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ABSTRACT

This study aimed to  provide a b e tte r  understanding o f the popula­

t io n  dynamics o f  Brevicoryne brassicae (L .)  w ith in  the summer season.

I t s  p rim ary p a ra s ito id , D ia e re t ie l la  rapae (M cIntosh) was a lso  considered. 

S pecia l emphasis has been placed on the c o n s tru c tio n  o f  stage s p e c if ic  

p o p u la tio n  models in v o lv in g  d e n s ity  dependence, in  an attem pt to  des­

c r ib e  the f lu c tu a tio n s  o f  b rassicae through the summer and the ro le  

played by [). rapae in  re g u la tin g  the aphid p o pu la tio n s .

The stage d is t r ib u t io n s  o f  E3. brassicae have been in v e s tig a te d  in  

the  f ie ld  and la b o ra to ry , using Brussels sprouts  as the a p h id 's  host p la n t. 

Several methods have been compared and used to  eva luate  the s t a b i l i t y  

o f  the stage d is t r ib u t io n  o f B̂. brassicae p o pu la tio n  under va riou s  con­

d i t io n s .  Evidence suggests th a t the stage d is t r ib u t io n s  were a ffe c te d  

by p o p u la tio n  d e n s ity . In  the la b o ra to ry , the importance o f  d e n s ity  de­

pendence in  re g u la tin g  J3. brassicae p o pu la tions  has been assessed and 

attem pts have been made to  q u a n tify  these processes. Three im portan t 

demographic parameters; fe cu n d ity  ra te s , developmental ra te s , and su r­

v iv o rs h ip  are determined as being a g e -s p e c ific  and density-dependent 

fu n c tio n s . Equations d e scrib in g  these processes are used as bas ic  fu n c tio n s  

fo r  a p o p u la tio n  model o f  B_. b ra ss ica e . In  these experim ents, i t  was 

found th a t severa l types o f  s u rv iv o rs h ip  curves considered by previous 

work (P e a rl & M iner, 1933; Deevey, 1947; S lobodkin , 1962) can be gener­

ated by the aphid, merely by changing the i n i t i a l  p o pu la tio n  d e n s ity .

In  the la b o ra to ry , the fu n c tio n a l responses o f  [). rapae to  va rious 

in s ta rs  o f El. brassicae were in v e s tig a te d . I t  was found th a t C). rapae 

p re fe rs  to  a tta c k  the o ld e r ( i . e .  the fo u r th  in s ta r  and a d u lt aphids)
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ra th e r than the younger stages o f E3. b ra ss ica e . The re s u lt  and o ther 

b io lo g ic a l in fo rm a tio n  were in co rp o ra te d  in to  the s im u la tion  model o f 

the aphid p o pu la tio n .

F in a l ly ,  the e ffe c ts  o f  in c lu d in g  the p a ra s ito id  in  the aphid pop­

u la t io n  model have been in v e s tig a te d .
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General In tro d u c tio n
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T h e o re tic a l ecology has developed over the past h a lf  cen tury  to  

p rov ide  a framework fo r  the study o f species in te ra c t io n s . R e la tiv e ly  

sim ple m athem atical models d e s c rib in g , fo r  example, co m p etitio n  and 

p re da tio n  now e x is t ,  and have id e n t i f ie d  some u n de rly in g  general p r in ­

c ip le s .

When we tu rn , however, to  the a n a lys is  o f  data c o lle c te d  from a 

n a tu ra l p o p u la tio n , adequate techniques and models are s t i l l  la rg e ly  

la c k in g . I t  is  on ly  i f  the p o pu la tions have d is c re te  generations 

th a t the procedure is  r e la t iv e ly  s tra ig h tfo rw a rd  (L e s lie ,  1945, 1948). 

