5  t o  40%. However, 

a f t e r  aphid and p a r a s i t e  popula t ions  had peaked, hype rpa ra s i t i sm sometimes 

inc reased  r a p i d l y  t o  70 t o  85%. Th i s  w a s  probably due t o  a decreased number 

of p a r a s i t i z e d  h o s t s  r a t h e r  t han  t o  an i n c r e a s e  i n  h y p e r p a r a s i t e  abundance. 



CHAPTER V I I  

THE PEA APHID-PARASITE MODEL 

A .  In t roduc t ion  

The methods of a n a l y s i s  which a r e  s u i t a b l e  f o r  t h e  s tudy  of t h e  popu- 

l a t i o n  dynamics of i n s e c t s  having d i s c r e t e  gene ra t ions ,  such as t h e  "key 

f ac to r "  a n a l y s i s  (Morris ,  1959; Varley and Gradwell, 1960) ,  a r e  g e n e r a l l y  

i n a p p l i c a b l e  t o  i n s e c t s  w i th  over lapping  gene ra t ions  (Varley and - Gradwell, 

1970). Only r e c e n t l y  have f i r s t  a t t empt s  (Hughes and G i l b e r t ,  1968) t o  

ana lyse  aphid popula t ions  us ing  computer models been made. 

T h i s  chapter  s y n t h e s i z e s  a l l  t h e  r e l e v a n t  d a t a  obta ined  from t h e  lab- 

o r a t o r y  and f i e l d  s t u d i e s  i n  a computer s imu la t ion  model i n  an  a t tempt  t o  

understand more f u l l y  pea aph id -pa ra s i t e  popula t ion  dynamics i n  a n  a l f a l f a  

ecosystem. The model i s  an  ex tens ion  of t h e  methods used by Hughes and 

G i l b e r t  (1968),  G i l b e r t  and Hughes (1971),  and G i l b e r t  and Gu t i e r r ez  (1973). 

The a n a l y s i s  i s  e s s e n t i a l l y  d e s c r i p t i v e ,  u s ing  known b io logy  and l i f e  t a b l e  

c h a r a c t e r i s t i c s  of bo th  t h e  aphid and i t s  t h r e e  p a r a s i t e  s p e c i e s  t o  calcu-  

l a t e  aphid and p a r a s i t e  popula t ion  t r ends .  Where d e t a i l e d  informat ion  was 

l ack ing  on h y p e r p a r a s i t e  and p reda to r  b io logy ,  t h e i r  a c t i v i t y  was es t imated  

from f i e l d  d a t a  based on t h e  f i e l d  s tudy  made i n  Kamloops dur ing  t h e  y e a r s  

1971 and 1972. The model was b u i l t  a f t e r  a l l  t h e  d a t a  had been c o l l e c t e d ;  

t h u s ,  i t  i s  e s s e n t i a l l y  a  r e t r o s p e c t i v e  a n a l y s i s  organiz ing  t h e  d a t a  des- 

c r ibed  i n  t h e  preceding chap te r s  i n t o  a  workable s imula ted  l i f e  system (Fig.  

39). 



Figure 39. General flow diagram of Kamloops alfalfa pea aphid-parasite 

model. (Solid lines are direct relationships; dotted lines 

are probable relationships which are not used in the model.) 
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B. Materials and Methods , 

I .  Description of the Model. The model (Appendix 7,  Fig.  40) was 

w r i t t e n  i n  b a s i c  FORTRAN I V  language f o r  u s e  i n  t h e  Simon F r a s e r  Un ive r s i t y  

IBM 370/155 computer. The model is e s s e n t i a l l y  d e t e r m i n i s t i c  as only  

averages  were used,  i . e .  no e s t i m a t i o n  of b i o l o g i c a l  v a r i a b i l i t y  was in-  

corpora ted .  It approximates cont inuous b i o l o g i c a l  processes  by a s t e p  by 

s t e p  c a l c u l a t i o n .  - 

A l l  d a t a  used i n  t h e  model were obta ined  o r  c a l c u l a t e d  from t h e  lab-  

o r a t o r y  and f i e l d  d a t a  presented  i n  t h e  preceding chap te r s .  Some of t h e  

assumptions used were de r ived  from t h e  d a t a  and informat ion  obta ined  by 

o t h e r  a u t h o r s  and a r e  i n d i c a t e d  a s  such. A l l  v a l u e s  from t h e  a l f a l f a  t i p  

samples (Appendix 4) were d iv ided  by 100 t o  g i v e  t h e  average  number of 

aphids ,  p a r a s i t e s ,  and p reda to r s  pe r  one a l f a l f a  t i p .  Although t h e  model 

r e p r e s e n t s  a n  average  a l f a l f a  t i p  i n  f r a c t i o n a l  numbers, t h e r e  should not  

be  any d i f f i c u l t y  i n  cons ide r ing  t h e s e  popula t ion  t r e n d s  a s  occurr ing  i n  

a n  ave rage  a l f a l f a  f i e l d .  

The v a r i o u s  i n p u t  parameters  used are incorpora ted  i n  t h e  model i n  t h e  

form o f  DATA s t a t emen t s .  A g los sa ry  of t h e  symbols and terms accompanying 

t h e  b a s i c  model i s  shown i n  Appendix 7. 

a) The time-step length. Real  t ime i n  t h e  f i e l d  was converted 

i n t o  a p h y s i o l o g i c a l  t ime s c a l e  ( a s  descr ibed  i n  Chapter V) of day-degrees 

above 5.56OC t o  remove t h e  e f f e c t s  of temperature changes. Although t h e  

pea aph id  and p a r a s i t e  developmental r a t e s  were d i f f e r e n t  ( t h re sho ld  temp- 

e r a t u r e s  ranged from 5.56 t o  6.88OC), t h e  d i f f e r e n t  phys io log ica l  t i m e  

scales c a l c u l a t e d  from t h e  th re sho ld  tempera tures  were gene ra l ly  i n  cons tan t  



Figure 40. Flowchart of a d i g i t a l  computer programme t o  perform repeated 

simulations of a pea aphid-parasite biological  system. Time 

i s  measured on a physiological time sca le  (KA = 1 quip) during 

one a l f a l f a  crop a t  Kamloops, B . C .  
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propor t ion  dur ing  t h e  growing season  (Chapter V and Appendix 1 ) .  Thus, one 

b a s i c  t ime s c a l e  f o r  a l l  t h e  i n s e c t  s p e c i e s  could be  used. The model s t e p  

l e n g t h  o r  b a s i c  t ime u n i t  used was one "quip1' ( o r  a  q u a r t e r - i n s t a r  per iod)  

(Hughes and G i l b e r t ,  1968; G i l b e r t  and Gu t i e r r ez ,  1973).  It was c a l c u l a t e d  

from pea aphid development pe r iods  i n  Chapter I1 (Tables  I V  and X I I I ) .  The 

model i t e r a t e s  a t  one-quip-period a t  a  t ime. The v a r i o u s  s u b s c r i p t s  i n  t h e  

model denote  t i m e ;  i.e. (KA) is  t h e  phys io log ica l  t i m e  i n  qu ips  a f t e r  t h e  

f i r s t  of A p r i l ,  wh i l e  ( I  and J) a r e  ages  of t h e  i n s e c t s  measured i n  quips .  

The v a r i o u s  i n p u t  parameters  and va lues  a r e  i n i t i a l i z e d  i n  t h e  pro- 

gramme. One main DO-LOOP s imula t e s  t h e  aphid-paras i te -preda tor  i n t e r a c t i o n s  

over  t h e  season  a t  one qu ip  a t  a t ime (F ig .  40) .  

b)  The run length. The model l i f e  system i s  l i m i t e d  i n  t ime t o  

t h e  average  a l f a l f a  growing season. Once t h e  a l f a l f a  starts growing i n  

e a r l y  A p r i l ,  i t  is capable  of suppor t ing  t h e  pea aphid f u n d a t r i c e s  and a d u l t  

p a r a s i t e s  which emerge from diapause  soon a f t e rwards .  I n  autumn ( e a r l y  

October) t h e  f i r s t  heavy f r o s t s  k i l l  t h e  a l f a l f a  t o p  growth and t h e  non- 

d iapaus ing  aph ids  and p a r a s i t e s .  Thus t h e  model can run  dur ing  one season 

f o r  about  340 quips .  However, due t o  t h e  d i s r u p t i v e  e f f e c t s  of t h e  harves t -  

i n g  and t o  changeable weather  cond i t i ons ,  i t  w a s  d i f f i c u l t  t o  p r e d i c t  the 

number of aphids  and p a r a s i t e s  su rv iv ing  from one crop t o  ano the r ,  I t  was 

more convenient  t o  i n i t i a l i z e  t h e  a p p r o p r i a t e  number of aphids  and p a r a s i t e s  

a t  t h e  beginning of each crop  and a l low t h e  model t o  run  f o r  one c rop  pe r iod ,  

which could be  up t o  130 q u i p s ,  r a t h e r  t han  f o r  t h e  whole season.  

The i n i t i a l  v a l u e s  of aphid and p a r a s i t e  numbers t o  s t a r t  t h e  programme 

were obta ined  from t h e  f i r s t  a l f a l f a  t i p  samples of each crop.  The i n i t i a l  



p a r a s i t e  s p e c i e s  composi t ion was ob ta ined  from t h e  f i r s t  mummy sample. The 
I 

age and numbers of t h e  p a r a s i t e s  were backt racked  by t h e  a p p r o p r i a t e  num- 

ber  of q u i p s  t o  when t h e  f i r s t  a l f a l f a  t i p  sample of t h e  c rop  was taken.  

The model was set t o  p r i n t  p r e d i c t e d  c a l c u l a t i o n s  of aphid  and para- 

s i t e  numbers a t  t h e  a p p r o p r i a t e  p e r i o d s  when a c t u a l  f i e l d  samples were 

taken.  Thus p red i c t ed  va lues  could be  compared w i t h  t h e  observed popu la t i on  

t r e n d s .  

C )  The pea aphid bioZogy. i. Fundat r ices .  A l l  aph ids  were 

cons idered  t o  be  v iv ipa rous  par thenogenet ic  females  t h a t  were e i t h e r  winged 

( a l a t a e )  o r  wingless  ( a p t e r a e ) .  I n  e a r l y  s p r i n g  t h e  s t e m  mothers (funda- 

t r i c e s )  ha t ch  from overwin te r ing  eggs and a r e  t h e  f i r s t  pea aph ids  t o  f eed  

on t h e  a l f a l f a  p l a n t .  I n  t h e  model, t h e  f u n d a t r i c e s  were t r e a t e d  a s  

a p t e r a e ;  because t h e r e  was no d a t a  a v a i l a b l e  on t h e  b io logy  of  t h e  funda- 

t r i c e s ,  they  were assumed t o  have r ep roduc t ive  and developmental r a t e s  

s i m i l a r  t o  t h a t  of a p t e r o u s  v i rg inopa rae .  

ii. Aphid development. The mean d u r a t i o n  of t h e  v a r i o u s  l i f e  

s t a g e s  of ap t e rous  and a l a t e  pea aphids  a r e  shown i n  F ig .  41. These d a t a  

were c a l c u l a t e d  from t h e  l a b o r a t o r y  experiments  desc r ibed  i n  Chapter  11. 

The ap re rous  and a l a t e  f i r s t ,  second, and t h i r d  nymphal i n s t a r  pe r iods  a r e  

f o u r  qu ips  each,  wh i l e  t h e  a p t e r i f o r m  f o u r t h  i n s t a r  t a k e s  s i x  qu ips  and t h e  

a l a t i f o r m  f o u r t h  i n s t a r  seven quips .  The t o t a l  p re - reproduct ive  pe r iod  

t a k e s  21 quips  f o r  a p t e r a e  and 23 qu ips  f o r  a l a t a e .  The l a b o r a t o r y  and 

f i e l d  cage obse rva t ions  show t h a t  a d u l t  ap t e rous  and a l a t e  pea aphids  can 

l i v e  f o r  75 and 8 1  qu ips ,  r e s p e c t i v e l y .  Unless  k i l l e d  by e x t r i n s i c  m o r t a l i t y  

f a c t o r s  (such a s  p a r a s i t i s m ) ,  t h e  ap t e rous  and a l a t e  aph ids  d i e  of o l d  age 



Figure 41. The mean duration of the life stages of (A) apterous and (B) 

alate morphs of Acyrthosiphwn piswn and its associated para- 

sites, (C) Aphidius smith;, (D) A. e. pulcher, and (E) Praon 

pequodom, on a physiological time scale. Age in quips: 1 

quip = 6.2 day-degrees above 5.56"C. (N = nymphal instars; 

Pre-R = Pre-reproductive period; Post-R = Post-reproductive 

period. ) 
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t 
t ALATE g i v e  t h e  c u r r e n t  numbers of a p t e r a e  and a l a t e  of known age  (I) quips.  
1 

The programme i n i t i a l i z e s  t h e s e  va lues  wi th  PSTART and ASTART which a r e  

read  i n t o  APTRA and ALATE, r e s p e c t i v e l y  ( l i n e  33 ,  Appendix 7) a s  t h e  number 

of aphids  of known age  and morph a t  t h e  beginning of a crop  o r  t h e  beginning 

of t h e  programme run. 

iii. Reproduction of t h e  u n p a r a s i t i z e d  aph ids ,  Unparas i t ized  

aphid  r ep roduc t ion  i s  achieved by mul t ip ly ing  t o g e t h e r  t h e  c u r r e n t  numbers 

of r ep roduc t ive  a d u l t s  of age  I wi th  t h e  age - spec i f i c  p a t t e r n  of reproduc- 

t i o n  of a p t e r a e  and a l a t a e  c a l l e d  REPAP and REPAL, r e s p e c t i v e l y  (Fig.  42 

and l i n e  94 i n  Appendix 7 ) .  The p red ic t ed  number of progeny produced by 

t h e  fecund aphid age  group i s  added t o  working sums A and AX i n  a DO-LOOP. 

The progeny AX produced by a d u l t  a p t e r a e  can mature i n t o  a l a t e  o r  ap t e rous  

morphs, bu t  t h e  progeny A produced by a d u l t  a l a t a e  can  only  mature i n t o  

ap t e rous  a d u l t s .  The t o t a l  new progeny produced can not  be added t o  t h e  

aphid popu la t ion  u n t i l  (1)  t h e  progeny of p a r a s i t i z e d  aphids  have been 

c a l c u l a t e d  ( s e e  next  s e c t i o n ) ,  (2) t h e  p ropor t ion  of new progeny d e s t i n e d  

t o  be a l a t a e  have been c a l c u l a t e d ,  and (3) t h e  aphids  i n  t h e  popu la t ion  

have been "updated" o r  i nc reased  i n  age  by one quip .  Thus, t h e  newly pro- 

duced progeny a r e  n o t  added t o  t h e  aphid popu la t ion  u n t i l  l a t e r  i n  t h e  

model ( l i n e  222, Appendix 7) (Fig.  40).  

i v .  Development and reproduct ion  of t h e  p a r a s i t i z e d  aphids.  

Genera2 Statement. Aphids t h a t  have been p a r a s i t i z e d  can 

cont inue  t o  develop and produce progeny. However, t o  make p a r a s i t i z e d  

a d u l t  a p t e r a e  and a l a t a e  reproduce i n  t h e  model r e q u i r e s  a  d i f f e r e n t  



Figure  42. Mean age-spec i f ic  p a t t e r n  of reproduct ion  and development of 

ap t e rous  and a l a t e  pea aph ids ,  A. piswn, on a p h y s i o l o g i c a l  

t i m e  s c a l e  a s  used i n  t h e  model. ( 1  quip  = 6.2 day-degrees 

above 5.56"C) (roman numerals r e p r e s e n t  nymphal i n s t a r s ) .  





procedure ( o r  "bookkeeping" method), dl though t h e  s imple  p r i n c i p l e  o 

200 

f mult i -  

p ly ing  t h e  c u r r e n t  number of aphids  capable  of reproduct ion  wi th  t h e  age 

s p e c i f i c  r ep roduc t ive  p a t t e r n  i s  s t i l l  used. P a r a s i t i z e d  a p t e r a e  and a l a t a e  

from ages 21 t o  33 qu ips ,  con ta in ing  p a r a s i t e  immatures from age  1 t o  12  

qu ips ,  remain fecund. Thus t h e  t o t a l  number of a p t e r a e  o r  a l a t a e  i n  each 

age  group w i t h  p a r a s i t e s  aged 1 t o  1 2  qu ips  a r e  summed w i t h  t h e  working 

sums SP and SPAL from t h e  PARA and PARAL m a t r i c e s ,  r e s p e c t i v e l y  ( l i n e  100, 

Appendix 7).  Once t h e  number of reproduc ive  p a r a s i t i z e d  aphids  i s  known, 

t h e  a p p r o p r i a t e  age  s p e c i f i c  reproduct ion  is  app l i ed  and t h e  t o t a l  progeny 

produced added t o  AX and A ( l i n e  102, Appendix 7) .  

Detailed Statement. Because p a r a s i t i z e d  aphids  cont inue  t o  

develop and can  reproduce,  a record  of t h e s e  aphids  had t o  b e  kept  i n  a two- 

way t a b l e .  PARA(1,J) and PARAL(1,J) were set up a s  two (41 x 20) ma t r i ce s  

t o  keep a record  of t h e  number and ages  of p a r a s i t i z e d  a p t e r a e  and a l a t a e ,  

r e s p e c t i v e l y .  The numbers of p a r a s i t i z e d  aphids  of ages  I qu ips  ( i . e .  1 t o  

41) a r e  recorded w i t h  p a r a s i t e  ages  of J qu ips  ( i . e .  1 t o  20) i n  t h e s e  two " .  
mat r i ce s .  

Although more than  one p a r a s i t e  egg can  b e  l a i d  i n  a n  aphid ,  only one 

p a r a s i t e  a d u l t  w i l l  f i n a l l y  emerge from t h e  mummy. The m a t r i c e s  PARA and 

PARAL assume a r a t i o  of one p a r a s i t e  t o  one aphid.  Although t h e  numbers 

of each age of aphids  p a r a s i t i z e d  were recorded i n  t h e  m a t r i c e s ,  t h e  same 

numbers and ages  of j u v e n i l e  p a r a s i t e s  i n  t h e s e  aphids  a r e  d iv ided  i n t o  t h e  

c o r r e c t  p ropor t ions  of each p a r a s i t e  s p e c i e s  and recorded i n  t h e  v e c t o r s  

SMITH, PULCH, PRAON. T h i s  means t h a t  t h e  t o t a l  numbers of p a r a s i t e  j u v e n i l e s  

of each age a r e  recorded i n  both  t h e  m a t r i c e s  PARA and PARAL and i n  t h e s e  



I 

v e c t o r s .  The same s u r v i v a l  r a t e s  and ag ing  ( o r  updat ing)  a r e  app l i ed  t o  

bo th  t h e  v e c t o r s  and ma t r i ce s  t o  keep t h e  c o r r e c t  va lues  i n  p a r a l l e l .  

Because t h e  i n t e r r e l a t i o n s h i p  of on ly  A. piswn/A. smithi was s t u d i e d  

(Chapter  IV) and a s  no informat ion  i s  a v a i l a b l e  on t h e  e f f e c t  of A .  e .  

puZcher and P. pequodomun on pea aphid  reproduct ion ,  we w i l l  assume i n  t h i s  

s tudy  t h a t  a l l  p a r a s i t e  s p e c i e s  have t h e  same e f f e c t  on A. piswn reproduc- 

t i o n  a s  d i d  A. smithi  immatures. 

To o b t a i n  d a t a  on t h e  reproduct ion  of p a r a s i t i z e d  aphids  wi thout  com- 

p l i c a t i n g  t h e  computer programme t h e  fo l lowing  method was used. In s t ead  

of u s i n g  t h e  age - spec i f i c  f ecund i ty  p a t t e r n s  of p a r a s i t i z e d  aphids  as noted 

i n  Chapter  I V ,  t h e  f ecund i ty  p a t t e r n s  of u n p a r a s i t i z e d  aph ids ,  REPAP and 

REPAL (which were a l r eady  inco rpora t ed  i n  t h e  model), were used.  The ages 

of t h e  aph ids  when p a r a s i t i z e d  (X) and t h e  t o t a l  number of progeny produced 

(Y) b e f o r e  succumbing t o  p a r a s i t i s m  were obta ined  from Chapter I V  and a r e  

shownin Table  XXI. The u n p a r a s i t i z e d  ap te rous  and a l a t e  pea aphid fecun- 

d i t y  p a t t e r n s  (Fig.  42 o r  REPAP and REPAL i n  Appendix 7) were then  consul ted .  

By comparing t h e  accumulated t o t a l  progeny produced by a  p a r a s i t i z e d  aphid 

(Y) w i t h  t h a t  of an  u n p a r a s i t i z e d  aphid (e .g,  REPAP), t h e  age  of a n  un- 

p a r a s i t i z e d  aphid  producing t h e  equ iva l en t  t o t a l  progeny compared t o  a 

p a r a s i t i z e d  aphid  (Y) could be  determined ( s e e  Z i n  Table XXI). I f  t h e  

f e c u n d i t y  p a t t e r n  of a n  unpa ras i t i zed  aphid i s  used t o  d e s c r i b e  t h e  f ecund i ty  

of a  p a r a s i t i z e d  aphid ,  a common cut-off p o i n t  must be  found. That i s ,  i t  

was found t h a t  a t  whatever age an  aphid w a s  p a r a s i t i z e d  i t  took approximately 

12 q u i p s  f o r  t h e  p a r a s i t e  l a r v a  t o  s t o p  aphid reproduct ion  ( i . e .  u s i c ~  un- 

p a r a s i t i z e d  f ecund i ty  p a t t e r n s )  ( s e e  (X-Z) i n  Table  XXI). 
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! Using t h i s  method t h e  r e p r o d u c t h e  p a t t e r n  of a  p a r a s i t i z e d  aphid is  

no t  e x a c t l y  t h e  same a s  t h a t  of a h e a l t h y  u n p a r a s i t i z e d  aphid.  The d i f -  

f e r ence  i s  i n  t h e  r a t e  of progeny product ion;  i .e .  when t h e  p a r a s i t e  matures ,  

t h e  f ecund i ty  of t h e  p a r a s i t i z e d  aphid is c u t  o f f  ab rup t ly .  The method 

produces r e s u l t s  t h a t  a r e  l e s s  a c c u r a t e  t han  when us ing  t h e  a c t u a l  fecundi-  

t i e s  of t h e  p a r a s i t i z e d  aphids ;  however, t h e  accuracy l o s t  i s  w e l l  w i t h i n  

experimental  e r r o r .  The above method has  t h e  advantage of reducing  t h e  

complexity of t h e  computer programme and i n c r e a s e s  t h e  e f f i c i e n c y  of t h e  

programme running. 

v .  Propor t ion  of a l a t e  progeny produced, The p ropor t ion  of 

young aphids  produced by a p t e r a e  which develop i n t o  winged a d u l t s  i s  c a l l e d  

PROP. The va lue  of PROP i s  determined by t h e  popu la t ion  d e n s i t y  a f f e c t i n g  

t h e  a d u l t  a p t e r a e  a t  t i m e  KA ( l i n e  86 i n  Appendix 7 ) .  PROP is expressed 

a s  a  s imple  r e g r e s s i o n  l i n e  c a l c u l a t e d  from t h e  f i e l d  d a t a  i n  Chapter V 

f o r  each crop. The v a l u e  of PROP is  l a t e r  app l i ed  ( l i n e  221 i n  Appendix 7) 

t o  t h e  newly born progeny (AX) of t h e  a p t e r a e  and then  added t o  t h e  aphid 

popula t ion .  

v i .  Emigrat ion and immigration of u n p a r a s i t i z e d  and p a r a s i t i z e d  

a l a t a e .  I n  t h e  model a l l  a l a t e  (ALATE) produced emigrated a t  age  21 quips .  

I n  t h e  f i e l d  probably a  l i t t l e  over  80% of t h e  a l a t e s  produced t h a t  reached 

ma tu r i t y  emigrated from t h e  f i e l d  (Chapter V ) .  The remaining 20% mature 

a l a t e s  remained i n  t h e  f i e l d ,  probably due t o  e i t h e r  p a r a s i t i s m  o r  an  in-  

a b i l i t y  t o  f l y  . 
Migrant a l a t a e  have t o  be  over  t h e  age of 21 qu ips  t o  be a b l e  t o  f l y  

(Fig.  41).  However, a s  alatae mature t h e i r  wing muscles a u t o l y s e ,  causing 



t h e  aphids  t o  l o s e  t h e i r  a b i l i t y  t o  cbnt inue  f l y i n g  (Johnson, 1953). Thus, 

a l a t a e  are g iven  an  a r b i t r a r y  t h r e e  qu ips  from age 21 i n  which t o  d i s p e r s e  

o r  m i g r a t e  from o t h e r  f i e l d s  and a r r i v e  i n  t h e  s tudy  f i e l d  a t  age 24 quips ,  

a f t e r  which they cannot  f l y .  

It was no t  p o s s i b l e  t o  d i s t i n g u i s h  between a d u l t  a l a t a e  t h a t  remained 

i n  t h e  f i e l d  a f t e r  t h e i r  b i r t h  and t h o s e  t h a t  immigrated i n t o  t h e  f i e l d  from 

o t h e r  a r e a s .  I n  o r d e r  t o  e l i m i n a t e  t h e  problem of dec id ing  which a l a t a e  

were r e s i d e n t  c r  immigrant, i t  was assumed ( f o r  t h e  purpose of t h e  model) 

t h a t  a l l  a l a t a e  found i n  t h e  a l f a l f a  t i p  samples were immigrants.  To o b t a i n  

t h e  c u r r e n t  number of a d u l t  r ep roduc t ive  a l a t e s  i n  t h e  model, t h e  number of 

a l a t a e  found p e r  t i p  i n  t h e  a l f a l f a  t i p  samples (Chapter V) were read  i n t o  

ALATE (24) a t  t h e  a p p r o p r i a t e  sample t ime pe r iods  us ing  ALIMM. The a d u l t  

a l a t a e  of a l l  o t h e r  ages  occu r r ing  p rev ious ly  t o  t h e s e  a d d i t i o n s  were re-  

moved. Thus, a l l  a l a t a e  produced i n  t h e  f i e l d  emigra te  a t  age  21 quips  and 

begin  t o  reproduce normally.  The numbers of immigrant u n p a r a s i t i z e d  a l a t a e  

a t  each sample pe r iod  a r e  s t o r e d  i n  ALIMM and added t o  ALATE (24) a t  t h e  

a p p r o p r i a t e  KA t ime per iod .  

P a r a s i t i z e d  a l a r a e  a r e  t r e a t e d  i n  a s l i g h t l y  d i f f e r e n t  way. A l l  para- 

s i t i z e d  a l a t a e  of age  21 emigra te  w i t h  t h e  except ion  of t h o s e  a l a t a e  t h a t  

con ta in  p a r a s i t e s  aged 11 qu ips  o r  o l d e r .  Only a l a t a e  of age  21 wi th  para- 

s i t e  inmatures  of ages  1 t o  10 quips  can  emigrate .  The j u v e n i l e s  of a l l  

t h r e e  p a r a s i t e  s p e c i e s  a r e  assumed t o  have an  equa l  chance of emigra t ing  

w i t h i n  t h e  bodies  of t h e  a l a t a e .  Immigration of p a r a s i t i z e d  a l a t a e  is  per- 

formed by record ing  t h e  number of p a r a s i t i z e d  a l a t a e  ( d a t a  from a l f a l f a  t i p  

samples) i n  PLIMM and e n t e r i n g  t h e s e  d a t a  i n t o  t h e  PARAL(1,J) ma t r ix  a t  t h e  

a p p r o p r i a t e  sample t ime dur ing  KA ( l i n e  238, Appendix 7) .  



The numbers of immigrant a l a t a e  of age 24 (1)  qu ips  wi th  para- 

sites ages 4 t o  1 3  (J) quips  a r e  evenly d i s t r i b u t e d  i n t o  t h e  ma t r ix  PARAL 

and each p a r a s i t e  s p e c i e s  v e c t o r  ( l i n e  239, Appendix 7 ) .  

d)  Parasite biology. i. P a r a s i t e  development. The average l i f e  

h i s t o r y  of each p a r a s i t e  s p e c i e s  is shown i n  Fig.  41. The t o t a l  develop- 

ment t ime from t h e  d e p o s i t i o n  of a n  egg t o  p a r a s i t e  emergence was 30 quips  

f o r  Aphidius smithi, 32 quips  f o r  A. e. pulcher, and 36 quips  f o r  Praon 

pequodom (Fig.  41 and Chapter  111) .  The d a t a  i n  Chapter  I11 showed t h a t  

t h e  a d u l t s  of A. smithi could s u r v i v e  up t o  35 qu ips ,  A,  e ,  pulcher f o r  25 

qu ips ,  and P. pequodom f o r  35 qu ips  under l a b o r a t o r y  cond i t i ons .  The 

d u r a t i o n  of i n d i v i d u a l  egg,  l a r v a l ,  and pupal  s t a g e s  of each p a r a s i t e  s p e c i e s  

were es t imated  from rough l a b o r a t o r y  observa t ions .  On t h a t  b a s i s  t h e  t h r e e  

p a r a s i t e  s p e c i e s  c a t e g o r i e s  SMITH, PULCH, PRAON were set up. These ca te -  

g o r i e s  g ive  t h e  c u r r e n t  number of each p a r a s i t e  s p e c i e s  of known ages I 

quips.  The c a t e g o r i e s  a r e  i n i t i a l i z e d  wi th  predetermined va lues  i n  SMST, 

PUST , PRST ( l i n e  39, Appendix 7) . 
ii. P a r a s i t e  reproduct ion .  The r ep roduc t ive  p a t t e r n s  of each of 

t h e  t h r e e  p a r a s i t e  s p e c i e s  a r e  shown i n  Fig.  43. The o r i g i n a l  d a t a  ( D r .  M. 

Mackauer, unpublished d a t a )  were c a l c u l a t e d  on a  phys io log ica l  t ime s c a l e ,  

us ing  t h e  s p e c i f i c  h e a t  developmental requirements  (Chapter 111) t o  produce 

t h e  requi red  age - spec i f i c  r ep roduc t ive  p a t t e r n s  of each p a r a s i t e  spec i e s .  

The v e c t o r s  RESM, REPU, REPR inco rpora t e  t h e  l a b o r a t o r y  r ep roduc t ive  and 

s u r v i v a l  r a t e s  (m, 1,) a s  shown i n  Fig.  43 i n  t h e  model f o r  A. smithi, A. 

e. pulcher, and P. pequodomun, r e s p e c t i v e l y  ( l i n e s  10-12, Appendix 7 ) .  



Figure  4 3 .  Mean age-spec i f ic  p a t t e r n  of reproduct ion  of t h r e e  primary 

p a r a s i t e s  on a phys io log ica l  t ime s c a l e  ( 1  quip = 6 . 2  day- 

degrees above 5 . 5 6 O C ) .  





P a r a s i t e  r ep roduc t ion  i s  achiev6d by mul t ip ly ing  t h e  a c t u a l  number of 

each p a r a s i t e  s p e c i e s  of age  (J) by t h e  age - spec i f i c  f ecund i ty  p a t t e r n  

(Fig.  4 3 ) .  The t o t a l  p o s s i b l e  number of eggs t h a t  can  be  l a i d  f o r  each of 

t h e  t h r e e  p a r a s i t e  s p e c i e s  a r e  t hen  summed i n  TSM, TPA, TPR ( l i n e s  118-120, 

Appendix 7) .  These va lues  a r e  t h e  p o t e n t i a l  number of eggs t h a t  each para- 

s i te  s p e c i e s  is  t r y i n g  t o  l a y .  The a c t u a l  number of eggs l a i d  i s  de t e r -  

mined l a t e r  i n  t h e  programme ( s e e  s e c t i o n  on aph id -pa ra s i t e  i n t e r a c t i o n ) .  

iii. P a r a s i t e  s u r v i v a l .  Imatures. From t h e  exper imenta l  d a t a  

i n  Chapter  I V  aphids  were found t o  be  s u c c e s s f u l l y  p a r a s i t i z e d  between ages  

3 t o  22 quips .  There was a  lower p ropor t ion  of s u c c e s s f u l  mummification 

of aph ids  t h a t  were p a r a s i t i z e d  a t  a n  o l d e r  age  than  f o r  t h o s e  p a r a s i t i z e d  

a t  a n  earlier age  (Fig.  14 ) .  To compensate f o r  a  lower p ropor t ion  of aphids  

mummifying a f t e r  be ing  a t t a c k e d  a t  o l d e r  ages  and t o  apply  a n a t u r a l  morta- 

l i t y  f a c t o r  t o  p a r a s i t e  immatures, an  i n d i r e c t  method was used. A l l  aphids  

a t t a c k e d  by p a r a s i t e s  between ages  3 and 22 qu ips  a r e  assumed t o  be  success-  

f u l l y  p a r a s i t i z e d .  However, no t  a l l  of t h e s e  p a r a s i t i z e d  aphids  w i l l  l i v e  

o r  r each  t h e  mummy s t a g e .  By apply ing  a n  a r b i t r a r i l y  chosen cons t an t  sur-  

v i v a l  r a t e  SK (which i s  equa l  t o  0.97) t o  a l l  p a r a s i t i z e d  aphids  of age I 

f o r  each  seasona l  t ime i n t e r v a l  KA, t h e  d e s i r e d  m o r t a l i t y  r a t e  of p a r a s i t e  

immatures and t h e i r  h o s t  aphid is  c a l c u l a t e d .  Th i s  s u r v i v a l  r a t e  imposed 

01. he p a r a s i t e  l a r v a e  makes t h e  output  r e s u l t s  more r e a l i s t i c  i n  terms of 

a?,. . d - p a r a s i t e  f i e l d  d e n s i t i e s .  

Adults. The s u r v i v a l  of a d u l t  p a r a s i t e s  i n  t h e  f i e l d  i n  

terms of l o s s  due t o  n a t u r a l  m o r t a l i t y ,  emigra t ion ,  weather ,  and o t h e r  

f a c t o r s  were n o t  measured i n  t h e  f i e l d .  However, a n  a d u l t  s u r v i v a l  r a t e  



t 

was r equ i r ed  t o  make p a r a s i t e  numbers and reproduct ion  more r e a l i s t i c .  

Thus, a d u l t  s u r v i v a l  was a r b i t r a r i l y  modified by in t roduc ing  a  per-quip 

s u r v i v a l  r a t e  f o r  a d u l t  p a r a s i t e s ,  PASU. P a r a s i t e  reproduct ion  was modi- 

f i e d  by applying PASU t o  t h e  o r i g i n a l  r ep roduc t ive  v a l u e s  expressed i n  

RESM, REPU, REPR t o  new surv iva l - reproduct ive  ( Ix  mx) r a t e s  and ass igned  

t o  RPSM, RPPU, RPPR, r e s p e c t i v e l y .  The a p p l i c a t i o n  of PASU i n  e f f e c t  

changes t h e  t i m e  p a t t e r n  of egg l a y i n g  by reducing t h e  number-of eggs l a i d /  

f  emalelquip ( l i n e s  50-52, Appendix 7 ) .  

The v a l u e  of PAW, 0.25, was chosen empi r i ca l ly .  It reduces t h e  mean 

t o t a l  f ecund i ty  of 774 eggs p e r  female of A .  smithi, 316 of A .  e .  putcher, 

and 199 of P. pequodomun ( a s  observed under l abo ra to ry  cond i t i ons )  t o  193.5, 

79.0, and 49.75 eggs pe r  female,  r e s p e c t i v e l y .  T h i s  i s  a completely a r t i f i -  

c i a l  e s t ima t ion ,  express ing  a  b i o l o g i c a l  e f f e c t  i n  t h e  f i e l d  which i s  known 

t o  e x i s t  b u t  was no t  measured. 

I t  is p o s s i b l e  t h a t  t h e r e  i s  a d i f f e r e n c e  i n  t h e  emigra t ion  rates of 

each of t h e  p a r a s i t e  s p e c i e s .  For i n s t a n c e ,  A .  smithi probably has  a  h igher  

emigra t ion  r a t e  t han  P. pequodomm. However, a t  p re sen t  t h e r e  is no ev i -  

dence o r  d a t a  t o  q u a n t i f y  d i f f e r e n t i a l  emigra t ion ;  t hus ,  a n  equa l  o v e r a l l  

s u r v i v a l  r a t e  (PASU) was app l i ed  t o  a l l  t h r e e  s p e c i e s  a t  t h e  same time. 

i v .  Hyperparasi t ism and sex  r a t i o  of t h e  primary p a r a s i t e s .  A 

s imple method t o  d e s c r i b e  t h e  m o r t a l i t y  of primary p a r a s i t e s  from hyper- 

p a r a s i t i s m  was used. The s u r v i v a l  r a t e s  of t h e  primary p a r a s i t e s  from 

hype rpa ras i t e  a c t i v i t y ,  HYPER, over a  phys io log ica l  t ime s c a l e  were measured 

d i r e c t l y  from t h e  mummy samples c o l l e c t e d  dur ing  each growing season i n  

1971 and 1972 a t  Kamloops. HYPER is  expressed by equat ions  which a r e  solved 



when (KA) the time of season is known; the equations are shown in Table 

XIX (and in lines 133-157, Appendix 7). All hyperparasite species are 

lumped together. It is assumed that each primary parasite species has an 

equal chance of being attacked by the hyperparasites. This assumption may 

not be entirely correct, as in the field some hyperparasite species may 

show specificity towards one or a few parasite species (Gutierrez, 1970). 

HYPER is applied as a survival rate at the appropriate time in the season to 

the numbers of parasites emerging from the mummies. Although a hyper- 

parasite will take longer to emerge from a mummy than a primary parasite, 

this is not important because we are only interested in the actual number 

of primaries which will emerge (i.e. the mummies containing hyperparasites 

are eliminated as a mortality factor at the time of primary parasite emer- 

gence) . 
The sex ratio of each parasite species was calculated from the over- 

all mean proportion of females emerging from all the mummy samples collected 

in the field (Table XVIII) during both years. The sex ratios are applied 

at the time of parasite emergence. Thus all parasite adults in the model 

are assumed to be females which have been mated at the time of emergence. 

e )  Predation. Predators were considered as a general mortality 

factor of parasite and aphid populations. From the field samples the num- 

bers of the more important predators were obtained (Chapter V), while the 

overall predator voracities and developmental rates were determined from 

the laboratory studies and the literature (Appendices 2 and 3). To reduce 

the number of predator data statements in the model to a minimum, all pre- 

dator types were converted to one tc a1 of equivalent predator numbers 



accord ing  t o  t h e i r  v o r a c i t i e s  (chapte; V ,  F ig .  23). A l l  p r eda to r  numbers 

were expressed i n  terms of t h e  Cocc ine l l i d  l a r v a l  f eed ing  r a t e  of 9.6 

aph ids lqu ip ,  and t h e  converted observed p reda to r  numbers were read  i n t o  

PRED(KA). The t o t a l  demand f o r  aphids  o r  "voraci ty"  by t h e  p r e d a t o r s  f o r  

each t ime s t e p  KA is  t h e  product  of t h e  feeding  r a t e  ( i . e .  9.6 aphids lquip)  

and t h e  equ iva l en t  t o t a l  number of p r e d a t o r s  observed i n  t h e  f i e l d  sample. 

A l l  p r eda to r s  were assumed t o  s e a r c h  a t  random f o r  aphids  ( ~ S n s c h ,  1966; 

Dixon, 1959; Murdoch and Marks, 1973; Schneider ,  1969).  The t o t a l  p reda to r  

demand f o r  aphids  is made p r o p o r t i o n a l  t o  t h e  t o t a l  number of aphids  ava i l a -  

b l e  t o  b e  ea ten .  The ze ro  term of a  Poisson d i s t r i b u t i o n  is  used t o  

determine t h e  p ropor t ion  of aphids  escaping  p reda t ion  (Hughes and G i l b e r t ,  

1968). Th i s  p ropor t ion  a l lows  t h e  p reda to r s  t o  respond t o  changes i n  

aphid numbers. The c a l c u l a t i o n  of t h e  p reda t ion  f a c t o r  i s  by no means a n  
* 

a c c u r a t e  r e p r e s e n t a t i o n  of what a c t u a l l y  happens i n  t h e  f i e l d  s i t u a t i o n .  

However, t h i s  c rude  e s t i m a t i o n  of t h e  p reda t ion  r a t e  u t i l i z e s  a l l  t h e  

r e l e v a n t  in format ion  t h a t  i s  a v a i l a b l e .  Then t h e  p r e d a t i o n  f a c t o r  PREDN 

( l i n e  104, Appendix 7) is app l i ed  t o  bo th  p a r a s i t i z e d  and u n p a r a s i t i z e d  

aphids of a l l  ages.  I f  a  p a r a s i t i z e d  aphid d i e s  from p reda t ion ,  t h e  para- 

s i te  w i t h i n  t h e  aphid a l s o  d i e s .  The c a l c u l a t e d  p reda t ion  r a t e s  a r e  pro- 

bably of s u f f i c i e n t  magnitude t o  produce aphid  and p a r a s i t i z e d  aphid morta- 

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

f) Aphid-parasite interaction. TSM, TPU, TPR a r e  t h e  t o t a l  

number of eggs which t h e  t o t a l  number of each p a r a s i t e  s p e c i e s ,  A. smithi, 

A. e. pulcher, and P. pequodomun, r e s p e c t i v e l y ,  a r e  t r y i n g  t o  l a y  du r ing  

t h e  c u r r e n t  time-st.ep (KA). They were c a l c u l a t e d  ( i n  t h e  p a r a s i t e  repro-  



.c t ion  
I 

s e c t i o n )  from t h e  numbers of a d u l t  p a r a s i t e s  of v a r i o u s  ages ,  

SMITH(I), PULCH(I), PRAON(I), and t h e i r  a p p r o p r i a t e  f ecund i ty  p a t t e r n s ,  

RPSM, RPPU, and RPPR, r e s p e c t i v e l y .  The t o t a l  numbers of aph ids  i n  t h e  

c u r r e n t  t ime s t e p  (KA) which a r e  s u s c e p t i b l e  t o  p a r a s i t e  a t t a c k  a re :  

(1) a p t e r a e  and a l a t a e  (TN) between t h e  ages 3 t o  22 qu ips ,  and (2)  newly 

p a r a s i t i z e d  aphids  w i t h  p a r a s i t e  eggs of age 1 quip (TNP) ( l i n e  168, Appen- 

d i x  7 ) .  