For p o pu la tio n s  breeding co n tin uo u s ly  and w ith  overlapp ing  genera tions, 

the re  remain major problems in  the e s tim a tio n  o f c ru c ia l demographic 

parameters such as fe cu n d ity  ra te s , developmental ra te s  and s u rv iv o r­

sh ip . A lthough th e o re t ic a l trea tm ents o f th is  su b je c t date back to  

the beginnings o f  p o pu la tio n  ecology, the re  have been r e la t iv e ly  few 

advances u n t i l  the la s t  decade, during  which im portan t c o n tr ib u t io n s  

have been made in  va rious f ie ld  (e .g . C harlesw orth, 1980). For example 

a considerab le  amount o f work has been done by demographers and w ild ­

l i f e  management and fis h e ry  workers, focussing on the b io lo g ic a l pe r­

formance and the op tim a l hunting  and h a rve s tin g  a g e -s tru c tu re d  pop­

u la t io n s , re s p e c tiv e ly . When co n s ide ring  a g r ic u ltu r a l p e s ts , some 

species, such as aphids in  B r i ta in ,  have overlapp ing  genera tions which 

co ns ide rab ly  a f fe c ts  the ways th a t a g e -s tru c tu re d  p o p u la tio n  models 

should be developed. The cabbage aphid, Brevicoryne brassicae ( L . ) ,  

has, th e re fo re , been chosen as an experim enta l in s e c t fo r  th is  study 

because i t  has markedly overlapp ing  genera tions and is  convenient to  

s tudy, both in  the f ie ld ,  and under c o n tro lle d  co n d itio n s  in  the la b ­

o ra to ry .
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The cabbage aphid is  h o s t-s p e c if ic  to  most members o f the genus 

B ra ss ica . I t  is  autoecious on b ra ss icas and produces sexual forms in  

la te  autumn in  B r i ta in .  In  warm p laces, ( i . e .  t ro p ic a l and s u b tro p ic a l 

a re a s ), the w in te r is  passed a n h o lo c y c lic a lly . In  th is  co u n try , the 

eggs la id  on b rass ica  stems in  la te  autumn hatch between the end o f 

February and the end o f  A p r i l ,  and the a la ta e  are produced from the end 

o f  May to  J u ly . These m igrate  to  newly p lan ted  brass ica  crops, such 

as cabbage, c a u lif lo w e r , B russe ls sp ro u ts , ka le , rape, ra d ish , swedes 

and mustard. EL brassicae reproduces p a rth e n o g e n e tica lly  through 

s p r in g , summer and autumn.

Outbreaks o f  EL brassicae  were recorded as a major cause o f 

b ra ss ica  lo ss  as e a rly  as 1929 in  B r i ta in  (Barnes, 1931) and the y ie ld  

lo ss  o f  Brussels sp rou t crops due to  the aphid has been estim ated a t about 

£1 m i l l io n  per year in  England and Wales (S tr ic k la n d , 1957). In  the 

f ie ld ,  dense co lon ie s  may develop bn the leaves, o r on the flo w e r o f 

seed crops, causing considerab le  damage, p a r t ic u la r ly  in  warm dry weather.

A la rg e  amount o f  research on the re p ro d u c tio n  o f B_. brassicae 

has a lready been c a rr ie d  o u t. In  the N etherlands, there  are s ix  to  

eleven genera tions per year in  the f ie ld  (Hafez, 1961). In  the la b ­

o ra to ry , B̂. b rassicae takes about ten days to  grow from a newly born 

nymph to  an a d u lt on po tted  B russe ls sp rou ts  a t 20°C and 16-hour photo- 

p e rio d  (A k in lo s o tu , 1973). In  a d i f fe r e n t  experim ent, DeLoach (1974) 

placed EL brassicae on cabbage p la n ts  grown a t va rious tem peratures.

The aphid reproduced a f te r  33.2 , 19.2 , 12 .3 , 10.4 and 11.1 days a t 10°C, 

15°C, 20°C, 25°C and 30°C, re s p e c tiv e ly . DeLoach ca lcu la te d  th a t the 

tim e taken fo r  a p o pu la tio n  to  double in  s ize  a t 10°C, 15°C, 20°C and 

25°C was 16 .5 , 7 .88, 5.17 and 7.07 days, re s p e c tiv e ly . This ra p id
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re p ro d u c tive  ra te  is  the im portan t fa c to r  in  b u ild in g  up a h ig h ly  

dense colony and re s u lts  in  two p a r t ic u la r  c h a ra c te r is t ic s  -  over­

lapp ing  genera tions and complex a g e -d is tr ib u t io n s .