The p a r a s i t e  demand f o r  aphids  is  made p r o p o r t i o n a l  t o  t h e  t o t a l  aphid 

popula t ion  (TN, TNP) which can  be p a r a s i t i z e d .  Because t h e r e  i s  no s p e c i f i c  

in format ion  a v a i l a b l e  on t h e  sea rch ing  behaviour  of t h e s e  p a r a s i t e  s p e c i e s  

i n  t h e  a l f a l f a  f i e l d ,  i t  is  assumed t h a t  a l l  t h r e e  p a r a s i t e  s p e c i e s  s ea rch  

f o r  and f i n d  aphids  a t  random. Thus t h e  p ropor t ion  of aphids  which escape 

p a r a s i t i s m  is determined a s  t h e  ze ro  term of a  Poisson d i s t r i b u t i o n  (Hughes 

and G i l b e r t ,  1968) ( l i n e s  170-172, Appendix 7 ) .  SSM, SPU, and SPR a r e  t h e  

s u r v i v a l  r a t e s  of t h e  aphid  popula t ion  a f t e r  be ing  a t t a c k e d  by A. smithi, 

A. e. puleher, and P. pequodom, r e s p e c t i v e l y .  The r e s t  of t h e  programme 

s e c t i o n  ( l i n e s  173-178, Appendix 7) u ses  t h e s e  s u r v i v a l  r a t e s  t o  c a l c u l a t e  

t h e  numbers of new aphids  p a r a s i t i z e d ,  aphids  su rv iv ing  p a r a s i t i s m ,  and t h e  

new i n d i v i d u a l s  of each p a r a s i t e  s p e c i e s  t o  b e  added t o  t h e  aphid and para- 

s i te  popula t ion .  

g )  'Aging ' or  updating of aphids and parasites. For each t ime 

s t e p  (KA) t h e  programme advances t h e  p a r a s i t i z e d  and u n p a r a s i t i z e d  a p t e r a e  

and a l a t a e  and t h e  t h r e e  p a r a s i t e  s p e c i e s  by one u n i t  of age  o r  by one quip. 

The method used s t a r t s  w i t h  t h e  o l d e s t  age-groups and works downwards, u s ing  

a d i r e c t  loop (e.g.  c o n t r o l l e d  by l i n e s  191-198, Appendix 7) i n s t e a d  of 



a DO s ta tement .  The programme then  i d d s  t h e  newly born  aphids  from t h e  

c a l c u l a t e d  aphid  r ep roduc t ion  t o  t h e  youngest age  group ( I  = 1 ) .  The 

appropr i a t e  p ropor t ion  of young a l a t e s  and a p t e r a e  a r e  en t e red  by us ing  

t h e  p rev ious ly  c a l c u l a t e d  v a l u e  of PROP ( l i n e s  221-223, Appendix 7 ) .  

The rest of t h e  programme e s s e n t i a l l y  c o n s i s t s  of bookkeeping; up- 

d a t i n g  t h e  aphids  and apply ing  t h e  v a r i o u s  m o r t a l i t y  f a c t o r s  o r  s u r v i v a l  

r a t e s ,  such a s  p reda t ion  and emigra t ion  and adding new aphid progeny (pre- 

v i o u s l y  c a l c u l a t e d )  t o  t h e  a p p r o p r i a t e  v e c t o r s  o r  m a t r i c e s  (Fig. 40).  

The DO-LOOP i t e r a t e s  over  a number of t ime-steps (KA) (F ig .  40) u n t i l  

t h e  maximum va lue  of KA i s  reached,  when t h e  programme t e rmina te s .  

h) Print-out. A t  t h e  end of each i t e r a t i o n  i n  t h e  programme, 

i f  t h e  t ime i n  t h e  season  KA i s  equal  t o  t h e  t ime of a  f i e l d  sample, an  I F  

s ta tement  d i r e c t s  t h e  programme t o  p r i n t  ou t  t h e  c u r r e n t  p red ic t ed  aphid 

and p a r a s i t e  popula t ion  v a l u e s  (Fig. 40).  The observed immigrant alatae 

a r e  a l s o  added t o  t h e  aphid and p a r a s i t e  popula t ion  a t  t h i s  t i m e .  

Each aphid s t a g e  and morph i s  t o t a l l e d  and p r i n t e d  o u t ,  Only t h e  

t h i r d  i n s t a r  o r  o l d e r  aphids  t h a t  a r e  p a r a s i t i z e d  a r e  shown ( t o  correspond 

t o  observed f i e l d  d a t a  d i s s e c t i o n s ) .  Only p a r a s i t e  j u v e n i l e s  o l d e r  t han  

3 quips  a r e  cons idered  because very  young p a r a s i t e  eggs of 1 t o  3 quips  

probably were no t  d e t e c t e d  wi th  accuracy i n  t h e  f i e l d  samples. 

The fo l lowing  is  a l i s t  of t h e  d a t a  provided i n  t h e  pr in t -out :  

1. T o t a l  number of aphids.  

2. Numbers of each aphid s t a g e  and morph. 

3. P ropor t ion  of f i r s t  i n s t a r  aphids  t o  become a l a t a e .  

4. T o t a l  number of p a r a s i t e  l a r v a e .  



5 .  T o t a l  number of p a r a s i t e  muhrmies. 

6 .  Propor t ion  of p a r a s i t i s m ;  p a r a s i t e  l a r v a e  and/or  mummies included.  

7. Spec ies  composition of p a r a s i t e s  from t h e  t o t a l  number of mummies. 

8. Propor t ion  of aphid popula t ion  m o r t a l i t y  due t o  preda t ion .  

C .  R e s u l t s  

When t h e  model was f i r s t  run ,  i t  gave u n r e a l i s t i c  answers,  and t h e  

p r e d i c t e d  popula t ion  t r e n d s  of bo th  t h e  aphid and p a r a s i t e s  d i d  n o t  compare 

w e l l  w i t h  t h e  observed f i e l d  d a t a .  A f t e r  a  number of ad jus tments  i n  t h e  

11 sca l ing"  of t h e  i n i t i a l  i n p u t  parameters  and assumptions,  t h e  model began 

t o  produce reasonably r e a l i s t i c  popu la t ion  p r e d i c t i o n s .  Tab le  XXIII g ives  

an  example of  t h e  type  of p r in t -ou t  produced by t h e  model. The t a b l e  com- 

p a r e s  t h e  a c t u a l  aphid and p a r a s i t e  numbers observed i n  t h e  a l f a l f a  t i p  

samples wi th  t h e  p red ic t ed  va lues  from t h e  model f o r  t h e  pe r iod  of t h e  

f i r s t  c rop  dur ing  1972. The p r e d i c t e d  va lues  g e n e r a l l y  a g r e e  w i t h  t h e  

observed changes i n  aphid and p a r a s i t e  numbers and s t a g e s .  The fo l lowing  

s e c t i o n s  g i v e  an  account  of t h e  ad jus tments  made t o  t h e  model and t h e  im- 

p o r t a n t  c h a r a c t e r i s t i c s  of t h e  model's s imu la t ion  of a n  aph id -pa ra s i t e  

system. 

I .  Input Parameters. a) Aphids. The i n i t i a l  va lues  ( i . e .  aphid 

numbers and age s t r u c t u r e )  used i n  t h e  model were obta ined  from t h e  f i r s t  

sample of each crop. I n  t h e  model, f o r  crop 1, 1972, i t  w a s  found t h a t  

some a d d i t i o n a l  a d u l t  a p t e r a e  had t o  b e  added t o  t h e  i n i t i a l  va lues  (Table 

XXIII) t o  produce t h e  d e s i r e d  popula t ion  growth r a t e .  T h i s  sugges t s  t h a t  

t h e r e  was a sampling e r r o r  o r  some incons i s t ency  i n  t h e  f i e l d  samples,  a s  
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they  d i d  not  d e t e c t  a l l  a d u l t  aphids  i n  t h e  f i e l d  a t  qu ip  4 b u t  d i d  a t  quip 

11 (Table XXIII). The model s a y s  t h a t  aphid nymphs a t  qu ip  4 could no t  

have developed i n t o  a d u l t s  u n t i l  a f t e r  quip 11. It should b e  noted t h a t  t h e  

a d u l t  aphids  i n  quips  4 ,  11, 17 (shown a s  a p t e r a e  i n  Table  XX) a r e  a c t u a l l y  

f u n d a t r i c e s .  Indeed, i f  we r e j e c t  t h e  p o s s i b i l i t y  of a  sampling e r r o r ,  t h e  

model sugges t s  t h a t  t h e  immature f u n d a t r i c e s  probably have a lower develop- 

mental  temperature t h re sho ld  and could develop f a s t e r  t han  imniature v i rg ino -  

pa rae  dur ing  t h e  s p r i n g .  

I n  most runs  of t h e  model, however, t h e  u s e  of t h e  aphid numbers and 

age  s t r u c t u r e  of t h e  f i r s t  samples of each crop a s  i n i t i a l  v a l u e s  t o  pre- 

d i c t  aphid popula t ion  growth were gene ra l ly  q u i t e  adequate  (F ig .  46) .  

The p red ic t ed  number of a l a t e  f o u r t h  i n s t a r s  g e n e r a l l y  agreed wi th  t h e  

observed va lues  (e .g.  s e e  AL4 and PROP i n  Table XXIII). I n  t h e  model, most 

a l a t a e  reaching  ma tu r i t y  emigrated from t h e  f i e l d .  However, i f  t h e  model 

w a s  changed s o  t h a t  no a l a r a e  were allowed t o  emigra te  and/or  t h e r e  was an  

i n c r e a s e  i n  t h e  number of immigrant a l a t a e ,  t h e  model would p r e d i c t  a 

tremendous aphid popu la t ion  inc rease .  Any d e t a i l e d  s imu la t ions  of t h e  

e f f e c t  of changes i n  a l a t e  product ion  and mig ra t ion  on aphid and p a r a s i t e  

popula t ions  (such a s  desc r ibed  by G i l b e r t  and Hughes, 1971) were not  consi-  

dered t o  be  i n  t h e  scope of t h i s  t h e s i s .  

b) Parasites. The i n i t i a l  p a r a s i t e  numbers used were reasonably 

accu ra t e  i n  p r e d i c t i n g  t h e  percent  p a r a s i t i s m  r a t e s  a c t u a l l y  experienced 

i n  t h e  f i e l d .  Although t h e  a c t u a l  i n i t i a l  numbers and ages of p a r a s i t e  

immatures could b e  c a l c u l a t e d  from t h e  a l f a l f a  t i p  samples,  i t  was d i f f i c u l t  

t o  dec ide  which i n i t i a l  d e n s i t y  of p a r a s i t e  a d u l t s  should be  used.  I n  



a d d i t i o n ,  some a d u l t s  of each s p e c i e s  had t o  b e  p r e s e n t  a t  t h e  

s t a r t  of t h e  programme run  t o  prevent  t h e  occurrence of w i ld  f l u c t u a t i o n s  

i n  p a r a s i t e  numbers. However, no a c c u r a t e  e s t i m a t i o n  of a d u l t  p a r a s i t e  

d e n s i t y  from t h e  f i e l d  samples d a t a  was a v a i l a b l e .  To overcome t h i s  prob- 

lem an i n d i r e c t  approach was used. An a r b i t r a r y  e s t i m a t i o n  of  t h e  number 

of p a r a s i t e  a d u l t s  was used s o  t h a t  t h e  c o r r e c t  pe rcen t  p a r a s i t i s m  r a t e s  

of a t  l e a s t  t h e  f i r s t  and second sample pe r iods  i n  t h e  crop were obtained.  

Equal numbers of a d u l t s  of each p a r a s i t e  s p e c i e s  were always used a s  i n i t i a l  

va lues ,  a l though t h e  a d u l t  ages  of each p a r a s i t e  s p e c i e s  were v a r i e d  occa- 

s i o n a l l y  ( l i n e s  19 t o  21, Appendix 7 ) .  Th i s  method worked w e l l  f o r  most 

runs  (e.g.  Table XXIII). 

Table XXIII shows t h a t  t h e  p red ic t ed  pe rcen t  p a r a s i t e  s p e c i e s  composi- 

t i o n  of t h e  t o t a l  mummies gene ra l ly  agreed wi th  t h e  observed va lues .  The 

changes i n  p a r a s i t e  s p e c i e s  abundance (d iscussed  i n  d e t a i l  i n  Chapter VI) 

dur ing  t h e  s p r i n g  were a t t r i b u t e d  t o  d i s c r e t e  gene ra t ions  occu r r ing  as 

shown i n  t h e  model (Table XXIII).  I n  t h e  l a t e r  c rops  t h e r e  were gene ra l ly  

more A. smithi mummies be ing  produced. Th i s  suggested a n  over lapping  of 

gene ra t ions  which w a s  achieved i n  t h e  model by having a l a r g e  number of 

a l l  s t a g e s  of a d u l t s  and imrnatu->s be ing  produced a t  t h e  same t i m e .  I n  

t h e  f i e l d  t h e  d i s c r e t e  gene ra t ion  e f f e c t  was probably c o n t i n u a l l y  d i f f u s e d  

( e s p e c i a l l y  e a r l y  i n  each crop)  by t h e  c o n t i n u a l  d i s p e r s a l  of p a r a s i t e  

a d u l t s  from one a l f a l f a  f i e l d  t o  another .  Although I have no d a t a  t o  

suppor t  t h i s  assumption, van den Bosch e t  aZ. (1966) have found l a r g e  num- 

b e r s  of A. smithi females  moving from one f i e l d  t o  another .  



c) Predators, The same p reda t ion  r a t e  was a p p l i e d  t o  bo th  para- 

s i t i z e d  and u n p a r a s i t i z e d  aphids .  Aphid m o r t a l i t y  due t o  p r e d a t i o n  r z  d 

from 0.0 t o  30% (e.g.  Table  XXIII) of t h e  t o t a l  aphid popu la t ions  through- 

o u t  bo th  y e a r s ,  which w a s  g e n e r a l l y  not  a s  h igh  as t h e  p a r a s i t i s m  r a t e s  

which on occas ion  reached over  80% of t h e  aphid popula t ion .  The combination 

of bo th  p reda t ion  and p a r a s i t i s m  rates were important  i n  reducing  aphid  

popula t ions .  

When t h e  p reda t ion  r a t e  was extremely s e v e r e ,  t h e r e  were few aphids  and 

an  overabundance of p r e d a t o r s  such as i n  crop 1, 1972, and t h e  f i r s t  few 

samples of crop 3 ,  1971. I n  t h e s e  c a s e s  t h e  observed e q u i v a l e n t  p r e d a t o r  

t o t a l s  i n  combination wi th  t h e  h igh  f eed ing  rates of 9.6 aph ids lqu ip  and 

low aphid d e n s i t i e s  caused t h e  aphids  t o  go e x t i n c t .  Under t h e s e  circum- 

s t a n c e s  i t  was obvious t h a t  t h e  model overes t imated  p r e d a t o r  a c t i v i t y .  The 

a c t u a l  number of p r e d a t o r s  per  t i p ,  as determined by t h e  f i e l d  samples,  

could no t  b e  changed a s  t h e  observed f i e l d  d a t a  were assumed t o  be  reasonably 

accu ra t e .  Rather  t h e  f eed ing  r a t e  of t h e  C o c c i n e l l i d s  was probably over- 

es t imated .  Thus, t h e  feeding  r a t e s  were reduced from 9.6 t o  2.0 aphids /  

qu ip  t o  achieve  a  r e a l i s t i c  aphid popu la t ion  t r end .  It should b e  noted 

t h a t  when t h e r e  were h igh  aphid d e n s i t i e s  and h igh  p r e d a t o r  numbers (e.g.  

c rops  2 and 3 i n  1971),  t h e  aphid popu la t ion  managed t o  s u r v i v e  wi thout  

r e q u i r i n g  any changes t o  p reda to r  v o r a c i t y .  

It i s  s u r p r i s i n g  t h a t  t h e  C o c c i n e l l i d s  reproduced i n  t h e  f i e l d  dur ing  

s p r i n g ,  1972, when t h e r e  were low aphid numbers, wh i l e  t h e  C o c c i n e l l i d s  

d i d  n o t  reproduce i n  s p r i n g ,  1971, when t h e r e  were h ighe r  aphid  numbers 

(Appendices 4 ,  5). Indeed, t h e  e f f e c t  of t h e  p r e d a t o r s  on t h e  aphid popula- 



t i o n  is  l i t t l e  understood,  e s p e c i a l l i  when cons ider ing  f a c t o r s  such a s  t h e  

sea rch ing  behaviour of t h e  va r ious  p reda to r  s p e c i e s  and t h e i r  a b i l i t y  t o  

feed  on a l t e r n a t i v e  prey when aphid numbers a r e  low i n  t h e  f i e l d .  

2, Parasite survivaZ and reproduction. One of t h e  problems of 

11 sca l ing" ,  o r  ob ta in ing  p red ic t ed  aphid and p a r a s i t e  popu la t ion  va lues  t h a t  

correspond t o  t h e  observed f i e l d  d a t a ,  was dec id ing  on t h e  c o r r e c t  reproduc- 

t i v e  capac i ty  of t h e  p a r a s i t e s .  I f  t h e  p a r a s i t e s  were al lowed t o  l a y  t h e i r  

f u l l  complement of eggs,  t h e  aphid popula t ions  were unable t o  cope wi th  

such h igh  m o r t a l i t y  p r e s s u r e s  and became e x t i n c t .  Thus, a  low s u r v i v a l  

r a t e  (PASU) was a p p l i e d  t o  t h e  p a r a s i t e  r ep roduc t ive  rates (Fig .  44) t o  

reduce p a r a s i t e  p r e s s u r e  on t h e  aphid popula t ion .  

By apply ing  v a r i o u s  s u r v i v a l  r a t e s  (PASU) t o  t h e  p a r a s i t e  r ep roduc t ive  

r a t e s  (Fig.  44) and observ ing  t h e  changes i n  aphid popula t ion  numbers, t h e  

c o r r e c t  va lue  of PASU could be  es t imated .  To i l l u s t r a t e  t h i s  method of 

I I s ca l ing"  I have used t h e  same inpu t  va lues  and parameters  a l r e a d y  descr ibed  

f o r  crop 1, 1972 (Table XXIII and Appendix 7 ) .  The only  va lues  changed were 

t h e  p a r a s i t e  s u r v i v a l  r a t e s  s t a r t i n g  a t  0.05 and incremented by 0.05 up t o  

1.0. The c r i t e r i o n  used f o r  p a r a s i t e  success  i n  suppress ing  t h e  aphid 

popula t ion  was t h e  t o t a l  number of aphids  per  t i p  a t  t h e  end of t h e  crop. 

The e f f e c t  of changing PASU on t h e  aphid popula t ion  a t  t h e  end of t h e  crop 

1, 1972, is  shown i n  Fig.  45. (N.B. Consider only t h e  curve descr ibed  a s  

1 I p a r t i a l  d i scr imina t ion1 '  i n  Fig.  45 f o r  t h e  p r e s e n t ;  p a r a s i t e  discr imina-  

t i o n  is  d iscussed  l a t e r  i n  t h i s  s e c t i o n . )  With an  i n c r e a s e  i n  t h e  s u r v i v a l  

r a t e  t h e r e  i s  a n  i n c r e a s e  i n  t h e  p a r a s i t e  r ep roduc t ive  c a p a c i t y  (Fig.  441, 

causing h ighe r  m o r t a l i t y  i n  t h e  aphid popula t ion  (Fig.  45).  When PASU 



Figure 44. A comparison of t h e  t o t a l  fecundi ty  of t h r e e  p a r a s i t e  spec ies  

of t h e  pea aphid when a s u r v i v a l  r a t e  (PASU) i s  app l i ed  t o  t h e  

p a r a s i t e  a d u l t  reproduct ive  r a t e s .  





i 
b 
! Figure  45. The e f f e c t  of changing t h e  p a r a s i t e  s u r v i v a l  r a t e s  (PASU) on 
! 

t h e  t o t a l  aphid  popu la t ion  a t  t h e  end of crop 1, 1972. ( A l l  

i n i t i a l  va lues  used a r e  shown i n  Table  X X I I I  and Appendix 7 , )  

I 

i Complete d i s c r i m i n a t i o n  = only  u n p a r a s i t i z e d  aphids  of age  3 
i 
is t o  22 qu ips  a t t a c k e d  by p a r a s i t e s ;  p a r t i a l  d i s c r i m i n a t i o n  = 
i 

only  u n p a r a s i t i z e d  and p a r a s i t i z e d  ( p a r a s i t e  age 1 quip)  aphids  

of age  3 t o  22 qu ips  a t t a c k e d ;  no d i s c r i m i n a t i o n  = a l l  aphids ,  

whether p a r a s i t i z e d  o r  n o t ,  a t t acked .  Arrow denotes  t h e  va lue  

PASU (0.25) which was used t o  o b t a i n  t h e  t o t a l  aphid popu la t ion  
! 
I ( i . e .  7.9 a p h i d s l t i p )  a t  t h e  end of c rop  1 ( o r  quip  73) i n  

Table X X I I I .  
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reaches 0.35 t h e  p a r a s i t e s  become too' f i e r c e ,  causing t h e  aphid populat ion 

t o  become e x t i n c t  a t  t h e  end of t h e  crop. 