Considerable research has been done on various o ther aspects o f 

the b io lo g y  (P e therbridge  and M e llo r , 1936; S tr ic k la n d , 1934; George, 

1957; Hafez, 1960, 1961; Thompson, 1963; van Emden, 1963, 1965, 1966, 

1969; Smith, 1969; van Emden and Bashford, 1969, 1971; D aiber, 1971; 

Wearing, 1972; DeLoach, 1974) and p o p u la tio n  dynamics (Hafez, 1961; 

Hughes, 1962, 1963; van Emden, 1965; Hughes and G ilb e r t ,  1968; Dunn 

and Kempton, 1971; Chua, 1977; Raworth £t_ a l . ,  1984) o f the cabbage 

aphid, but on ly  a few attem pts have been made to  in co rp o ra te  th is  

in fo rm a tio n  in to  m athem atical models (Hughes, 1963; Hughes and G ilb e r t ,  

1968; Raworth et_ a l . ,  1984). The reason fo r  th is  is  th a t d e ta ile d  

census fig u re s  are very d i f f i c u l t  to  o b ta in  and in te r p re t .  Hafez 

(1961) l i s t s  the o b stac les  to  an a n a ly t ic a l approach to  h is  da ta , as 

fo llo w s : (1) The genera tions o ve rla p ; (2) Most o f the fa c to rs  in vo lve d  

in te r a c t ;  (3) I t  has been im poss ib le  to  o b ta in  system atic observa tions 

on re p ro d u ctio n  and m ig ra tio n  as a ffe c te d  by the complex c o n d itio n s  

p re v a ilin g  in  the f ie ld .

Way and Banks (1968) have used experim enta l exc lus ion  techniques 

to  te s t  the e f fe c ts  o f  d i f fe r e n t  fa c to rs  on to ta l  p o pu la tion  trends 

o f  Aphis fabae Scop, on s p in d le , Euonymus europaeus L ., and M ilne  (1971) 

used a s im ila r  method fo r  aphids on broad beans. Although the technique 

is  ex tre m e ly ..u se fu l, i t  is  l i k e ly  to  be o f  l im ite d  value fo r  in v e s t i ­

g a tions o f  the com plicated in te ra c t io n s  caused by age s tru c tu re . Based 

on the study o f  W illia m s (1961), Hughes (1962, 1963) developed a method 

fo r  the study o f  B. b rass icae  (L . )  th a t is  s t i l l  w ide ly used. M o r ta l i ty
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was estim ated as the d iffe re n c e  between the p o te n tia l ra te  o f  increase 

and the observed ra te , and then p a r t it io n e d  among various causes 

accord ing to  in d ic a tio n s  o f  th e i r  magnitude from f ie ld  samples. The 

p o te n t ia l ra te  o f  increase was obta ined from the r e la t iv e  abundances o f 

the  f i r s t  th re e  in s ta rs ,  and the observed ra te  o f increase estim ated 

g ra p h ic a lly  from a s e rie s  o f  t o t a l  p o p u la tio n  counts ending a t the sam­

p lin g  da te . The v a l id i t y  o f  the  a n a lys is  was confined to  occasions 

when the in s ta r - d is t r ib u t io n  was thought to  be s ta b le  and the aphid 

p o p u la tio n  s iz e  increased g e o m e tric a lly  (C a rte r, Aikman and Dixon,

1978). On the basis  o f  th is  work, Hughes and G ilb e r t (1968) developed 

the f i r s t  p o p u la tio n  s im u la tio n  model fo r  brassicae ( L . ) ,  and 

the model was fu r th e r  developed w ith  emphasis on a h o s t-p a ra s ito id  

re la t io n s h ip  by G ilb e r t  and Hughes (1971). In  these models, i t  was 

assumed th a t the e f fe c ts  o f  d e n s ity  dependence on re p ro d u ctive  ra te , 

polymorphism, e m ig ra tion  ra te , and p re d a tio n  could make these ra te s  

d e c lin e  e x p o n e n tia lly  as the p o p u la tio n  reaches a th re sh o ld  d e n s ity  o f 

20,000 aphids per p la n t.  I t  was a lso  assumed th a t the stage d is t r ib u t io n  

o f  the  aphid p o p u la tio n  was s ta b le  and th a t p a ra s ito id s  and predators 

search randomly fo r  aphids. These a r t i f i c i a l  assumptions, however, were 

not based on experim ents and were not v a lid a te d  by a fu r th e r  a n a lys is  

(C a rte r, Aikman and D ixon, 1978).