The value  of 0.25 f o r  PASU (see  arrow i n  Fig. 45) was found t o  be t h e  

b e s t  p a r a s i t e  s u r v i v a l  r a t e  t o  approximate t h e  predic ted  number of p a r a s i t e  

and aphid ind iv idua l s  with t h e  observed da ta  (Table XXIII). I n  na tu re ,  

however, t h i s  high m o r t a l i t y  of p a r a s i t e s  may not  be a death  r a t e  a s  such, 

but  r a t h e r  may mean t h a t  t h e  p a r a s i t e  females (1) have a high d i s p e r s a l  

r a t e ;  (2) waste t i m e  searching f o r  hos t s ;  o r  (3)  a r e  unsuccessful  i n  t h e i r  

a t t a c k s  a f t e r  hos t  l o c a t i o n  (discussed f u r t h e r  i n  a  l a t e r  paragraph). Also, 

Mackauer (1973) has suggested t h a t  p a r a s i t e  females may waste eggs by ovi- 

p o s i t i n g  i n t o  unsu i t ab le  hos t s .  

Comparing t h e  e f f e c t  of PASU ( i . e .  0.25) on t h e  reproduct ive  r a t e s  of 

t h e  d i f f e r e n t  p a r a s i t e  spec ies  r evea l s  t h a t  al though A. mithi i s  contr ibu- 

t i n g  f a r  l e s s  of i t s  p o t e n t i a l  number of eggs, i t  s t i l l  con t r ibu tes  more eggs 

than A. e. pulcher and P. pequodorum (Fig.  44). A. e. pulcher would re- 

( 

q u i r e  a  0.63 s u r v i v a l  r a t e  and P. pequodorum, t h a t  of 1.00, t o  produce a s  

many eggs a s  A. smithi a t  a s u r v i v a l  r a t e  of 0.25. Indeed, by s t a r t i n g  a l l  

p a r a s i t e s  a t  equal  numbers and allowing t h e  model t o  run f o r  a  whole season 

(350 quips)  (without harves t ing  d i s rup t ions  and assuming con t inua l  aphid 

populat ion growth), i t  was found t h a t  although t h e  d i f f e r e n c e s  i n  p a r a s i t e  

developmental r a t e s  caused propor t ional  changes i n  numbers of t h e  t h r e e  

p a r a s i t e  spec ies ,  t h e  d i f fe rences  i n  fecundi ty  were by f a r  t h e  most impor- 

t a n t  f a c t o r  i n  making A. smithi t h e  dominant p a r a s i t e .  

Although multi- and super-parasi t ism was not  common i n  t h e  f i e l d  during 

1971 and 1972, i t  d id  occur during sp r ing  1972 when t h e r e  were a l a r g e  
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number of p a r a s i t e s  and few aphids.  When more than  one p a r a s i t e  egg is ; 
l a i d  i n  an  aphid ,  i t  i s  t h e  o l d e s t  p a r a s i t e  immature, e s p e c i a l l y  i f  i t  is  - 
more than  1 quip o l d e r  t han  t h e  o t h e r s ,  t h a t  even tua l ly  matures and emerges 

as an  a d u l t ;  t h e  younger p a r a s i t e  immatures a r e  e l imina ted  by t h e  o l d e s t  , 

p a r a s i t e  l a r v a  (M. Mackauer, pe r s .  comm.). Thus, mul t i -  o r  super-parasi-  

t i s m  e s s e n t i a l l y  r e s u l t s  i n  a  wastage of p a r a s i t e  eggs as only  one a d u l t  

emerges. - 

I n  most runs  of t h e  model it  was assumed t h a t  t h e  p a r a s i t e s  p a r t i a l l y  

d i s c r i m i n a t e  between p a r a s i t i z e d  (aphids  w i th  p a r a s i t e s  of age  1 quip)  and 

u n p a r a s i t i z e d  aphids  between t h e  ages 3 and 22 quips .  F igu re  45 shows what 

happens t o  t h e  aphid popu la t ion  a t  t h e  end of crop 1, 1972, when PASU 

changes and when p a r a s i t e s  a r e  completely d i sc r imina to ry  o r ,  a l t e r n a t i v e l y ,  

do no t  d i s c r i m i n a t e  a t  a l l  between p a r a s i t i z e d  o r  u n p a r a s i t i z e d  aphids.  

(N.B. P a r a s i t e s  t h a t  do no t  d i s c r i m i n a t e  can a t t a c k  a l l  aphids  i n  t h e  popu- 

l a t i o n ,  bu t  only u n p a r a s i t i z e d  aphids  between ages  3 and 22 qu ips  can be  

p a r a s i t i z e d  and produce o f f s p r i n g  s u c c e s s f u l l y . )  P a r a s i t e s  t h a t  can com- 

p l e t e l y  d i s c r i m i n a t e  were more e f f i c i e n t  i n  u t i l i z i n g  t h e i r  a v a i l a b l e  eggs 

and were more " f i e r ce"  on t h e  aphid popula t ion  than  t h e  p a r a s i t e s  t h a t  only 

p a r t i a l l y  d i sc r imina ted  (Fig.  45).  

P a r a s i t e s  t h a t  a t t a c k e d  a l l  aphids  i n d i s c r i m i n a t e l y  and l a i d  eggs i n t o  

them d i d  not  reduce t h e  aphid popula t ion  a s  r a p i d l y  as t h o s e  p a r a s i t e s  t h a t  

could d i s c r i m i n a t e  (F ig .  45).  Although p a r a s i t e s  t h a t  a t t a c k e d  a l l  aphids  

wasted many of t h e i r  eggs i n  aphids  t h a t  had a l r e a d y  been p a r a s i t i z e d  o r  

t h a t  were u n s u i t a b l e  ( i . e .  younger than  3 qu ips  o r  o l d e r  than  22 quips  

[Chapter I V ;  Mackauer, 1973] ) ,  t h e s e  p a r a s i t e s  could s t i l l  reduce t h e  aphid 



popula t ion  t o  e x t i n c t i o n  wi thout  u t i l i k i n g  t h e i r  f u l l  complement of eggs 

( i . e .  w h ~  : PASU = 0.6,  Fig.  45).  Indeed, t o  o b t a i n  t h e  same l e v e l  of 

c o n t r o l  of t h e  aphid popu la t ion  a t  t h e  end of crop 1, 1972, by p a r a s i t e s  

t h a t  do no t  d i s c r i m i n a t e  as compared t o  t hose  p a r a s i t e s  t h a t  p a r t i a l l y  

d i s c r i m i n a t e  (when PASU = 0.25) ,  t h e  s u r v i v a l  r a t e  (PASU) would have t o  be  

0.465 (Fig.  45).  By i n c r e a s i n g  t h e  r ep roduc t ive  r a t e  ( o r  PASU) t h e  p a r a s i t e s  

t h a t  do no t  d i s c r i m i n a t e  e s s e n t i a l l y  compensate f o r  t h e  egg wastage i n  un- 

s u i t a b l e  hos t s .  

3. Prediction o f  the  aphid population trends. Figure  46 shows t h e  

p red ic t ed  curves  of t h e  t o t a l  aphid  popu la t ion  and observed popu la t ion  

t r e n d s  i n  t h e  f i e l d  d u r i n g  1971. The p red ic t ed  growth phase of t h e  aphid 

popula t ion  g e n e r a l l y  ag rees  w i th  t h e  observed aphid popu la t ion  i n c r e a s e s .  

However, when t h e  aphid d e n s i t y  t ends  t o  l e v e l  o f f ,  t h e  model p r e d i c t s  

t h a t  two p o s s i b i l i t i e s  e x i s t .  The f i r s t  is  t h a t  aphid m o r t a l i t y  due t o  

p a r a s i t i s m  can  cause  t h e  aphid popula t ion  t o  c r a s h  t o  such a  low l e v e l  t h a t  

t h e  aphid popula t ion  w i l l  n o t  recover .  The second i s  t h a t  t h e r e  a r e  j u s t  

enough aphids  maturing t o  t h e  r ep roduc t ive  s t g g e  i n  t h e  popu la t ion  t o  over- 

come t h e  c o n t r o l  imposed by t h e  p a r a s i t e s  (ax ~ r e d a t o r s )  and cause  t h e  

aphid popula t ion  t o  resume uncon t ro l l ed  growtl:. 

By changing t h e  p a r a s i t e  s u r v i v a l  r a t e  (PASU) between v a l u e s  0.3 and 

0.25 (an even f i n e r  adjustment  can be made), t h e  number of eggs t h a t  t h e  

p a r a s i t e s  w i l l  l a y  is  a l s o  changed and i n  t u r n  t h e  number of aphids  t h a t  

su rv ive  i s  changed (F ig .  45) .  The model i s  s e n s i t i v e  t o  changes i n  para- 

s i t e  s u r v i v a l  which a f f e c t  t h e  va lue  of t h e  exponent,  i .e. t h e  ze ro  term 

of a  Poisson d i s t r i b u t i o n .  Changing t h e  va lue  of t h e  exponent by . O 1  can 



Figure 46. A comparison of the predicted aphid population trends with 

those observed i n  the f i e l d  samples. (PASU = proportion of 

adult parasite survival . )  





make t h e  d i f f e r e n c e  between a n  aphid  e i p l o s i o n  o r  an aphid popula t ion  t o  

go e x t i n c t .  Perhaps t h e  main reason  f o r  t h i s  is  t h e  l a c k  of a feed-back 

i n  t h e  model between t h e  p a r a s i t e s  and aphids .  

The model p r e d i c t s  t h a t  t h e  p a r a s i t e s  can cause t h e  aphid popu la t ion  

growth t o  s t o p  and d e c l i n e  r a p i d l y  t o  a  p o i n t  where t h e  aphids  cannot re- 

cover;  w h i l e  i n  f a c t ,  i n  t h e  f i e l d  s i t u a t i o n  t h e  aphid popula t ion  can b e  

reduced by p a r a s i t e s ,  bu t  t h e  d e c l i n e  i s  n e i t h e r  as r a p i d  nor  do aphids  

r each  such  low d e n s i t i e s .  Thus, t h e  r e s u l t s  of t h e  model become suspec t  

i n  any f u r t h e r  a n a l y s i s  of p r e d i c t i o n .  U n t i l  t h e  c o r r e c t  parameters  which 

h e l p  t o  s t a b i l i z e  t h e  system are found one cannot expect  t o  u s e  t h e  model 

t o  p r e d i c t  t h e  number of p a r a s i t e s  o r  p r e d a t o r s  r e q u i r e d  t o  "control"  t h e  

aphid popula t ion .  

D. Discuss ion  

I n  t h e  p r e s e n t  s tudy  t h e  model descr ibed  t h e  paras i te -aphid  popu la t ion  

i n t e r a c t i o n s  a s  r e a l i s t i c a l l y  a s  t h e  a v a i l a b l e  d a t a  permi t ted .  A s  i n  many 

popu la t ion  models descr ibed  t o  d a t e ,  t h e r e  a r e  a  l a r g e  number of components 

which are inc luded ,  bu t  a l s o  many t h a t  are omit ted.  T h i s  model i s  reasona- 

b l y  f a i t h f u l  i n  d e s c r i b i n g  t h e  l i f e  t a b l e  c h a r a c t e r i s t i c s  such as t h e  deve- 

lopmental  and r ep roduc t ive  f e a t u r e s  of t h e  aphid and p a r a s i t e s  involved.  

However, t h e  model i s  d e f i c i e n t  i n  a  number of f e a t u r e s  of t h e  pea aphid- 

p a r a s i t e  l i f e  system which would h e l p  t o  make t h e  model a  u s e f u l  p r e d i c t i v e  

t o o l .  Perhaps t h e  more important  components which a r e  missing a r e  t hose  

t h a t  determine thb- i n i t i a l  aphid  and p a r a s i t e  numbers i n  t h e  s p r i n g  ( i . e .  

t h e  e f f e c t  of weather  on t h e  overwinter ing  i n s e c t s )  and t h e  parameters  of 

aphid-predator  and aph id -2a ra s i t e  behavioura l  i n t e r a c t i o n s  which h e l p  t o  



s t a b i l i z e  t h e  system. 
I 

The ze ro  term of a  Poisson  d i s t r i b u t i o n  a lone  w a s  found t o  be  inade- 

qua te  t o  exp la in  aphid-paras i te  i n t e r a c t i o n s  i n  t h i s  model. The formula 

was found t o  be  adequate  i n  o the r  models (Hughes and G i l b e r t ,  1968; G i l b e r t  

and Gu t i e r r ez ,  1973) because t h e  p a r a s i t e  s p e c i e s  involved d i d  no t  r e a l l y  

a f f e c t  aphid m o r t a l i t y ,  l e t  a lone  "control"  t h e  aphid popula t ions .  Hughes 

(1963) found t h a t  Haeretiel la rapae only p a r a s i t i z e d  up t o  a maximum of 

20% of Brevicoryne brassicae popula t ions  a t  any one t i m e  i n  A u s t r a l i a .  

Indeed, B. brassicae reached peak d e n s i t i e s  of over  4,000 per  p l a n t ,  and 

i t  was only  due t o  i n t r a s p e c i f i c  c o n t r o l s  t h a t  t h e  cabbage aphid popula t ion  

tended t o  s t a b i l i z e  (Hughes and G i l b e r t ,  1968).  I n  t h i s  s tudy ,  pea aphid 

popula t ions  reached maximum d e n s i t i e s  of only 5.6 aphids  per  stem ( i . e .  , 
ir 

approximately 224 aphids  p e r  p l a n t  i f  one assumes about 40 s tems pe r  p l a n t ) ,  
l 

and p a r a s i t i s m  r a t e s  reached va lues  of over 80%. Both t h e  f i e l d  s tudy  and 

t h e  model sugges t  t h a t  c e r t a i n  p a r a s i t e s  can "control"  aphid popula t ions ,  

bu t  t h e  mechanism by which t h i s  "control"  i s  achieved i s  n o t  as y e t  known. 

It is  assumed i n  t h e  model t h a t  a l l  p a r a s i t e s  s e a r c h  f o r  aphids  i n  

t h e  f i e l d  a t  random ( s e e  Rogers,  1972).  However, t h e  model does no t  e x p l a i n  

why p a r a s i t e s  cannot f i n d  a l l  aphids  i n  t h e  f i e l d .  The model assumes t h a t  

t h e  aphids  t h a t  su rv ive  a f t e r  each i t e r a t i o n  have an  equa l  chance of being 

p a r a s i t i z e d  i n  t h e  next  i t e r a t i o n .  However, i n  t h e  f i e l d  t h e s e  assumptions 

probably do no t  apply ( s e e  below). The equat ions  t o  d e s c r i b e  t h e s e  i n t e r -  

a c t i o n s  a r e  t hus  unavoidably s i m p l i s t i c .  Indeed, t h e  exponent used i n  t h i s  

s tudy  t o  d e s c r i b e  p a r a s i t e  s ea rch ing  i s  similar t o  Thompson's (1924) 



formula1 which assumes : (1) random' a t t a c k ;  (2) p a r a s i t e s  can  always f i n d  

t h e i r  h o s t s ,  bu t  a r e  l i m i t e d  by t h e i r  egg s u p p l i e s ;  and (3) t h e  whole out- 

come of s ea rch ing  behaviour  of t h e  p a r a s i t e s  depends on a s i n g l e  cons t an t  

( i . e .  t h e  number of eggs l a i d  by a p a r a s i t e )  (Rogers, 1972).  H a s s e l l  and 

Rogers (1972) d i s c u s s  t h e  r e c e n t  advances i n  t h e  development of mathematical  

models t h a t  d e s c r i b e  i n s e c t  p a r a s i t e  s ea rch ing  behaviour .  They show t h a t  

r e c e n t  models have inc luded  a d d i t i o n a l  parameters  t o  d e s c r i b e  i n s e c t  para- 

s i t i s m :  (1) t h e  f u n c t i o n a l  response  t o  h o s t  d e n s i t y  (Hol l ing ,  1959, 1966);  

(2) t h e  response t o  changes i n  h o s t  d i s t r i b u t i o n  (Hasse l l ,  1966); and (3) 

t h e  response t o  o t h e r  p a r a s i t e s  ( i . e .  t h e  i n t e r f e r e n c e  component) (Hasse l l  

and Varley,  1969).  It should be  remembered, however, t h a t  t h e s e  a r e  not  

popula t ion  models a s  such,  b u t  r a t h e r  components u s e f u l  w i t h i n  main host-  

p a r a s i t e  models. 

H a s s e l l  and Rogers (1972) have used t h e  above d i f f e r e n t  responses  i n  

s imple  popula t ion  models t o  ana lyse  t h e i r  e f f e c t  on t h e  s t a b i l i t y  of host-  

p a r a s i t e  i n t e r a c t i o n s .  They found "of t h e s e  responses  only  aggrega t ion  of 

t h e  p a r a s i t e  popu la t ion  i n  r eg ions  of h igh  h o s t  d e n s i t y  and i n t e r f e r e n c e  

between t h e  sea rch ing  p a r a s i t e s "  con t r ibu ted  t o  t h e  s t a b i l i t y  of t h e s e  

h o s t - p a r a s i t e  i n t e r a c t i o n s .  It is  u n f o r t u n a t e  t h a t ,  i n  t h i s  s tudy ,  a more 

p r e c i s e  measurement of t h e  a d u l t  p a r a s i t e  d e n s i t y  i n  t h e  f i e l d  w a s  no t  ob- 

t a i n e d ,  because t h e  " i n t e r f e r e n ~ e " ~ ~  component could have been incorpora ted  

13 Hha = H ( 1  - e H ) where: H = number of h o s t s ;  Ha = GP o r  number of 
a t t a c k s  on H h o s t s  by P p a r a s i t e s ;  Hha = number of h o s t s  p a r a s i t i z e d  by 
P p a r a s i t e s ;  P = number of p a r a s i t e s ;  G = eggs l a i d  per  p a r a s i t e .  

l 4  The i n t e r f e r e n c e  component i n  H a s s e l l  and Var l ey ' s  (1969) model can be  
e a s i l y  t e s t e d  from f i e l d  d a t a ,  provided t h a t  t h e  a d u l t  p a r a s i t e  d e n s i t y  
and t h e  percentage  of p a r a s i t i z e d  h o s t s  a r e  known. 



i n  t h e  model. Although an  " in t e r f e rdnce"  component may have con t r ibu ted  t o  

t h e  s t a b i l i t y  of t h e  h o s t - p a r a s i t e  i n t e r a c t i o n s ,  i t  ma; n o t  n e c e s s a r i l y  

have improved t h e  accuracy  of t h e  model 's  p r e d i c t i o n s .  

The exac t  f e a t u r e s  which a l low a  p a r a s i t e  and i t s  h o s t  popula t ion  t o  

f l u c t u a t e  w i t h i n  upper and lower l i m i t s  wi thout  bo th  p a r a s i t e  and h o s t  be- 

coming e x t i n c t  a r e  s t i l l  n o t  completely understood. Mackauer (1973) has  

shown t h a t  Aphidius smithi females  p r e f e r  f o r  o v i p o s i t i o n  second o r  o l d e r  

i n s t a r s  of t h e  pea aphid ,  a l though t h e  second i n s t a r  appears  t o  be t h e  

op t ima l ly  s u i t a b l e  hos t .  He sugges t s  t h a t  by having a  " t o l e r a b l e  degree  

of  f l e x i b i l i t y  i n  h o s t  s e l e c t i o n  t h e  p r o b a b i l i t y  of p e r s i s t e n c e  i s  increased" 

i n  a p a r a s i t e  such a s  A. smithi. The apparent  s t a b i l i t y  i n  aphid-paras i te  

i n t e r a c t i o n s  may w e l l  b e  t h e  r e s u l t  of t h e  p a r a s i t e s  n o t  having a r i g i d l y  

narrow s p e c i a l i z a t i o n  i n  t h e  s e l e c t i o n  of h o s t  s t a g e s ,  b u t  r a t h e r  a f l e x i b l e  

h o s t  s e l e c t i o n  wi th  t h e  a b i l i t y  t o  absorb minor h o s t  changes (Mackauer, 

1973).  

One p o s s i b l e  exp lana t ion  f o r  the'model n o t  achiev ing  some degree of 

s t a b i l i t y  dur ing  t h e  aph id -pa ra s i t e  i n t e r a c t i o n s  is  t h a t  some aphids  may 

have a  sma l l e r  chance of be ing  p a r a s i t i z e d  than  o t h e r  aphids  and some aphids  

may escape  p a r a s i t i s m  even a f t e r  being a t t a c k e d .  I n  t h i s  s tudy  changes i n  

aphid d i s t r i b u t i o n  were n o t  s tud ied .  However, Forsy the  and Gyrisco (1963) 

found t h a t  t h e  s p a t i a l  p a t t e r n  of pea aphid popu la t ions  was g e n e r a l l y  con- 

t a g i o u s  i n  s p r i n g  and la te  s u m e r  b u t  randomly d i s t r i b u t e d  i n  mid-summer. 

They found t h a t  " the  presence  of p a r a s i t i z e d  and a l a t e  aphids  had l i t t l e  

appa ren t  e f f e c t  on t h e  aphid s p a t i a l  p a t t e r n  form." I n  c o n t r a s t ,  Tamaki 

e t  aZ. (1970) have shown t h a t  A. smithi could  cause  t h e  d i s p e r s a l  and re -  



duc t ion  of co lon ie s  of pea aphids  i; a  greenhouse s i t u a t i o n .  The pea aphids  

d i s t u r b e d  by A. smithi females  moved g r e a t e r  d i s t a n c e s  t han  those  t h a t  

d i spe r sed  n a t u r a l l y .  The d i s t u r b e d  aphids assumed a random d i s p e r s a l  pat- 

t e r n  r a t h e r  t han  t h e  expected clumped d i s t r i b u t i o n  around t h e  o r i g i n a l  

p l a n t .  Although p a r a s i t i z a t i o n  w a s  t h e  main cause  of t h e  r educ t ion  of 

aphid colony s i z e ,  Tamaki e t  aZ. (1970) found t h a t  t h e  harassment of t h e  

aphids  by t h e  p a r a s i t e  a d u l t s  a l s o  caused t h e  aphids  t o  l e a v e  t h e  h o s t  

p l a n t s ,  t hus  i n c r e a s i n g  m o r t a l i t y .  Thus, t h e  p a r a s i t e s  could  cause  aphid 

m o r t a l i t y  by d i s t u r b i n g  t h e  aphids  wi thout  a c t u a l l y  p a r a s i t i z i n g  them. I n  

t h i s  c a s e  t h e  p a r a s i t e  a c t s  as a p reda to r  by e f f e c t i v e l y  k i l l i n g  t h e  aphid 

b e f o r e  t h e  aphid can reproduce. 

I have observed t h a t  t h e  pea aphid ,  e s p e c i a l l y  i n  t h e  f o u r t h  i n s t a r  

and a d u l t  s t a g e s ,  can  be  a c t i v e  and e a s i l y  d i s t u r b e d ;  wh i l e  t h e  f i r s t ,  

second, and t h i r d  i n s t a r s  a r e  u s u a l l y  l e s s  a g i l e  o r  mobile ,  i n c r e a s i n g  

t h e i r  chances of be ing  p a r a s i t i z e d .  Indeed,  i n  encounters  w i t h  p reda to r s  

o r  p a r a s i t e s  t h e  pea aphid can e x h i b i t  escape responses  such a s  walking 

away o r  dropping o f f  t h e  a l f a l f a  p l a n t .  

De ta i l ed  accounts  of a c t i v e  avoidance of enemies of aphids  have been 

made by s e v e r a l  au tho r s .  Dixon (1958) and R u s s e l l  (1972) have shown t h a t  

va r ious  aphids ,  e s p e c i a l l y  t h e  n e t t l e  aphid ,  Microlophim evansi (Theobald),  

and t h e  sycamore aphid ,  Drepanosiphwn pZatanoides (Schrank) ,  avoid cap tu re  

by p reda to r s  by e x h i b i t i n g  va r ious  escape responses (e.g. walking, swivel- 

l i n g ,  o r  dropping, o r  a c t i v e l y  defending themselves by k i ck ing ) .  Recent ly ,  

Kislow and Edwards (1972) found t h a t  c e r t a i n  aph ids ,  i nc lud ing  t h e  pea 

aphid,  r e l e a s e  sma l l  amounts of r e p e l l e n t  odour from t h e  s iphuncu l i .  



, 
Apparently t h e  odour r e p e l s  t h e  nearby aphids  from one ano the r ,  caus ing  t h e  

aphids  t o  be spaced out  evenly over  t h e  h o s t  p l a n t .  The r e p e l l e n t  odour of 

A .  piswn has  been i d e n t i f i e d  a s  trans-B-farnesene (Bowers e t  aZ., 1972). 

Nault  e t  aZ. (1973) c a l l  t h e  "odours" t h a t  v o l a t i l i z e  from t h e  c o r n i c l e  

d r o p l e t s  a larm pheromones because they  a l e r t  nearby aphids  of t h e  danger 

of p reda to r s .  Whether p a r a s i t e  a t t a c k  can cause  t h e  a la rm pheromones t o  

be produced by t h e  pea aphid has  n o t  been determined as y e t .  

The parameters  t h a t  measure t h e  above pa ra s i t e -hos t  behavioura l  i n t e r -  

a c t i o n s  may e x p l a i n  t h e  changes i n  pea aphid and p a r a s i t e  d i s t r i b u t i o n  and 

d e n s i t y  i n  t h e  f i e l d .  Indeed,  i t  is  suggested t h a t  t h e  pa ra s i t e -hos t  i n t e r -  

a c t i o n s  w i l l  b e  s t a b i l i z e d  i n  t h e  model when t h e s e  c r i t i c a l  parameters  

(and t h e  k inds  of f u n c t i o n s  t h a t  connect them) have been found. 

I n  r e t r o s p e c t ,  t h e  e x e r c i s e  of model l ing t h e  pea  aph id -pa ra s i t e  system 

has  been a  va luab le  t o o l  i n  t h e  o r g a n i z a t i o n  and c l a r i f i c a t i o n  of i d e a s  

and da t a .  By t e s t i n g  v a r i o u s  inpu t  parameters  and b i o l o g i c a l  assumptions 

(e.g. t h e  e f f e c t  of v a r i o u s  p a r a s i t e  s u r v i v a l  r a t e s  on aphid popula t ion  

t r e n d s  and t h e  f u n c t i o n  t o  d e s c r i b e  p a r a s i t e  s e a r c h i n g ) ,  t h e  model has  

helped t o  p l a c e  r e s e a r c h  e f f o r t s  i n  pe r spec t ive .  S t a r t i n g  t o  b u i l d  t h e  

model a t  t h e  beginning of t h e  p r o j e c t  would have been more h e l p f u l  t han  

producing t h e  model a f t e r  a l l  t h e  f i e l d  and l a b o r a t o r y  d a t a  had been 

c o l l e c t e d .  A s imu la t ion  model can  only  be  a s  good a s  t h e  b i o l o g i c a l  d a t a  

t h a t  i s  f ed  i n t o  i t .  Thus, i t  i s  an  e x c e l l e n t  t o o l  i n  showing where one 's  

l a c k  of knowledge r e a l l y  l i e s ,  a s  w e l l  a s  sugges t ing  a r e a s  f o r  f u r t h e r  

r e sea rch .  Th i s  model suggested t h a t  any f u r t h e r  s t u d i e s  on pea aphid- 

p a r a s i t e  popula t ions  should inc lude  t h e  p a r a s i t e  s ea rch ing  parameters  



desc r ibed  by Ho l l ing  (1959),    ass ell' (1966), H a s s e l l  and Varley (1969),  

H a s s e l l  and Rogers (1972),  and Readshaw (1973). These parameters  should be 

s t u d i e d  o r  app l i ed  t o  f i e l d  cond i t i ons  so  t h a t  a  r e a l i s t i c  "scal ing" of 

t h e  pa ra s i t e -hos t  i n t e r a c t i o n s  can be  achieved. I n  a d d i t i o n ,  p e c u l i a r  t o  

t h e  pea aph id -pa ra s i t e  system a r e  t h e  behavioura l  h o s t - p a r a s i t e  i n t e r a c t i o n s  

P 
(d i scussed  above) t h a t  can  c o n t i n u a l l y  change h o s t - p a r a s i t e  d e n s i t i e s  and 

d i s t r i b u t i o n s ,  which a l s o  should b e  included i n  any new pea aph id -pa ra s i t e  

model. 

E. Summary 

A computer model has  been developed which s imu la t e s  reasonably  accura- 

t e l y  t h e  pea aphid and p a r a s i t e  popula t ion  growth and age s t r u c t u r e s  up 

t o  peak popu la t ion  l e v e l s .  However, t h e  model w a s  unable  t o  s imu la t e  popu- 

l a t i o n  changes du r ing  t h e  season  when t h e  pea aphid and p a r a s i t e  popula t ions  

were n o t  reproducing r a p i d l y ;  i . e .  t h e  model was unable t o  p r e d i c t  t h e  

d e c l i n e  i n  aphid popu la t ion  numbers t o  l e v e l s  a c t u a l l y  experienced i n  t h e  

f i e l d .  The model was h e l p f u l  i n  p l ac ing  p a r t i c u l a r  r e s e a r c h  r e s u l t s  i n  

p e r s p e c t i v e  and proposing a r e a s  f o r  f u r t h e r  r e s e a r c h  such a s  p a r a s i t e  

s ea rch ing  and d i s p e r s a l  behaviour ,  a s  w e l l  a s  t h e  e f f e c t  of aphid and para- 

s i t e  behavioura l  i n t e r a c t i o n s  t h a t  may cause changes i n  pea aphid d i s t r i b u -  

t i o n  and abundance i n  t h e  f i e l d .  



CHAPTER V I I I  
$ 

GENERAL DISCUSSION 

Th i s  t h e s i s  p r e s e n t s  in format ion  on t h e  biology and popula t ion  dynamics 

of t h e  pea aphid and i t s  a s s o c i a t e d  p a r a s i t e s  a t  Kamloops, B.C. S ince  t h e  

e x o t i c  p a r a s i t e s  Aphidius smithi and A. e. ervi became e s t a b l i s h e d  i n  

B r i t i s h  Columbia (Mackauer and Campbell, 1972) dur ing  t h e  l a t e  1 9 6 0 t s ,  they 

have become t h e  numerical ly  dominant p a r a s i t e s  i n  t h e  s o u t h e r n  i n t e r i o r  of 

B r i t i s h  Columbia and i n  t h e  lower F ra se r  Val ley ,  r e s p e c t i v e l y .  Aphidius 

smithi colonized t h e  a l f a l f a  f i e l d s  around Kamloops, probably dur ing  1967 

o r  1968, where i t  became t h e  most abundant p a r a s i t e ,  c o n t r i b u t i n g  about 

70 t o  80% of t h e  t o t a l  p a r a s i t i s m  r a t e s  of pea aphid  popula t ions .  Judging 

from r e p o r t s  on t h e  c o n t r i b u t i o n  of A. smithi t o  t h e  s u c c e s s f u l  b i o l o g i c a l  

c o n t r o l  of t h e  pea aphid i n  some p a r t s  of C a l i f o r n i a  (van den Bosch et az., 

1966; Hagen et aZ., 1971) which have hot  d ry  summer weather s i m i l a r  t o  t h a t  

of Kamloops, i t  i s  l i k e l y  t h a t  A. smithi w i l l  cont inue  t o  b e  a s  abundant 

(and perhaps a s  e f f e c t i v e )  i n  Kamloops a s  i t  has been i n  C a l i f o r n i a .  

Although p a r a s i t e s  were considered t o  be  among t h e  major c o n t r i b u t i n g  

f a c t o r s  t o  t h e  b i o l o g i c a l  c o n t r o l  of t h e  pea aphid i n  Kamloops, t h e  exac t  

mechanisms by which t h i s  e f f e c t i v e n e s s  is  being achieved a r e  s t i l l  no t  

completely understood. Indeed,  w e  can only s p e c u l a t e ,  a t  p r e s e n t ,  about 

t h e  processes  t h a t  a r e  important  i n  a l lowing  both aphid h o s t  and p a r a s i t e  

t o  p e r s i s t  i n  t h e  a l f a l f a  ecosystem. For i n s t a n c e ,  i f  a  p a r a s i t e ,  such a s  

A. smithi, were t o  l a y  its f u l l  complement of eggs i n  t h e  f i e l d ,  l o c a l  pea 

aphid popula t ions  would probably go e x t i n c t .  However, t h e  s imu la t ion  model 

sugges ts  t h a t  A. smithi d e p o s i t s  on ly  about 193.5 ( o r  0.25) of a  t o t a l  mean 



complement of 774 eggs i n  t h e  f i e l d .  ' G i l b e r t  and Gu t i e r r ez  (1973) deduced 

t h a t  A. m b i f o Z i i  l a y s  only  about 80 ( o r  0.20) of a t o t a l  complement of 

400 eggs i n  t h e  f i e l d .  Mackauer (1973) sugges t s  t h r e e  p o s s i b l e  reasons  why 

e i t h e r  no t  a l l  eggs a r e  being depos i t ed  o r  some a r e  be ing  wasted,  i .e. 

a d u l t  p a r a s i t e s :  ( 1 ) ' h o  no t  s u r v i v e  long enough t o  reach  t h e i r  p o t e n t i a l  

fecundity";  (2)  "spend cons ide rab le  t ime i n  s ea rch ing  from one colony t o  

t h e  next"; o r  (3)  " o v i p o s i t  i n t o  u n s u i t a b l e  hosts" .  Another p o s s i b i l i t y  

may be t h a t  a l a r g e  p ropor t ion  of p a r a s i t e s  d i s p e r s e  from one f i e l d  t o  

another .  The emigra t ion  of p a r a s i t e s  from one f i e l d  may be  g r e a t e r  than  

t h e  g a i n  by immigration from o t h e r  f i e l d s  du r ing  some pe r iods ,  r e s u l t i n g  

i n  a n e t  l o s s  of p a r a s i t e s  i n  a  p a r t i c u l a r  a r e a .  Van den Bosch et aZ. 

(1966) have shown t h a t  l a r g e  numbers of A. smithi females  do move from one 

f i e l d  t o  another .  L i t t l e  i s  known about  t h e  causes  f o r  p a r a s i t e  d i s p e r s a l  

except  t h a t  i t  may happen when aphids  become s c a r c e  (Way, 1966) o r  when 

p a r a s i t e  i n t e r f e r e n c e  may cause p a r a s i t e s  t o  mig ra t e  away from a r e a s  of 

h igh  p a r a s i t e  d e n s i t i e s .  

I n  t h i s  s tudy ,  t h e r e  was no a t tempt  t o  manipulate  n a t u r a l  enemies i n  

an  e f f o r t  t o  main ta in  pea aphid popula t ions  a t  a low d e n s i t y .  Indeed, t h e  

degree  t o  which pea aphid popula t ions  a r e  c o n t r o l l e d  a t  Kamloops seems t o  

depend on a  d e l i c a t e  ba lance  of a l a r g e  number of r e g u l a t o r y  f o r c e s  i n t e r -  

a c t i n g  a t  d i f f e r e n t  t imes dur ing  t h e  season.  The most important  determin- 

a n t s  of aphid d e n s i t y  were c l i m a t e  and t h e  t iming of t h e  h a r v e s t s  a long  

wi th  t h e  p r e v a i l i n g  weather  cond i t i ons  immediately fo l lowing  t h e  h a r v e s t s .  

The synchroniza t ion  of aphid and p a r a s i t e  emergence from diapause  i n  s p r i n g  

helped t o  modify aphid popula t ion  t r e n d s  f o r  most of t h e  growing season.  



Addi t iona l  modifying f a c t o r s  which d k e r m i n e d  t h e  l e v e l  t o  which pea aphid 

d e n s i t i e s  would r i s e  w e r e  t h e  numbers of aphids  su rv iv ing  from t h e  previous  

crop and t h e  number of immigrant a l a t a e  e n t e r i n g  t h e  f i e l d  e a r l y  i n  t h e  

a l f a l f a  growth phase. Both t h e  pea aphid  and i ts  p a r a s i t e s  seem t o  be  w e l l  

s u i t e d  t o  t h e  a l f a l f a  ecosystem mainly because o f :  (1) t h e i r  h igh  repro-  

d u c t i v e  c a p a c i t y  enab l ing  r a p i d  popula t ion  i n c r e a s e s  dur ing  t h e  a l f a l f a  

growth pe r iod ;  and (2)  t h e i r  a b i l i t y  t o  d i s p e r s e ,  a s  winged a d u l t s ,  from 

one f i e l d  t o  ano the r ,  e s p e c i a l l y  p r i o r  t o  hay ha rves t ing .  

At Kamloops, a l though t h e r e  may occur  t h e  occas iona l  pea aphid popula- 

t i o n  exp los ion  t h a t  w i l l  damage a n  a l f a l f a  c rop ,  t h e s e  explos ions  probably 

occur  i n f r e q u e n t l y  and only  i n  l o c a l i z e d  a r e a s .  The presence  of p a r a s i t e s ,  

such a s  A. s m i t h i ,  a long  wi th  o t h e r  entomophagous p r e d a t o r s ,  u s u a l l y  w i l l  

keep t h e  pea aphid a t  reasonably low d e n s i t i e s  a t  Kamloops. Attempts t o  

manipula te  entomophagous i n s e c t s ,  e s p e c i a l l y  by inunda t ive  r e l e a s e s  of A .  

s m i t h i  ( H a l f h i l l  e t  aZ., 1973),  i n  a n  a r e a  such as Kamloops where a l f a l f a  

i s  grown mainly f o r  hay,  would be  j u s t i f i e d  only i f  pe r iods  of pea aphid 

popu la t ion  exp los ions  could b e  a c c u r a t e l y  p red ic t ed .  One way of a t tempt ing  

such p r e d i c t i o n s  would seem t o  be  by c o n s t r u c t i n g  a more complete model of 

t h e  a l f a l f a - p e a  aph id -pa ra s i t e  system. 
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APPENDIX 1. C a l c u l a t i o n  of Equivalent  Quips 
$ 

To f i n d  t h e  r e l a t i v e  number of day-degrees u t i l i z e d  by each p a r a s i t e  

s p e c i e s  f o r  development i n  t h e  f i e l d  compared t o  t h o s e  u t i l i z e d  by t h e  

pea aphid,  t h e  fo l lowing  equa t ions  were used: 

P = DDP/DDA 

EQ = QUIP x P 

where: DDA = The accumulated day-degrees above t experienced by t h e  pea 

aphid over  a t ime per iod .  

DDP = The accumulated day-degrees above t experienced by a para- 

s i t e  o r  p reda to r  s p e c i e s  over  a time per iod .  

EQ = "Equivalent quip" is t h e  equ iva l en t  amount of day-degrees 

u t i l i z e d  by ano the r  i n s e c t  compared t o  t h e  qu ip  measured 

f o r  a pea aphid.  

P = Mean p ropor t ion  of h e a t  u t i l i z e d  by a p a r t i c u l a r  i n s e c t  

compared t o  t h e  h e a t  u t i l i z e d  by t h e  pea aphid under t h e  

same f i e l d  temperatures .  (P g e n e r a l l y  i s  cons t an t  through- 

ou t  t h e  season;  s e e  Table  1 .1 . )  

QUIP = Phys io log ica l  t i m e  s c a l e  of 6.195 day-degrees above t re-  

qu i r ed  f o r  t h e  pea aphid t o  develop a q u a r t e r  of an  i n s t a r  

per iod .  

t = Lower temperature t h re sho ld  f o r  development. 

T h i s  method provides  a s imple  way of d e a l i n g  w i t h  t h e  problem of put- 

t i n g  a number of s p e c i e s  w i th  unequal h e a t  requirements  onto  t h e  same 

phys io log ica l  t i m e  s c a l e .  Other methods t h a t  could have been used,  a l though 

perhaps s l i g h t l y  more a c c u r a t e ,  would have cons iderably  inc reased  computer 



time and expense. 

The following Table 1 . 1  i l l u s t r a t e s  the values used i n  the calculations.  
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APPENDIX 2. Some Notes on P reda to r  i i o logy  

I n t r o d u c t i o n  

The b io logy  and bionomics of v a r i o u s  aphidophagous p r e d a t o r s  have 

been reviewed by Hagen and S l u s s  (1966),  Hagen and van den Bosch (1968),  

Hodek (1966, 1967),  and Schneider  (1969). Th i s  s e c t i o n  r e p o r t s  on some 

l a b o r a t o r y  experiments performed on t h e  feeding  and development of some 

common i n s e c t  p r e d a t o r s  a s s o c i a t e d  wi th  t h e  pea aphid a t  Kamlo.ops. Addi- 

t i o n a l  d a t a  from t h e  l i t e r a t u r e  t o  determine t h e  g e n e r a l  v o r a c i t i e s  of 

f o u r  p reda to r  groups of t h e  Cocc ine l l i dae ,  Chrysopidae, Nabidae, and 

Syrphidae a r e  r epo r t ed  i n  Appendix 3.  

Methods 

Gravid females  of CoccineZZa transversoguttata richardsoni* Brown, 

Nabis aZterantus** Par sh ,  and Chrysopa camtea*** Steph.  were c o l l e c t e d  i n  

t h e  f i e l d  f o r  egg l a y i n g  purposes.  Eggs depos i ted  i n  t h e  l a b o r a t o r y  were 

placed i n d i v i d u a l l y  i n t o  g l a s s  s h e l l  v i a l s  ( 2  x  5 cm) plugged wi th  cheese 

c l o t h .  A t  l e a s t  f i v e  v i a l s  con ta in ing  eggs of one of each p reda to r  s p e c i e s  

were placed i n t o  t h r e e  cons t an t  temperature c a b i n e t s  (maintained a t  25.8, 

19.7,  and 14.8 2 0.5OC; 50 t o  70% RH; and a  d i e 1  of 18  L / 6  D hour s ) .  When 

t h e  eggs hatched,  t h e  immature p r e d a t o r s  were suppl ied  w i t h  t h i r d  t o  f o u r t h  

i n s t a r  pea aphids .  The aphids  were counted and t r a n s f e r r e d  d a i l y  i n t o  

c l e a n  new v i a l s ,  a long  wi th  t h e  p reda to r s  and two f r e s h  a l f a l f a  l eaves .  

The aphids  added each day were n e a r l y  always more than  t h e  p r e d a t o r s  could 

* Coleoptera  : Cocc ine l l i dae .  
** Hemiptera: Nabidae. 
*** Neuroptera: Chrysopidae. 



le. All aphids, whether compl eaten or parti eaten, wer 

recorded as consumed. The data obtained gave developmental rates and 

maximum feeding rates of these three predator species at three constant 

temperatures. 