A c le a r  understanding o f  the  im p lic a t io n s  o f a g e -s tru c tu re  fo r  such 

parameters as fe c u n d ity , development and s u rv iv a l ra te s  is  th e re fo re  

necessary fo r  a proper in te rp re ta t io n  o f  experim enta l f in d in g s . S im ila r ly ,  

in s e c t e c o lo g is ts  o fte n  wish to  make p re d ic t io n s  about the e ffe c ts  o f 

d e n s ity  dependence on a g e -s tru c tu re d  p o p u la tio n s . For these reasons, 

the  present study seems t im e ly . The aim in  th is  s tudy, th e re fo re , is  to

exp lo re  the ways in  which these c ru c ia l demographic parameters can vary
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w ith  age, and to  in c o rp o ra te  th e ir  e f fe c ts  in  popu la tion  models to  

show th e ir  p o te n t ia l in flu e n c e  on p o pu la tio n  dynamics. Dense co lo n ie s  

o f  j3. b rassicae  are l i k e ly  to  be formed under n a tu ra l c o n d itio n s  because 

o f  th e ir  s trong  tendency to  aggregate (Hayamizu, 1982). Thus the  ways 

in  which a g e -s p e c ific  density-dependent processes p lay in  p o p u la tio n  

growth are a c e n tra l p a r t o f  th is  s tudy.

The f i r s t  to p ic  to  be in v e s tig a te d  is  the popu la tion  growth o f 

EL brassicae  in  the  f i e ld ,  in  f ie ld  cages and in  the la b o ra to ry . To 

s im p lify  complex a g e -s tru c tu re d  a ffe c ts  on popu la tion  dynamics, most 

m athem atical models o f  aphid p o pu la tions  have assumed s ta b le  age d is ­

t r ib u t io n s .  Several methods o f  e va lu a tin g  the s t a b i l i t y  o f stage 

d is t r ib u t io n s  are compared in  Chapter Two and app lied  to  EL brass icae  

p o pu la tio n s  grown under va rio u s  c o n d it io n s . The e f fe c t  o f  in t r a s p e c if ic  

co m p etitio n  measured as a d e n s ity  dependent demographic processes, 

is  discussed in  Chapter Three, and the im portan t demographic para­

meters o f fe c u n d ity  ra te s , developmental ra te s  and s u rv iv o rs h ip  as age- 

s p e c if ic  density-dependent fu n c tio n s  are considered in  Chapter Four. 

In te r -s ta g e -c la s s  processes and the re s u lt in g  e ffe c ts  on co m p e titio n  

are a lso  considered in  th is  chap te r. The equations developed from th is  

se t o f data are then used as basic fu n c tio n s  fo r  an a g e -s p e c ific  and 

density-dependent p o p u la tio n  model fo r  jL  b ra ss ica e . Chapter F ive 

considers the in c o rp o ra tio n  o f  these fu n c tio n s  in to  a d i f f e r e n t ia l  

equation model fo r  an a g e -s tru c tu re d  p o p u la tio n . Such a model sim­

u la te s  the p o p u la tio n  f lu c tu a t io n s  o f  EL brassicae and a ids in  the 

understanding o f the cause o f  such f lu c tu a t io n s .

F in a l ly ,  in  Chapter S ix the in c lu s io n  o f  p a ra s itism  in  the aphid 

p o p u la tio n  model is  b r ie f l y  considered. Some experiments on the host 

stage pre ference and fu n c t io n a l responses o f D ia e re t ie l la  rapae (M cIntosh)
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to  va riou s  stages o f  the aphid p rov ide  in fo rm a tio n  on which the model is  

based. A s im u la tio n  model o f  the aphid p o pu la tion  w ith  the p a ra s ito id  

is  then developed and used to  study the p o ss ib le  w ith in  season im pact 

th a t the p a ra s ito id  can have on the aphid popu la tion  growth.
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Chapter Two

Stage D is t r ib u t io n  o f  Cabbage Aphid 

P opu la tion  d u rin g  th e  Sumner
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2.1 Introduction