An additional experiment was performed to observe if these three 

predators and Hippodamia convergens ~uerin-~eneville* would feed on para- 

sitized aphids. Twenty of each predator species were placed individually 

into gelatin capsules containing a pea aphid per capsule (as follows: five 

gelatin capsules contained unparasitized aphids and served as a control; 

five capsules contained aphids with parasite eggs or larvae; and ten cap- 

sules contained mummies of A. smithi). The capsules were kept at room 

temperature of 20 + 2OC. After 24 hours the aphids and mummies that were 

consumed were recorded. 

Results 

Tables 2.1, 2.2, and 2.3 summarize the data obtained from the pre- 

dation experiments. Because of a malfunction of two incubators the experi- 

ments to determine the feeding and developmental rates for C. camea and 

N. aZternatus were not completed. 

The development rates for C. transversoguttata were used to calculate 

the threshold temperature of development, which was found to be 10•‹c 

(Table 2.2). All predators tested were found to feed on unparasitized and 

parasitized aphids (Table 2.3); however, Coccinellid larvae and the adults 

and nymphs of N. aZtematus did not feed on the mummified aphids. 

' * Coleoptera: Coccinellidae. 



TABLE 2 .1 .  Mean feeding rates  of three predator species  a t  three constant 

temperatures. 

Mean Number of Aphids Eaten per Day by 

Temperature C. transversoguttata Nabis alternatus Chysopa c m e a  

(" c) ~ a r v a e *  ~ d u l t *  Nymphs and ~ d u l t * *  ~arvae*** 

* n = 5  

** n = 6  

*** , = 3 

**** Figures i n  brackets are 2 1 SE.  
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Some preda to r s  found i n  a l f a l f a  f i e l d s  near  Kamloops, B.C. ,  

t h a t  were observed t o  feed on unparas i t i zed  and p a r a s i t i z e d  

pea aphids  i n  t h e  l abora to ry .  

A. piswn with  

R 
C Species  P a r a s i t e  A. smithi 

i Stage Unparasi t ized Egg o r  Larva Mummy 

i Guerin-Meneville 
X 

l a r v a  + 
a d u l t  + 

: Coccine ZZa transversogut tata* l a r v a  + 
richardsoni Brown a d u l t  + 

Nabis alternutus** nymph + 
P a r s h  a d u l t  + 

Chrysopa carma*** l a r v a  + 
Stephens 

+ A l l  aphids  o r  mummies ea ten .  

- No mummies ea ten ;  p a r a s i t e  a d u l t s  even tua l ly  emerged from mummies. 

* Coleoptera :  Cocc ine l l idae  

** Hemiptera: Nabidae 

*** Neuroptera: Chrysopidae. 



APPENDIX 3. C a l c u l a t i o n  of P reda to r  Equiva len ts  
* 

Although p reda t ion  has  no t  been s t u d i e d  i n  depth f o r  t h i s  t h e s i s ,  i t  

was neve r the l e s s  an important  m o r t a l i t y  f a c t o r  of aphid popula t ions  i n  t h e  

f i e l d .  The e f f e c t  of p r e d a t o r s  on aphid popula t ions  w a s  more d i f f i c u l t  t o  

a s s e s s  than  t h a t  of t h e  p a r a s i t e s .  While p a r a s i t i s m  could b e  measured 

d i r e c t l y  i n  terms of pe rcen t  p a r a s i t i z a t i o n ,  p reda t ion  involved t h e  aphids  

be ing  u s u a l l y  completely consumed, l eav ing  no easy  measure of aphid morta- 

l i t y .  

Van Emden (1966) o u t l i n e d  t h e  main f a c t o r s  t o  b e  taken  i n t o  account 

i n  determining p reda to r  e f f e c t i v e n e s s .  These f a c t o r s  a r e  p reda to r  v o r a c i t y  

( a  f u n c t i o n  of a p p e t i t e ,  a c t i v i t y ,  and p reda to r  abundance),  synchroniza- 

t i o n  wi th  t h e  aphid ,  and t h e  aphid ' s  r ep roduc t ive  r a t e .  The l a t t e r  two 

f a c t o r s  were determined from f i e l d  and l a b o r a t o r y  d a t a .  However, a  crude 

e s t ima t ion  of p reda t ion  o r  "preda tor  vorac i ty"  was necessary  t o  a i d  i n  t h e  

a n a l y s i s  of t h e  f i e l d  da t a .  

The l i t e r a t u r e  was searched f o r  a d d i t i o n a l  in format ion  t o  supplement 

t h e  r e s u l t s  desc r ibed  i n  Appendix 2 .  The sea rch  revea led  t h a t  among many 

s t u d i e s  on p reda to r  f eed ing  r a t e s  only  few ( i f  any a t  a l l )  used t h e  same 

p reda to r  and/or  prey s p e c i e s  a s  encountered i n  t h e  p r e s e n t  and under s i m i l a r  

cond i t i ons .  To i n s u r e  t h a t  t h e  d a t a  obta ined  from t h e  l i t e r a t u r e  were 

compatible  w i th  those  obta ined  i n  t h i s  s tudy ,  a  number of convers ions  and 

assumptions had t o  be  made. The main assumption was t h a t  a l l  p r e d a t o r s  

s t u d i e d  had t h e  same lower temperature t h re sho ld  of development of 10•‹C; 

t h u s  d i f f e r e n c e s  i n  p reda to r  f eed ing  r a t e s  due t o  d i f f e r e n t  experimental  

temperatures  could  be  ad jus t ed .  The main conversion was t h a t  of changing 
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t h e  numbers of aphids of d i f f e r e n t  sta 'ges o r  s p e c i e s  t o  t h e  numbers of pea 

aphids  of t h i r d  t o  f o u r t h  i n s t a r s  e a t e n  pe r  day. Th i s  convers ion  w a s  

based on t h e  r e l a t i v e  biomass ( i n  d r y  weights)  of each aphid used t o  feed  

t h e  p r e d a t o r s ,  

The conversions were as fol lows:  

- Third  t o  f o u r t h  i n s t a r  pea aphids  (P3) wi th  a  mean dry  weight of 

0.4778 mg ( range  0.1891 t o  0.6666 mg)* were used as prey  i n  t h i s  

s tudy .  

- Hagen and S l u s s  (1966) found pea aphid a d u l t s  (PA) t o  weigh 1.23 mg 

i n  t h e i r  p reda t ion  s t u d i e s .  They a l s o  found t h a t  1 PA were equa l  t o  

4.44 spo t t ed  a l f a l f a  aphids  (SAA) (Therioaphis  t r i foZi i  [Monell]) i n  

biomass. 

- To f i n d  a convers ion  f a c t o r  o r  a n  equ iva l en t  weight o r  biomass of 

t h i r d  t o  f o u r t h  i n s t a r  pea aphids  (P3) wi th  t h e  aphids  used by Hagen 

and S l u s s  (1966),  t h e  fo l lowing  assumptions were made: 

I f  

t hen  

and 

1 PA = 4.44 SAA, 

1 P3 = 1.2310.48 = 2.57 PA, 

1 SAA = 0.58 P3 

- The biomass of T. t r i foZii  (SAA) used i n  Hagen and S l u s s  (1966) was 

assumed t o  be t h e  same a s  t h a t  of T. macuZata i n  Simpson and Burkhardt 

(1960) . 
- To convert  feeding  r a t e s  t o  common e q u i v a l e n t s ,  t h e  formula 

* Courtesy of M r .  C.  C l o u t i e r ,  



w a s  used when: 

F = NO. of t h i r d  t o  f o u r t h  i n s t a r  pea aphids  e a t e n  per  qu ip .  

M = Mean number of t h i r d  t o  f o u r t h  i n s t a r  pea aphids  e a t e n  per  day. 

Q = " ~ u i ~ "  = 4.22 day-degrees above 10•‹C (Appendix 1 ) .  

C = Conversion f a c t o r  t h a t  conve r t s  numbers of aphids  (from o t h e r  

s t u d i e s )  i n t o  t h i r d  t o  f o u r t h  i n s t a r  pea aphid equ iva l en t s .  

D = Time u n i t s  (u sua l ly  one day) .  

T = Constant  mean temperature a t  which experiment was conducted ( O  C). 

t = Lower th re sho ld  temperature of development (O C). 

Table  3.1 shows t h e  mean e q u i v a l e n t s  of aphids  e a t e n  pe r  qu ip  by t h e  

va r ious  p reda to r  types .  To f i n d  a  r e l a t i o n s h i p  between t h e  v o r a c i t y  of 

each p reda to r  t ype  r e l a t i v e  t o  t h e  o t h e r ,  t h e  term "equiva len t  p reda to r  

vo rac i ty"  was a r b i t r a r i l y  chosen: 

where : 

V = Equivalent  p reda to r  v o r a c i t y .  

F = Mean number of t h i r d  t o  f o u r t h  i n s t a r  pea aphids  e a t e n  per  day. 

Fc = Mean number of t h i r d  t o  f o u r t h  i n s t a r  pea aphids  e a t e n  pe r  day 

by Cocc ine l l i d  l a r v a e  = 9.6; considered a  cons t an t  s o  t h a t  o t h e r  

p reda to r  v o r a c i t i e s  could be  r e l a t e d  t o  t h i s  cons t an t  of 9.6 

aph ids lqu ip  . 



TABLE 3.1. Feeding rates and relative voracity equivalents of insect predators feeding on pea aphids 
from the present study (Appendix 2) and other studies found in the literature. 

Mean Equivalent Mean Equivalent Equivalent Source 
No. of Aphids Experimental No. of Aphids Predator of 

Predator Eaten pe; Day ~emperature Eaten per'quip* Voracity Data 
(MI (" C) (TI (F) (V) 

COCCIh'3LLIDAE 
C. tmnsuersoguttata 

larvae 22.1 19.7 9.6 1.00 Laboratory 
adults 28.6 19.7 12.4 1.29 Laboratory 

E. oonveryens 
adult 51.9 (89.4)** 23.9 . 15.7 1.63 Simpson & 

Burkhardt (1960) 
Hagen & Sluss 

adult 44.5 (17.3)*** 22.8 14.7 1.53 (1966) 
CRRYSOPIDAE 

Chryaopa c m e a  
larvae 11.9 25.8 3.2 0.33 Laboratory 
larvae 19.5 (33.6)** 25.0 5.5 0.57 Simpson 6 

Burkhardt (1960) 
Burke & Fartin 

larvae 17.7 (17.7)**** 26.7 4.5 0.47 (1956) 
1CrABIDAE 

Rabis d t e m t u s  
nymphs and adults 15.0 25.8 4.0 0.42 Laboratory 

Nabis ferns 
nymphs and adults 9.0 (15.5)** 21.7 3.3 0.34 Simpson& 

Burkhardt (1960) 
SWPBIDAE - -  .--. 

A Z b p p t a  obtiqua 
larvae 19.3 (33.2)** 23.3 0.64 Simpson & 

Burkharuc (1960) 

* 1 quip = 4.22 day-degrees above 10•‹C (Appendix 1). 
** Values in brackets were actually Therioaphis macuZatu adults eaten/day and were converted to pea 

aphid biomass (1.0 T. macuZata adult = 0.58 third and fourth instar pea aphids). 
*** Values in brackets were actually A.  p ism adults eatenlday and were converted to pea aphid biofcass 

(1.0 A. piswn adult = 2.57 third and fourth instar pea aphids). 
**** Values in brackets were actually Aphis gossypii adults eatenlday, No biomass conversion used. 

(See text in Appendix 3 for explanation of symbols.) 
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TABLE 6.1. Percent  spec ies  composition of pea aphid p a r a s i t e s  t h a t  emerged from mummy samples co l l ec ted  
i n  southern B r i t i s h  Columbia during summer, 1971. (Only one sample per  loca t ion  taken un- 
l e s s  shown otherwise.)  (Location numbers correspond t o  those i n  Fig. 25.) 

Locat ion T o t a l  
P a r a s i t e s  h a o n  Aphidius Aphidius Aphidius 

No. Area Date Emerged pequodonun putcher erui  smithi 
(No. (a) (a (XI (X) 

Spences Bridge 
Hwy. 1 1 June 31 - 9.7 - 90.3 

Cache Creek 
5 m W. Hwy. 1 I June 39 7.7 10.3 - 82.0 

Cache Creek 
24 m E. Hwy. 1 7 June 57 1.7 8.8 - 89.5 

Kamloops C.D.A. 23 June- 
S t a t i o n  F ie ld  8 1  6 Oct. 1.9248 5.2 12.7 0.1 81.9b 

Round Lake 
5 m S. Hwy. 5 8 August 77 3.9 1.3 1.3 93.5 
Winfield 
Hwy. 97 30 July 75 10.7 12.0 1.3 76.0 

Sumnerland 
H v y .  97 30 J u l y  102 5.9 2.0 - 92.1 

B r i d e s v f l l e  
30 J u l y  311 4.5 1.0 - 16 m W. Hwy. 3 94.5C 

Eholt  
31 J u l y  142 2.1 0.7 - 2 m W. Hwy. 3 97.2 

T r a i l  
3 1  J u l y  83  3.6 6.0 - 9 m N. Hwy. 3 90.4 

11 Creston 
3 1  J u l y  249 3.2 - .  4.0 - 3 m W. Hwy. 3 92.8 

12 Balfour 
1 August 146 4.8 1.4 - 2 m W. Hwy. 3A 93.8 

13 Kokanee 1 August 53 11.3 - - 7 m S. Hwy. 6 88.7 

14 N a k u s ~  
16 m S. my. 6 k August 69 4.4 - - 95.6 

Cher ryv i l l e  
3 m W. Hry. 6 1 August 247 3.4 4.8 - 91.8 

16 For te  S t e e l e  
3 1  J u l y  38 18.5 36.8 - Park Bwy. 93 44.7 

17 Westsyde 10 m N. 1 June- 
820d 12.9 26.9 - Kamloops C.D.A. S t a t i o n  27 August 60.0 

18 McLure 
H v y .  5 4 J u l y  38 23.7 13.2 - 63.2 

19 Chil l iwack 6 August- 
P ros t  Rd. & Hwy. 1 15 Sept. 304e 9.5 0.7 88.2 1.6 

- 13  samples inciuded. 

b = 0.3% A. smithi, 'orange' included. - 0.6% A. smithi, 'orange' included.  

= Add 0.2% f o r  Monoctonus pauzensis; a l s o  includes 12 samples. 

e = inc ludes  2 samples. 

m - miles;  W = west; E - e a s t ;  N - north;  S = south;  Hwy. = highway. 
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C**9***Q*******8+********8*****t************************************************* 

C 
C A P P E N D I X  7. 
C 
C A SAMPLE L I S T I N G  O F  THE R A S I C  FORTRAN COMPUTER PROGRAMME FCR THE 
C KbMLOOPS A L F A L F A  - PEA A P H I D  - P A R A S I T E  MODEL 
C MAY ,1973 
c 
C THE FOLLOWING PROGRAMME S I M U L A T E S  T H E  I N T E R A C T I O N S  BETWEEN P O P U L A T I O N S  OF THE 
c PEA APHID (ACYRTHOSIPHON P I s u r )  AND ITS T P R E E  PAIN PARASITES IAPHIOIUS SMITHI 
C . A P H I D I U S  € 0  PULCHER. PRAOh PEOUODORUM) FOUND I N  AN A L F A L F A  F I E L D  I N  
C KAHLOOPS. B-C.9 D U R I N G  T b E  SUrMERS. 1 9 7 1 1  1 9 7 2 -  
C T k E  B A S I C  U N I V E R S E  I N  T H l S  MODEL I S  A h  AVERAGE A L F A L F A  T I P  
C 
C THE F O L L O W l h G  I S  A  GLCSSARY OF T h E  TERMS U S E D  I N  THE MODEL I N C L U D I N G  
C SCME OF THE MODEL'S ASSUMPTIONS : 
C 
C TERMS OR D E S C R I P T I O N  
C SYMBOLS 
C 4 TOTAL APTEROUS PRCGENY PROCUCEO BY ALATAE I WORKING SUM) 
C A 1  NO. OF F I R S T  I N S T A R  ~ P H I ~ S  bGE 1-4  C U I P S  (APTERAE+ALATAE)  
C 6 2  NO. OF SECOND I N S T A R  A P H I D S  AGES 5 - 8  Q U I P S  I A P T E R A E + A L A T A E I  
C A 3  hO. OF T H I R D  I k S T A R  CPHlCS AGES 9 - 1 2  Q U I P S  ( A P T E R A E + A L A T A E l  
C ADO A F R A C i ' l C l L  TO A D d b S i  i i r i T Z i i  r " A f i A 5 ; T Z  hU#EERS 
L AL* 10. OF FOURTH I N S T A R  ALATE AP H r O S  ALES 13-19 Q U I P S  
C A L A T E 1 1 1  CURRENT NC. CF A L A T E  A.PISUM OF KNCNN AGE ( 1 )  Q U I P S  
C A L I M M I N S )  NO. OF IMMIGRANT U N P A R A S I T I Z E D  A L A T A E  AGE ( 2 4 1  Q U I P S  ENTERING F I E L O  
C OPTA O B T A I N E D  FRCP A L F A L F A  T I P  SAMPLES I S  READ I N  A S  NO. OF A L A T A E  
C PER T I P  A T  EACH CBSERVED S A C P L I N G  P E R I C D  K S A M I K A I -  
C ALT NO. OF ADULT A L A T E  APHIDS AGES 20-$3 Q U I P S  
C A P 4  ha. OF FOURTH I N S T A R  APTEROUS A P H I C S  AGES 1 3 - 1 8  Q U I P S  
C A P H I O T  TOTAL P A R A S I T I Z E D  & U N P A R A S I T I Z E D  A P H I D S  OF 9 Q U I P S  OR OLDER 
C APT NO. O F  ADULT APTEROLS A P H I C S  AGES 19-93 Q U I P S  
C d P T R A l I  CURRENT NO. OF bPTERCUS A - P I S U M  OF KNCWN AGE (I) Q U I P S -  
C ASTART(  I) I N I T I A L  NO. OF A L A T A E  OF AGES Ill C U I P S  
C AX TOTAL APTEROUS ANC 4 L A T E  PRCGENY PRODUCED B Y  APTERAE [WORKING SUM) 
C E M I G I K A I  S U R V I V A L  RATE OF EMIGRANT ALATAE: U S U A L L Y  SET TO ZERO. 
C HYPER h Y P E R P A R A S I T E  A C T I V I T Y  EXPRESSED A S  A S U R V I V A L  RATE CN EMERGf NG 
C PRIMARY P b R A S I T E S  kYPER CALCULATED FROM F I E L O  SAMPLE DATA. 
C I AGE OF PARAS1 TE OR b P H I D  I N  Q U I P S  
C J AGE O F  P A R A S I T E  OR bPH1D I N  Q U I P S  
C KA T I C E  S T E P  CF PPOGRbCCE AN0 A L F A L F A  SEbSCN 1 Q U I P  
c T I M E  D U R I N G  SEASCN I N  Q U I P S :  b S U A L L Y  INCREMENTED BY 1 Q U I P  ( 1 - 3 5 0 )  
C FRCM T h E  1 5 T H  OF A P R I L  TO l O T H  OCTOBER. I N C L U S I V E  
C KSAM G I V F S  THE T I M E S  1h C U I P S  ( K A )  D U R I h G  SEASON WHEN SAMPLES WERk MADE 
C AND A L S O  WhEN P R I N T  CUT OF CURRENT PREDICTEO A P H I D  C P A R A S I T E  
C hUCBERS ARE WbkTEC. 
C LXMX MEAN REPRODUCTIVE RATE OF AN A P H I D  OR P A R A S I T E  AT AGE ( I l P R O D U C T  OF 
C L X = S U R V I V A L  R b T E  AN0 MX=FECUNDITY RATE ' 

C WAX0 END OF CRGP CR MAX INCREMENT VALUE FOR THE M A I N  0 0  STATEMENT 5 0 0  
C M I N O  B E G l N Y I N G  OF CROP OR LOWER VALUE OR Q U I P  FOR DO STATEMENT 5 0 0  WHICH 
C I S  INCREMENTEO BY GhE C U l P  K A  



PARAL I I. J 

P A R E P I I  I 1  
P A R E P Z f  I I 
P A S U  

PRAON I I 1 
P R E O I K A  J 

P R E D l  
P R E D ( K A 1  
PREDN 

P R J  

PRH 
P R S T t  I ) 
PSTART I I ) 
PROP 
PSURV 
P U J  
P U L C H I  I I 
FUM 
P U S T (  I I 
O U I P  

REPAL ( I I 
R E P A P I  I 1  

F I R S T  I N S T A R  APHIDS = A 1  
SECOND I N S T A R  A P H I D S  = A2 
T H I R D  I N S T A R  A P H I D S  = A 3  
A SUBSCRIPT U S E 0  I N  P L I M M  OR P L I M M  
A TABLE OR M A T R I X  ( 4 1 . 2 0 1  WHICH KEEPS ACCOUNT OF T H E  NUMBERS OF 
P A R A S I T I Z E C  APTERAE. A P H I D  AGES ( I = I - 4 I l  O U I P S  AND P A R A S I T E  
J U V E N I L E S  AGES l J = 1 - 2 0 1  QUIPS.  