One o f the most b e n e f ic ia l re s u lts  o f in c o rp o ra tin g  s p e c if ic  

hypotheses in to  m athem atical models is  th a t i t  fo rces some s im p li­

f ic a t io n ,  thus h e lp in g  to  make a problem more tra c ta b le  and under­

s tandable . T h is , however, may sometimes lead to  outcomes which a re , 

to  a le sse r o r g re a te r degree, u n r e a l is t ic .  To avoid a n a ly t ic a l 

d i f f i c u l t i e s ,  a number o f  m athem atical th e o rie s  o f p o pu la tio n  growth 

have assumed pure exp on e n tia l increase  when the po pu la tio n  l iv e s  in  

a n o n - lim it in g  environment (e .g . models o f sim ple p o pu la tio n  growth 

(S tearns, 1976), p o p u la tio n  ge ne tics  (Crow and Kimura, 1970; Kimura 

and Ohta, 1971), co m p e titio n  (M acArthur, 1972; May, 1974a) and p re da tio n  

and p a ra s itism  (Murdoch and Oaten, 1975; H asse ll, 1978)). In  these 

cases both continuous breeding p o pu la tio n s  w ith  overlapp ing  genera tions 

and p o pu la tions breeding a t d is c re te  in te rv a ls  and s ta r t in g  growth 

w ith  an a r b it r a r y  age d is t r ib u t io n ,  w i l l  assume a s ta b le  age d i s t r i ­

b u tio n  (SAD) sometime in  the fu tu re  as long as the id e a l c o n d it io n s  o f  

constant a g e -s p e c ific  death and b i r th  ra te s  w ith ou t im m igra tion  or 

e m ig ra tion  are m ainta ined (L o tka , 1922). On reaching i t s  s ta b le  age 

d is t r ib u t io n ,  the p o p u la tio n  w i l l  grow in  a pure ly  exponen tia l manner 

( i . e .  in c re a s in g  in  geom etric p rogress ion  (Sharpe & Lotka, 1911; Lo tka , 

1922)), and, i f  d isp laced  from th is  s ta b le  form w i l l  spontaneously re ­

v e r t  to  i t s  SAD.

In  genera l, in s e c ts  and m ites are age-grouped by stages which 

are o f  unequal le n g th . As the age ( in  u n its  o f  tim e) o f  a g iven stage 

w i l l  vary w ith  environm enta l c o n d it io n s  and between in d iv id u a ls  (Southwood, 

1978, p. 388), the age o f  an in d iv id u a l should not be equated w ith  

stage. The stage o f  development o f  an in se c t should ra th e r be considered 

as a fu n c tio n  o f  tim e , environm ent, and o ther fa c to rs . On th is  b a s is ,
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under s im ila r  environm ental c o n d it io n s , a s ta b le  stage d is t r ib u t io n  

(SSD) can be analogous to  a SAD.

The a tta in m e n t, o r a t le a s t ah assum ption, o f a SAD/SSD is  a

necessary c o n d it io n  i f  the in t r in s ic  ra te  o f  increase ( r  ) is  to  bem
c a lc u la te d  p r io r  to  the c o n s tru c tio n  o f  a p o pu la tio n  model. Such a 

s itu a t io n  is  ra re ly  found in  n a tu ra l in s e c t p o p u la tio n s , a s e rie s  o f 

experim ents were undertaken in  the f ie ld ,  in  f ie ld  cages and in  the 

la b o ra to ry , in  order to  in v e s t ig a te  f u l l y  the  stage d is t r ib u t io n  o f 

EL brassicae  p o p u la tio n s . The next s e c tio n  describes experiments 

designed to  i l l u s t r a t e  the f lu c tu a t io n  o f  stage d is t r ib u t io n  under 

these th ree  d i f fe r e n t  c o n d it io n s , and seve ra l methods p re v io u s ly  used 

to  in v e s t ig a te  SAD or SSD are then review ed. In  the subsequent se c tio n  

the  r e s u lt  o f  experim ents are presented, and the  re la t io n s h ip s  between 

p o p u la tio n  d e n s ity  and stage d is t r ib u t io n  are discussed. F in a lly ,  in  

the la s t  s e c tio n , the most im portan t fa c to r  in flu e n c in g  IB. brassicae 

p o p u la tio n s  is  considered and fu r th e r  ex tens ion  o f the study is  proposed.

2.2  Stage S tru c tu re  o f  B revicoryne  b rass icae  Populations

2 .2 .1  M a te r ia ls  and Methods

S tudies on both f ie ld  and la b o ra to ry  popu la tions o f jL  brassicae 

were c a rr ie d  out a t Silwood Park from 1981 to  1983.