) A  T A B L E  OR M A T R I X  ( 4 1 . 2 0 )  hH:CH KEEPS ACCCUNT OF THE NUMBERS OF 
P A R A S I T I Z E C  ALATAE. A P H I D  AGES I I = ~ - 4 1 1  Q U I P S  AND P A R A S I T E  
J U V E N I L E S  AGES ( J = l - 2 0 1  Q U I P S -  
NEWLY P A R A S I T I Z E D  APTERAE 
hEWLY P A R A S I T I Z E D  ALATAE 
S U R V I V A L  RATE CF P R I K A R Y  P A R A S t T E S  A P P L I E D  TO NCRMAL P A R A S I T E  
REPRODUCTIVE RATES AT ALL AGES. P A S U  REPRESENTS ADULT P A R A S I T E  
S U R V I V A L  I N  TCE F I E L C  I N C L U C I N G  M O R T A L I T Y  DUE TO O L D  AGEtWEATHER 
C O N D I T I O N S  AND EMIGRATION, THE VALUE CF PASU I S  CHOSEN AS AN 
b R E I T R A R Y  CONSTANT S U R V I V A L  RATE. 
PROPORTION ( X I  P A R A S I T E  J U V E N I L E S /  TOTAL A P H I D  P O P U L A T I O N  
(TOTAL APHIDS 9 Q U I P S  OR OLDER1 ' 

PROPORTICN 1%) ( P A R A S I T E  JUVENILEStMUMMIESl / (TOTAL A P H I D S +  
HUMMIE S l  
PROPORTION ( 2 1  A.SMITH1 I N  TOTAL MUPMIES 
PROPORTION [ X I  A-E-PULChER I N  T O T A L  HUMPIES 
PROPORTION ( % I  P-PEQOO0RUI.r fAl TOTAL M U M M I E S  
PROPORTION ( X I  A P I - I D  M O R T A L I T Y  DUE TO P R E D A T I O N  
NO. OF IMMIGRANT P A P I S I T I Z E C  A L A T A E  AGE ( 2 4 1  Q U I P S  ENTERING F I E L D  
ALATAE READ I N  AT AGE 1 2 4 1  O U I P S  AND P A R A S I T E  J U V E N I L E S  AT AGES 
( 4 - 1 3  1 O U I P S  AT EACC OeSERVED S A M P L I N G  PER I O D  KSAMIKA) .  
CURRENT NO. OF P.PECUODORUM OF K N C k h  AGE I11 Q U I P S  
hO. OF PREDATORS PER T I P  FOR EACH T I M E  STEP KA. NOS. EXPRESSED AS 
E Q U I V A L E N T  NO. OF C C C C I N E L L I D  LARVAE W I T H  A V O R A C I T Y  O F  9.6 APHIDS 
PER OUIP. 
PROPORTION OF L P H I C S  K I L L E D  BY PREDATORS 
TOTAL E O U I V A L E h T  PRECATORS FROM A L F A L F A  T I P  SAMPLES 
P R E D A T I O N  FACTOR CALCULATED I N  TERPS OF A P H I D  S U R V I V A L  FROM 
PREDATORS 
TOTAL JUVENILE P.PECUOOCRUH OF 4-25 Q U I P S  IN APHIDS OF 90 OR OLDER 
P A R A S I T E  EGGS OF AGES 1-3  Q U I P S  USUALLY TOO SMALL TO BE SEFN 
T C T A L  NC. CF CUVMIES OF P.PEOUODCRUM AGES 2 6 - 3 5  Q U I P S  
I N I T I A L  NO. OF P.PEQUODOKUM OF A G E S I I )  Q U I P S  
I N I T I A L  NO. OF APTERAE OF AGES 1 1 )  O U I P S  
PROPORTION OF ALATE PROGENY CALCULATEC FROM A P H I O  D E N S I T Y  
TOTAL A P H I D  S U R V I V A L  FRCM P A R A S I T E  ATTACK [ A L L  3 S P E C I E S 1  
TCTAL J U V E N I L E  A.PULCt-ER OF 4 - 2 2  Q U I P S  I N  A P H I D S  9 Q U I P S  OR OLDER 
CURRENT NO. OF A-PULCHER O F  KNOWN AGE 1 1 1  O U I P S  
TOTPL NO. OF MUMMIES OF A.PULCHER AGES 2 3 - 3 1  O U I P S  
I N I T I A L  NO. OF A.PULCbER OF A C E S ( I 1  C U I P S  
A QUARTER I N S T A R  P E R I O D  OF THE PEA APHIO.MEASURED I N  P H Y S I O L O G I C A L  
T I M E  (DEGREE-CAYS1.b Q U I P  I S  THE B A S I C  T I M E  U N I T  USED I N  T H I S  MOOEL 
k H I C H  I S  6.2 CAV-DEGREES ABCVE 5.56 CEGREES CENTIGRADE 
AGE S P E C I F I C  F E C U N D I T Y  ( L X M X I  OF ALATAE. S U R V I V I N G  TO AGE 1 1 1  
AGE S P E C I F I C  F E C U N D I T Y  (LXMXJ O F  APTERAE. S U R V I V I N G  TO AGE (11 



C R E P R ( 1 )  
C R E P U ( 1 )  
C  P E S M ( 1 )  
C R P P R ( 1 )  
C  R P P U ( 1 )  
C  P P S M I I )  
C  S  
C SK 
C 
C S M I T H ( 1 )  
C S F J  
c SMM 
C SMST( 1 1  
C SP 
C SPAL 
C S P P  
C. SPR 
c SPU 
C SRPR 
c 
c 
C SRPU 
c SRSM 
C ssn 
C T J  
C Tn 
C T N  
C 
C TNP 

L 

C 
C TOT 

, C TOTAL 
c TPR 
C TPU 
C TSM 
C XPR 
C XPU 
C xsn 
c XX 
c 

AGE S P E C 1  F I C  F E C U N D I T Y  I L X M X I  OF P-PEOUOOORUM* S U R V I V I N G  TO AGE (I 
AGE S P E C I F I C  F E C U N D I T Y  ( L X C X )  OF A-PULCHER.SURVIVING T O  AGE (1) 
AGE S P E C I F I C  F E C U N D I T Y  ( L X M X I  OF A . S Y I T H I *  S U R V I V I N G  TO AGE ( 1 1  
REPRODUCT I V E  RATE (LXCX Of P.PECUCCCRUC= (PASU*REPR)  
REPROOUCTIVE RATE ( L X M X I  OF A.PULCHER=(PASU*RESH) 
REPRODUCTIVE RATE ( L X H X I  OF A.SMITHI= tPASU*RESM) 
P R E O ( K A ) * S K  
NORMAL S U R V I V A L  O F  P A R A S I T I Z E D  A P H I D S  AGES 1-41 QUIPS. 
T H I S  CCNSTANT I S  A R e l T R A R I L Y  CHOSEN. 
CURRENT NO. CF 4 .SMITHI  OF KNOkN AGE ( 1 )  Q U I P S  
TOTAL J U V E N I L E  A - S M I T H 1  OF 4 - 2 0  O U I P S  I N  A P H I D S  OF 9 Q U I P S  OR OLDER 
TOTAL kO. OF MUCMIES OF A - S C I T H I  AGES 2 1 - 2 9  Q U I P S  
I N I T I A L  NO. OF A.SNITH1 OF A G E S t I  1  Q U I P S  
T O T A L  PROPORTICN OF NEW P A R A S I T E S  I A L L  3  S P E C I E S )  
CURRENT TOTAL OF P A R A S I T I Z E C  ALATAE AGES 2 1 - 3 3  Q U I P S  (WORKING SUM) 
CURRENT T O T A L  OF P A R A S I T I Z E D  APTERAE AGES 2 1 - 3 3  Q U I P S  (WORKING SUM) 
A P H I O  S U R V I V A L  FRCC P.PEOUOCURUM ATTACK 
A P H I O  S U R V I V A L  FRCM A-PULCHER ATTACK 
PROPORTION OF P.PEOU0DORUY FEMALES EMERGING FROM PRAON MUMMIES 
A L L  SEX R A T I C S  ARE CChSTANTS CALCULATED FROM P A R A S I T E  EMERGENCES 
I N  MUMMY SAMPLES. 
P R D P O R l  I O N  G F  A.PULCHER FEMALES EMERGING FROM A-PULCHER MUMMIE S 
PROPORTION OF A.SMITH1 FEMALES EMERGING FROM A - S M I T H 1  MUMMIES 
A P H I D  S U R V I V A L  FROM A.SMITHI ATTACK 
I O T A 1  P A R A S I T E  J U V E i v I L E S  O F  2 S P E C I E S  
TOTAL HUMHIES Of 3 SPECTES 
CURRENT TOTAL A P H I O  P O P U L A T I O N  OF U N P A R A S I T I Z E O  APTERAE AND ALATAE 
A L A T A E  AGES 3 - 2 2  C U I F S  A V A I L A B L E  T G  BE P A R A S I T I Z E D  (WORKING SUM) 
CURRENT TOTAL A P H I D  P O P U L A T I O N  ( T N 1  P L U S  PARAS1 T I  ZED APTERAE 
O F  AGES 3 - 2 2  Q U I P S  H I T H  P A R A S I T E  EGGS O F  AGE 1 Q U I P  (YORKING SUM). 
A P H I O S  OF AGES 3 TO 2 2  G U I P S  ARE S U S C E P T I B L E  TO P A R A S I T E  ATTACK*  
SO ARE APHIOS W I T H  P A R A S I T E  EGGS O F  AGE 1 QUIP. 
TOTAL NO. OF L I V I N G  CPHIDS (PARAS I T  )ZED t U N P A R A S I T  I Z E D )  
CURRENT TOTAL ALATAE ( W R K I N G  SUM) 
TOTAL NO. O F  EGGS P.PEOUOOORUM FEMALES TRY T O  L A Y  D U R I N G  K A  
TOTAL NO. OF EGGS A.PULCHER F E C A L E S  TRY TO L A Y  D U R I N G  K A  
TOTAL NO. OF EGGS A.SMITH1 FEMALES TRY TO L A Y  D U R I N G  K A  
PROPORTION OF hEW P.FEOUOOORUM P A R A S I T E S  
PROPORTION OF hEW A.PULCHER P A R 4 S I T E S  
PRGPORTION OF NEW A - S M I T H 1  P A R A S I T E S  
CURRENT TOTAL P A R A S I T E  J U V E h I L E S  A G E S ( 1 - 1 0 1  O U I P S  (WORKING SUM) 

- 
C*************+*t****t****************************$***************************** 

C O I M E N S I C N  A L L  VECTORS AND P A T R I C E S  
D I M E N S I O N  A L A T E ( 1 0 0 ) ~ A P T R A ( 1 0 0 I ~ K E P A L ~ 1 0 0 1 ~ R E P P P ( 9 3 ~ ~  

1PSTART (93)*ASTART(lOO)*KSAH(lOO) 
D I M E N S I C N  F R E O ( 2 0 1  * E M I G ( 3 5 0 1  .PREO(350)  .AL ICM ~ 1 0 0 ) ~ P L I M M ~ l O O )  
D I M E N S I O N  S M I T H (  7 1 ) * P U L C H (  7 1 l v P R A O N (  7 2 )  . P A R A I b l r 2 0 )  
D I M E k S I C N  RESH( 711.REPUL 7 1 ) * R E P R (  7 1 ) s P A R A L ( 4 1 ~ 2 0 )  
D I M E N S I O N  R P S M ( 7 1 1  s R P P U ( 7 1 )  .PPPR(71)  
D I M E N S I C N  S M S T t  71 ) r P U S T (  71).PRSTL 7 1 )  
D I  M E N S I C N  PAREP1 1 2 2 ) .  PAREP2 ( 2 2 )  



C**************************************************************************** 
C READ I N  ALL REPRODUCTIVE AND IN IT IAL  NGS kITH OATA STATEMENTS 

CATA REPAP/20*0-0. .24.1.08.1.58t2.13~ 2-41. 2.42. 2-66, 2-55, 2.67rREPAPLMX 
1 2-61. 2-56, 2-60. 2-51. 2-40. 2-35. 2-60, 2-66, 2-66, 2-54, 2-46vREPAPLMX 
2 2-45. 2.251 2-09. 2-28, 2.26- 2-13, 1-90, 1.79. 1-80, 1 . 8 0 ~  1-86.REPAPLMX 
3 1-57. 1-26, 1-11. 1-09. 0-99. 1-09. 0.94. 0-83. 0.86. 0.73. 0.58,REPAPLMX 
4 0.51. C-44. 0.36. 0.28. 0.22t 0.22. 0.18. 0.17. 0.16. 0.15. 0.12rREPAPLMX 
5 0.12. 0.08. 0.08. 0-06. 0-C6* 0-03. 0.02. 0.03. 0 .03~ 0 . 0 2 ~  0-OZsREPAPLMX 
6 0.01. 8*0.0/ 

DATA REPAL/22*0*0* 0.291 C.E5* 0.891 1-31. 1.55. 2.001 2-27, 2.23.REPALLMX 
1 2-18. 2-36, 2-57. 2-36. 2.25s 2-46, 2-54. 2-11. 2-09, 2.29. 2.49.REPALLMX 
2 2-48, 2-56, 2-46. 2.37. 2-27. 2-11. 2-04. 1.92s 1-81. 1-60. 1.63.REPALLMX 
3 1-57, 1-44, 1-41r 1.15. 1-201 1-24. 1-12. 1-19. 1-33. 1-36. 1.78rREPALLMX 
4 1-03. 1-07. 0-97-  0.71- 0.75. 0.73. 0.85. 0.54. 0.56. 0.48, 0.45.REPALLMX 
5 0.46. 0.411 0.29. 0.30s 0.22- 0.311 0.21. 0.19. 0.05. 0.06. 0.05.REPALLUX 
6 0.05. 0-04. 0.06. 0.06. O.CZ1 0 . 0 1 ~  0-01. 0.00. 0-00. 0.021 0.02rREPALLMX 
7 0.02. 0.02. 0.02. 0.00/ 

DATA RESM130*0.0* 37.S6* 37,56143.78 .43 .78 .43 .78*51-69~51-69*48 .78 .RESU 
l 4 8 . 7 7 . 4 5 . 2 4 . 3 6 - 3 9 r 3 6 - 3 9 . 3 O . 2 6 . 2 8 . 6 3 . 2 4 . O O l l O O l O O R E S  LUX 
713.89.13.89.1 1-56. 9-82. 9-82, 5-57, 5.33.-.3.87. 3-04. 2-28, 2-28,RESM LUX 
3 2-28. 1-87. 1-87, 1-00.7*C.O/ RESU LMX 

OATA R E P b / 3 2 * 0 ~ 0 ~ 2 7 ~ 5 0 ~ 2 7 ~ 5 0 ~ 2 9 ~ 6 1 ~ 2 9 ~ 6 1 ~ 2 9 ~ 0 1 2 4 2 4 2 4 2 4 1 9 5 O R E P U  LMX 
1 1 9 ~ 5 0 e L 5 . S 3 ~ 1 5 ~ 0 9 * 1 5 - 0 9 ~  8-57. 7-33. 5.81. 5-51, 4-71. 2-56. 2-56.REPU LMX 
2 -94. -46. -20. -13. .13*15*0-0/ 

DATA RtPR/36*0101 9 -97 .  9-47r l3 -85 r  13.65r13.64r 15r(.l. ;5.61si4.17rREPR Lt1X 
1 1 4 ~ 1 7 ~ 1 1 ~ 5 5 ~ 1 0 ~ 2 2 . 1 0 . 2 1 ~  7-03.  6.65. 5-12. 3-87, 3-87. 2 - 6 5 ,  2.59.REPR LUX 
2 1.76. 1-641 1-13. -92. 0.92s 0-96. 0.93. 0.54. 0-94. 0-419 0.41.REPR LMX 
3 0.41r 0.ll.r 0.03r 0-029 0.00/ REPR LUX 

C 
201 FORMAT(* '.lX.'CROP 1') 

Mi NQ=4 
MAXQ=73 
CATA KSAM/4.11.17r25.33.42.57.73.92*0/ I F 1  72 
ObTA P START/4*-004.4*.00299 *4*-001 ~ b * ~ O t 6 * ~ 0 0 0 7 6 ~ 6 9 * ~ 0 /  1F 
DATA ASTART/100*0.0/ I F 1  72 
OATA SFST/7*0 . 0 ~ 5 * ~ 0 0 1 2 1 ~  1 8 * 0 0 0 ~  10*.0304121*0-O/ I F 1  72 
DATA P L S T / 7 * 0 ~ 0 ~ 3 * ~ C O C 8 r 3 * ~ C 0 3 2 1 s 8 * ~ 0 0 0 0 ~ 1 2 * 0 ~ 0 ~ 1 0 * ~ 0 0 0 4 ~ 2 8 * 0 ~ 0 /  
DATA P R S T / 3 * ~ 0 0 1 9 1 ~ ? 1 * 0 ~ 0 ~ 1 * ~ 0 0 4 0 ~ 3 6 * C ~ O /  I F 1  72 
DATA EPIG/350*0.0/ I F 1  72 
DATA ALIMM/.O. -0s -09.01. C*-CC5ttO05ttO55*92*0.0/ I F 1  2 
CATA PLIHM/5*oO. -01. -O..O15.92*0.0/ I F 1  72 
DATA P R E 0 / 2 4 * 0 ~ 0 ~ 6 * ~ 0 1 ~ 3 * ~ 0 1 8 ~ 9 * ~ 0 2 2 ~ 7 * ~ 0 2 5 . 8 * - 0 3 ~ 8 * ~ 0 3 5 e 8 * ~ 0 4 2 ~  

l 23* -05 r  l*-O6Y. l*.O5.l*.O4.l*.03. l*-O218**Ol5*24*.Ol*3**O2 .4*.O339 
216*~005.7*~02.30* -015 .157*OoO/  1972 

C 
c******************************************************************************* 
C I N I T I A L I  ZE ALL APHI 0 AND PARAS ITE INFORMAT ION 

DO 500 IP= 5.100.5 
Z=l. 

C 
c INITIALIZE APHIO NOS OF 'ALL AGE GROUPS 

TOT-0.0 



TOTAL=O.O 
DO 1 2 1 2  1 ~ 9 3 r 1 0 0  

1212 A L A T E 1  I I = A S T A R T I  I) 
DO 10 I=1.93 
APTRA( I I = P S T A R T (  I I 
A L A T E 1  I l = A S T A R T l  I I 

C  SUM U P  T O T A L  I N I T I A L  hOS CF bPTERAE A N 0  A L A T A E  
T O T A L = T O T A L + A L A T E l I I  

10 TOT=TOT+APTRAl  I 1  
C  I N I T I A L I Z E  P A R A S I T E  h O S  OF P L L  AGE GRCUPS 

A O b . 1  
D O 1 4  1=1.71 
S M I T H 1 1  J = S M S T l I ) * A O D  
P U L C H I  I I=PUST ( I I * A 0 0  

14 P R A O N I I ) = P R S T l I ) * A D O  
C  
C  I N I T I A L I Z E  R P  FOR P A R A S I T E  REPRODUCTION FROM O R I G I N A L  LXMX VALUES 
C  SET IYCATURE P A R A S I T E  REPRCDUCTION EQUAL TO ZERO 

00 16 I=1.30 
R P S M I I  )=RESMI I I 
R P P U l I l = R E P U ( I I  

16 R P P R l I ) = R E P R I I )  
C  APPLY PASU OR ADULT S U R V I V A L  EXPRESSED THROUGH 
C  P A R A S I T E  REPRODUCTION CF ADULTS CGE 30 O I l I P S  OR CLDEP 

P BSU= . O l * l P  
C C A L C U L A T E  P O P U L A T I C N  CHANGES W I T H  CIFFERENT VALUES O F  P A S U  

X = 1 * 0  
X=PASU*X 

DO 1 5  I = 3 C . 7 1  
R P S M I  I )=RESM( I l * X  
R P P U I I ) = R E P U l  I ) * X  

1 5  R P P R ( I I = R E P R l l j * X  
c 
C  CHECK SUP OF CHANGES I N  P A R A S I T E  TOTAL F E C U N C I T Y  AFTER P A S U  I S  A P P L I E D  

SSl=O.O 
SS2rO.O 
SS3=0.0 
DO 1 8  1 = 3 0 . 7 1  
S S l = S S l + R P S M I  I I 
S S Z - S S 2 t R P P U l I  1 

18 SS+SS3+RPPR 1 I I 
W R I T E 1 6 * 9 2 9 )  

929 FORMAT( ' - * * lX . 'N= NYMPHAL IKSTARS:  AP + APT = APTERPE; AL + ALT = 
I A L A T A E :  P E R 1  = PROPORTION P A R A S I T E  L A R V A E /  TOTAL A P H I D S  1 9  Q U I P S  0 
2 R  OLDER):'./.ZX.'PERL= PROFORTION OF P A R A S I T E  LARVAE + MUMMIES/TOTAL 
3 A P H I D S  + MUMMIES: PER = PROPCRTICh OF EACP P A R A S I T E  S P E C I E S / T O T A L  
4 NUMBER OF'. /*LX. 'MUCMIES : S M I T H  = A.SMlTHI :  PULCH = A.E.PULCHER; 
5PRAON = P.PEQUO0ORUM: PROP = PROPORTION OF ALATE PROGENY* I 

c 
C  I N I T I A L I Z E  M A T R I C E S  PARA t PARAL: THE NO. OF P A R A S I T I Z E 0  A P H I D S  

0 0 2 0 1 = 1 . 4 1  
D 0 2 0 J = 1 . 2 0  



0 0 7 4  

C C 7 5  
0076 

0 0 7 7  
0 0 7 8  
0079 

0 0 8 0  

OC8 1 
0 0 8 2  
0083 

0 0 8 4  
OCE5 
0 0 8 6  
0 0 8 7  
0 0 8 8  
0 0 8 9  
CCSO 

009 1 

GCSZ 

P A R A L I  I.Jl=O.O 
PARA l I . J l=O.O 
I N I T I A L I Z E  NO-  OF P A R A S I T I Z E 0  A P H I C S  OF AGE 1 (1-31) A N 0  P A R A S I T E S  
O F  AGE J ( 1 - 2 2 1  A N 0  PUT I N T O  PARA M A T R I X  
D O 2 1  J = l . 2 0  
X=SMITH(  J ) t P U L C H I  J l+PRACN(J)  
I N I T I P L  P A R A S I T I Z E C  P P H I C S  ADDED TO TOTAL A P H I O  COUNT 
THAT I S  TCT=TOTAL k O S  CF A F H I C S  P A R A S I T  I Z E O  OR U N P A R A S I T I Z E D  
T O T = T O T t X  

T O T A L  APTERAE AND A L A T A E  TOGETHER 
TOT=TOT +TOTAL 

k R I  TE ( 6 . 3 2 3 1  
FORMAT I 'C ' .  1X. ' P R E D I C T E D  DATA FROM MODEL' * 

1/* 2 0 X ~ ' A P H I O S ~ T I P ' ~ 3 7 X 1 ' P A R A S I T E S / T I P ' r 2 9 X s ' P R E O A T I O N ' s  
2/*  2X. 'QUIP'  . Z X v ' N l  K 2 N 3  A P 4  4 L 4  APT A L T ' r 4 X *  
3 ' T O T A L  PRCP TOTAL TOTAL '. 
4 1 1 X . ' S M I T H I  PULCH PR4CN' . l X ~ * V f l R T A L I T Y  ' * / , 6 6 X 1  'LARVAE MUMMIES'. 
5 l X .  ' P E R 1  P E R 2  PER PER PFK' .7X.'PRflPTRTIflN' 1 

W R I T E  ( 6 . 2 0 1 1  
PREOh=EXPl-9.6*PREO(CINOl/TOT) 
P6=1.0-PREON 

C I N I T I A L  CCUNTER FOR P R I N T  CUT 
N * l  

C 
C*********+*******************r(*11****************1*****************************  

START APHID-PARAS1 TE-PREOATCR I N T E R A C T I O N S  M b K I N G  CALCULATIONS EVERY Q U I P  

PROPORTION OF ALATAE CALCULATE0 U S I N G  AGE OF P L A N T  & A P H I O  D E N S I T Y  
T L O G = A L O G 1 0 ( T O T * 1 0 0  1 
I F t K A - C 5 )  1 5 1 2 . 1 5 1 2 . 1 6 1 2  
PROP=( .3059*TLOGI- -2179 CROP 1 
GO T O  1 6 2 2  
PROP=I ,240WTLOGl - .2844 CROP 2 + 3  
I F  IPROP.GT.l P R O P = l  
I F  4 PROP. LT.0 I PROP=O.O 

C 
C NORMAL REPRODUCTION OF ALATAE AN0 APTERAE I U N P A R A S I T I Z E D I  
C A= APTEROUS PROGENY FRCM ALATAE SUM SET TO ZERO 

A=O.O 
c AX= APTERGUS OR AL-ATE PROGENY FROM APTERAE SLH SET TO ZERO 

AX=O, 



0099 
O l O C  
010 1 

REPRODUCT ION O F  P A R A S I T I Z E C  APTERAE & ALATAE 
D O  1 1 5  I = 2 1 . 3 3  
S E T  WORKING SUMHS EQUAL TC ZERO 
s p p = o . o  
SPAL=O.O 
T O T A L  REPRODUCTIVE P A R A S I T I Z E C  APTERAE ANC ALATAE 
00 114 J 1 1 . 1 2  
SPAL=SPbL+PARAL(  11 J )  

114 SPP=SPP+PARAL I .J) 
C P A R A S I T I Z E C  APTERAE & A L A T A E  AGES 2 1 - 3 3  REPRCDUCE FOR A MAXIMUM OF 1 2 Q U I P S  
C PROGENY FRCM T O T A L  P A R A S I T I Z E C  A P H I D S  OF A C E L I )  ADDED TO TOTAL 
C A P T E R A E  AND A L A T E  PRCGENY AX E A 

A r A + S P A L * R E P A C ( I  
1 1 5  AX=AX+SPP*REPAP( I) 

c 
C P R E D A T I C L  FACTOR CALCULATEC 

PREDN=EXPL-9.6*PRECLKb)/TOT) 
P e l  .0-PREDN 

C N.0. I N  SCME CASES ( E S P E C I A L L Y  I N  CROPl.  1 9 7 2 1  PREDATORS WERE TOO 
C SEVERE C A L S I N G  A P H I C S  TO GC EXTINCT. T H I C  \.!At PRf'RbP1.Y DlJE TO INCQRPECT 
C E S T I M A T I O N  O F  PREDATOR VORACITY WHICH COULD BE L D J U S T C D  BY WAKlUC THE 
C F E E D I N G  RATE 2 - 0  I N S T E A D  OF 9.6. 
C 
C SK= S U R V I V A L  OF P A R A S I T I Z E C  A P H I D  FACTOR 

SK=. 97 
S=SK*PREDN 

c 
C U P D A T E  PARAS1 TE I h D I V I O U b L S  AND APPLY P A R A S I T E  REPRODUCT I O N  

TSH=O.O 
TPU-0.0 
TPR=O.O 
1=70 

1100 J=l+l ---. - . 

I F  LI.LE.25) GO TO 1 1 0 2  
S M I T H L J ) = S C I T h l I  1  
PULCHL J I - P U L C H L I  I 
PRAON ( J  l=PRAON ( I I 

C P A R A S I T E  REPROCUCT I O Y  PGJUSTED T O  P A R A S I T E  S U R V I V A L  
I F  l l . L T . 3 1 1  GO TO l l C 5  
TSH=TSM+SMITHLJ)*RPSM(Jl 
TPU=TPU+PULCHL J l * R P P U I J l  
TPR=TPR+PRAONL J J  * R P P R L J j  
GO T O  1 1 0 5  

C P R E D A T I C L  AND NATURAL S U R V I V A L  RATES A P P L I E D  TO P A R A S I T E S  YOUNGER THAN 
C 25 O U I P S  W H I L E  P A R A S I T E  J U V E N I L E S  ARE U P D A T E D  

1 1 0 2  S M I T H L  J ) = S M I T h ( I l * S  
PULCHL J J = P U L C H (  I J * S  
P R A O N t  J l = P R A O N ( I  J*S 



1 1 0 5  I=I-1 
I F  I 1 1  1 1 1 0 . 1 1 1 0 . 1 1 0 0  

C P A R A S I T E S  D I E  OF OLD AGE 
11 10 SHITH(C4)=O.O 

P U L C H t  5 6 )  =O. 0 
PRAON170)=0.0 

C 
C ' SEX R A T I C S  OF P A R A S I T E S  

SRSM=.554 
SRPRz.555 
SRPU=.571 

C H Y P E R P A R A S I T E  A C T I V I T Y  OVER SEASON ADJUSTMEN1 
I F l K A -  2 3 1  1 1 6 1 r 1 1 6 1 . 1 1 6 2  

1161 HYPER=.945-.01111*KA 
GO T O  1160 

1162 I F I K A -  3 3 )  1 1 6 3 * 1 1 6 3 r 1 1 6 4  
1 1 6 3  HYPER=.694 

GO TO 1160 
1 1 6 4  I F I K A -  4 2 )  1 1 6 5 . 1 1 6 5 . 1 1 6 6  
1165 HYPER=1.652-.02888*KA 

GO TO 1160 
1166 I F l K A -  5 7 )  1 1 6 7 r  1 1 6 7 . 1 1 6 8  
1167 HYPER=,02615*KA- -6595 

GO TO I 1 6 0  
1 1 6 8  I F I K A -  7 3 )  11699 l l 6 q . l l 7 O  
1169 MVPER=1.5849-.01329+K1 

GO TO 1 1 6 0  
I F l K d - 1 0 9  1 1 1 7 1 ~ 1 1 7 1 . 1 1 7 2  2 F 1  7 2  
HYPER=.02085*KA-1.357 ZF 1 7 2  
GO T O  1 1 6 0  
1 F l K b - 1 2 4 )  1 1 7 3 . 1 1 7 3 r  1 1 7 4  2 F l  7 2  
HYPER=.S145 2 F 1  7 2  
GO T O  1 1 6 0  
I F I K P - 1 5 6 )  1 1 7 5 . 1 1 7 5 . 1 1 7 6  2 F  1 72 
HYPER=2.149-.01005*KA 2 F l  72 
GO T O  1160 
HYPER=.593 2F 1 7 2  
GO TO 1 1 6 0  
PROPORTICN OF PRIMARY P A R A S I T E S  S C R V I V I N G  FRGU H Y P E R P A R A S I T E  A C T I V I T Y  
SEX R A T I O  A P P L I E D  TO E C E R G I h G  P A R A S I T E S  OF EbCH S P E C I E S  
IF(HYPER.GT.1.) HYPER=1.0 
IF(HYPER.LT.O.2) HYPER=0.12 
S M I T H 1  3 0 1 = S M I  T H I 3 0 ) * S R S C * H Y P E R  
PULCHl32)=PULCHI32)*SRPU*HYPER 
P R A f N 1 3 6 ) = P R A C N 1 3 6 1 * S P P R * H Y P E R  

A P H I D  - PARAS I T E  I N T E R A C T l G h S  
M O R T A L I T Y  OF b P H I C S  DUE TO PRIMARY P A R A S I T E S  
TN=O. 0 
TNP=O.O 
D O  A 2 0 0  I r 3 . 2 2  
T N = T N + b P T R A I  I I + A L A T E L I )  



1200 TNP=TNP+PARA( 1.1) +PARAL(  I * 1) 
TNP=TNP+TN 
S S M = F X P l - l S M / T N P )  
SPU- E X P  I -TPU/TNP 
SPR=EXP(-TPR/TkP)  
PSURU=SSM*SPU*SPR 
SP=3 .O-SSM-SPU-SPR 
IF(SP.EQ.O.)GOT01250 

C PROPORTlON OF EACH NEW P A R A S I T E  S P E C I E S  DETERMlNED 
XSM=l1.0-PSURV ) * I1 .0 -SSM) /SP 
XPU=(1.0-PSURV)*11.0-SPU)/SP 
XPR=( l .O-PSURVI* (  1.0-SPR)/SP 
G O T 0 1 2 8 0  

1 2 5 0  XSM=O,O 
XPWO.0 
X P R r 0 - 0  

1 2 8 0  b o i 3 o o i = 3 . 2 2  
C NO. OF KEWLY P A R A S I T I Z E D  A P h I O S  O F  AGE 3.22 OF BOTH APTERAE AND ALATAE 
C D E T E R M I N E 0  

P A R E P l I l ) = A P T R A (  I)*( 1.0-PSLRV) 
PAREPZ (I ) = A L A T E (  I ) * l 1 . 0 - P S U W )  

C T H E  NO. OF A P H I D S  E S C A F I h G  P A R A S I T I S M  
A P T R A I  I ) = A P T R A ( I  )*PSURV 

1300 A L A T E (  I ) = A L A T E ( I  )*PSURV 
C THE NO. OF NEW P A R A S I T E S  OF EACH S P E C I E S  AGE 1 Q U I P  DETERMINED 

S M l T H ( l ) = T N * X S M  
P U L C H t  l ) = T N * X P U  
PRAON( 1 )=TN*XPR 

c 
C UNPARAS~YIZE I )  4PHt D S  UPDATED L P R E D A T I O N  8 ~ n r c l ~ ~ r O ; (  n P p l  rEo 

TOTsO. 
I s92  

120 J= I+ 1 
A P T R A t J  )=PPTRA(  I )*PREDN 
A L A T E (  J I = A L A T E ( I  ) *PREDN 
TOT=TOT+APTRA( J ) + A L A T E ( J  
101-1 
I F ~ 1 ) 1 3 0 . 1 3 0 . 1 2 0  

130 A L A T E ( 2 l I = & A T E ( Z l ) * E M I G ( K A I  
C 

C P A R A S I T I Z E C  A P H I D S  UPCATED t P R E D A T I C h  & NATURAL S U R V I V A L  O F  P A R A S I T I Z E D  
C A P H I D S  ( S  = PREDN*SK)  A P P L I E D  

1140 



1 1 4 0  I=I-1 
I F I I - 2 ~ 1 1 5 0 ~ 1 1 5 0 ~ 1 1 2 0  

C EMMIGRAT I C N  OF P A R A S l T l Z E C  b L A T A E  
C E M I G R A T I O N  OF P A R A S I T E  J U V E N I L E S  AGED 1-10 C U I P S  I N  P A R A S I T I Z E D  ALATAE AGED 
C 21  OUIPS, 

1 1 5 0  DO 3 2  J-1.10 
XX=SMITH(  J ) + P U L C H I J ) + P R A C h (  J l  
I F 1 S M I T H l J ) ~ E O . O . O )  GO TO 20 
S M I T H 1  J ) = S M l T H ( J ) - l P A R A L l 2 1 ~ J ) * ~ S M I T H l J ~ / X X ) )  

30 IFIPULCHIJ).EO.O.O) GO TO 3 1  
P U L C H f J I = P U L C H l J  1 - ( P A R A L I 2 1 ~ J ) * l P U L C ~ H ( J l / X X ) )  

3 1  IF1PRAChlJ).EO.O,O) GC TC 3 2  ' 

P R A O N ( J  ) = P R A O N I J ) - I P A R A L I  2 1 t J ) * ( P R A O N I  J) /XX)  1 
32 PARAL(Zl .J)=O.O 

C A D D I T I O N  OF NEW I N D I V I D U A L S  ( A L A T E S  AND/OR APTERAE) TO P O P U L A T I O N  
XAL=AX*PROP 
A L A T E (  1 )=XAL 
A P T R P I l ) = b X - X A L t A  
TOT=TOT+AX+A 

c 
C ACD NEWLY P A R A S I T I Z E C  A P H I D S  W I T H  EGGS TO PARA M A T R I X  

DO 1 3 6 0  1 ~ 3 . 2 2  
P A R A ( I v 1 1 = P A R E P l ( I )  
? A R R L I ! . I ) = P I R E ? Z ! I I  

1360 TOl=TOTtPAREPL~l )+?AREPZ(L I  
I F .  ( X A - € 0 - K S A M ( N S 1 )  GO TO 1 4 0  
GO TO 5 0 0  

c 
C****************************4************************************************** 

C P R I N T  CUT CURRENT P R E C I C T E C  P O P U L P T I C N  L E V E L S  AT SAMPLE T I N E S  I N  Q U I P S  FOR 
C D E S I G N A T E D  SAMPLE P E R I O D  (KSAM). 
C 
C REMOVE A L L  ADULT ALATAE TO PAKE RCCM FOR NEW SAHPLE VALUES 

1 4 0  DO 4 2  f = 2 4 . 9 3  
4 2  A L A T E (  I )=O.O 

DO 4 3  I r 2 4 . 4 1  
DO 43 J11.20 

43 PARAL(  I .  J)=O.O 
C ADO I M M I G R A N T  A L A T E S  ( P A R A S ' T I Z E D )  AS CaSERVED FROM F I E L D  SAMPLES 

I F  LPLICM(NS).EO.O.O) GO TO 4 1  
00 4 0  J=4.13 
P A R A L I 2 4 . J ) = P L I M M ( N S ) / 1 0  
S M I T H l J ) = S M I T H I J ) + P L I M ! - l ~ N S  1 / 3 0  
P U L C H t  J ) = P U L C H l  J I + P L I Y P l  h S l / 3 O  

4 0  P R A O N I  J ) = P R A O N I J I + P L I M M l N S ~ / 3 0  
4 1  ALATEl241=ALATE(241tAL IMMlhS)  

N S = N S + l  
E S E T  WORKING SUMS EOUAL TO ZERO 

AL=O, 0 
A1=0.0 
A2=0 .O 



4 3 - 0  .O 
AP=O. 

C U N P A R A S I T  I Z E D  A P H I D  STAGES COUNTED 
AL4=ALATE(17 l+ALATE(18J+ALbTE~19)  
A P 4 = A P T R A ( l 7 1 + A P T R A ( 1 8 1  
00145J=l. 17 
A L 4 = A L 4 + P A R A L ( 1 7 .  JJ+PARAL(18 .  J J t P A R A L ( 1 9 .  J J  

145 AP+AP4+PARA( l l r J ) + P A R A I  l 8 r J l  
DO 1 5 0  1~1.4 
A l = A l + A P T R A ( I  ) + A L A T E (  1 1  
AZ=AZ+APTRA(  I + 4 l + A L A T E t  I + 4  
A 3 = A 3 + A P T R P 1 1 + 8 ) + A L A T E (  I t 8 1  . . 
A L 4 = A L 4 + A L A T E  ( I + 1 2  1 
AP4=AP4+APTRA ( I + 1 2 1  

C P A R A S I T I Z E D  A P H I C  STAGES CEUNTED & ADDED TO U N P A R A S I T I Z E D  A P H I D  STAGES 
DO 1 5 0  J ~ 1 . 1 4  
A l = A l + P A R P ( I .  J l + P A R A L (  1.J)  
A2=A2+PARA(I+4.Jl+PARAL(I+4*Jl 
A ~ = A ~ + P A R A ( I + ~ V J I + P A R A L (  I +e . J )  
A L 4 = A L 4 + P P R A L ( I + 1 2 . J )  

1 5 0  AP4=AP4+PARA( I + l 2 .  J l  
DO 160 1+19.93 

160 A P = A P + A P T R A ( I l  
00 161 1 ~ 2 0 . 9 3  

161  AL=AL+ALATE(  1) 
NST= I 
DO 1 6 5  I = 2 D 7 + l  
IF(I.GT.22 l N S T = I - 2 1  
D 0 1 6 5 J = N S T . 2 0  
AL=AL+PAR AL( I I J) 

1 6 5  AP=AP+PARA(I .  J )  
00 1 7 1  J + 1 * 1 7  

171 AP=AP+PARA(19.J )  
C ' P A R A S I T E  IMMATURE STAGES OF EACH S P E C I E S  COUNTED 

SMJ=O. 
C PUJ= PULCHER J U V E N I L E S  OR IMMATURES* ETC- 

P U J = P U L C H ( 2 1 l + P U L C H ( 2 2 )  
P R J = P R A G N ( ~ ~ I + P R A O N ( ~ ~ ~ + P R A C N ~ ~ ~ ~ + P R A U N ( ~ ~ ~ + P R A C N ( ~ ~ )  
P P H I  CiT=PU J + P R J  
TJ=O. 0 
DO 1 7 2  119.41 
DO 1 7 2  J z 3 . 2 0  

1 7 2  T J = T J + P A R A ( I s J I + P A R A L ( I . J I  
T J = T  J t P U J + P R J  

c snr= SMITHS MUMMIES. ETC. 
SMM=SMITH(211+SMITH(Z2l+SMITH~23)+SMITH(24)*SMlTH~2~~ 
P U M = P U L C H ~ ~ ~ ~ + P U L C H ~ ~ ~ ~ ~ P U L C H ( ~ ~ J + P U L C H ~ ~ ~ ~ + P U L ~ H ~ ~ ~ ~  
P R H = P R A C h ~ 3 2 J + P R A C N ( 3 3 l + P R ~ C ~ ~ 3 4 J + P R b ( i H ~ 3 O l + P R A O ~ ~ 3 l l  
DO 1 8 0  1 1 2 6 . 2 9  
S M M = S P C t S C I T H  ( 1  I 
PUM=PUP+PULCH I I I 

1 8 0  PRM=PRM+PRAON(IJ 



TH+SMM+PUM+PRH 
P P H I  DT=bP+IDT+A3+AL4+AP4+AP+AL 

C R A T l f l S  OF P A R A S I T E S  b S  A P H I D S  
I F  (TJ.EO.O.0) GO TO 2 2 3  
P l = T J / A P H I O T  
GO TO 2 2 6  

223 Pl=O.O 
226 I F  (TC+TJ.EO.O.OJ GC TO 224 

P 2 = ( T H + T J  ) / t A P H I  CT+TH) 
GO TO 2 2 7  

2 2 4  P2-0.C 
227 I F  tTH.EO.O.0) GO TO 2 2 5  

P 3 = S U U / T U  
P4=PUH/TM 
PJ=PRH/TM 
GO T O 2 2 2  

225 P3zO.O 
P4tO.O 
PS=O.O 

2 2 2  W R I T E 1 6 r Z C O ) K A . A l . A 2 * A 3 * A P 4 . A L 4 * A P l A L I T t T . F R C P . T J . T M .  
lPL.PZ.P3. P 4 l P 5 . P 6  

200 FORMAT( '  '.I3 1 8 F 7 r 3 . F 5 . 2 * 2 F 7 . 3 r b F 6 . 3 )  
5 0 0  C O N T I N U E  

STOP 
END 
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