(1 ) C u ltu r in g  procedure

Stock c u ltu re s  o f  EL brassicae were kept in  in s e c t cages, 41 x 41 x 

47 cm, covered w ith  A c ry lic  sheet except fo r  one s ide o f Terylene n e t.

To m a in ta in  the s tock co lony, one hundred apterae from the o ld  stock 

co lony were tra n s fe rre d  every two weeks to  young un in fes ted  Brussels 

sp ro u ts  p la n ts  in  a clean cage. The o ld  s tock  co lon ies were discarded 

a f te r  one month, thus reducing the danger o f in fe s ta t io n  by p a ra s ito id s .



26

Standard cohort c u ltu re s  were s ta rte d  from the stock c u ltu re s . 

Parthenogenetic v irg in o p a ro u s  apterae o f  EL brassicae were placed on 

a B russels sprouts  p la n t ( B rassica o leracea L. va r. b u lla ta  gemmifern) 

in  an in s e c t cage. The in fe s te d  p la n t was then kept fo r  24 hours in  

a constant tem perature room a t a tem perature o f  25 ± 1°C w ith  a 16- 

hour photoperiod and a r e la t iv e  hu m id ity  o f  60-70?£, a f te r  which the 

a d u lt aphids were placed on another p la n t.  The o r ig in a l p la n t, now 

in fe s te d  by neonates, was kept in  a separate cage. This procedure 

was repeated d a ily  to  m a in ta in  the  standard cohorts  fo r  the experim ents, 

the  a d u lt J3. brassicae  being rep laced w ith  fre sh  ones every 6-7 days.

The c u ltu r in g  procedure is  shown sch e m a tica lly  in  F ig . 2 .1 .

(2) Experiment I  -  The stage s tru c tu re  and d is t r ib u t io n s  o f  la b o ra to ry  

p o pu la tions  o f  j3. b ra s s ic a e .

The p la n ts  used in  th is  experim ent were grown to  the 5-7 le a f  

stage in  10-cm diam eter pots in  the  same c o n tro lle d  co n d itio n s  as the 

c u ltu re s .

Before commencing the experim ent, which was re p lic a te d  10 tim es, 

a l l  in se c ts  were removed from the experim enta l p la n ts . A cohort o f 

apterous progeny o f v irg in o p a ro u s  E3. b rassicae  was e s ta b lish e d  by 

caging 10 reproducing apterous v irg in o p a ro u s  a d u lts  from the standard 

9-day o ld  cohort on a le a f  o f  each p la n t,  using a le a f  cage (d ia . 2 cm 

h e ig h t 1 cm). A fte r  24 hours the le a f  cages were removed, the a d u lts  

k i l le d  and th e ir  progeny reduced to  ten per p la n t.  The p la n ts  were 

then placed in  c y l in d r ic a l  po lythene in s e c t cages (d ia . 23.5 cm, h e ig h t 

40 cm), covered by Terylene n e t. The aphid popu la tions enclosed in  

th is  way on in d iv id u a l host p la n ts , were considered to  be closed pop­

u la t io n s , fre e  from m ig ra tio n , p a ra s it is m , p re da tion  and c lim a t ic  

fa c to rs . During the experim enta l p e rio d  o f 40 days d e ta ils  o f  changes



27

F igure  2.1

Schematic diagram o f the c u ltu re s  o f standard cohorts  o f brassicae 

used in  the experim ents. C onditions were as fo llo w s : 

tem perature, 25 ± 1°C; R .H ., 60-70?o; 16h photoperiod.
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in  the po pu la tio n s  were recorded by counting  the number o f  each aphid 

in s ta r  p resen t.

(3) Experiment I I  -  The stage s tru c tu re  and d is t r ib u t io n s  o f  po pu la tio n s  

o f j3. b rassicae  m ainta ined in  f ie ld  cages during  the summer o f  1983.

The genera l procedure was as in  Experiment I  but in  th is  case 

the p la n ts  were grown to  the  standard stage o f  development in  pots 

kept outdoors in  cages measuring 32 x 52 x 80 cm, covered w ith  Terylene 

n e t. The i n i t i a l  c o lo n ie s  o f 10 f i r s t  in s ta r  nymphs o f  !B. b rassicae  

were e s ta b lish e d  on the p o tte d  p la n ts  in  the C.T. room on 8 th  J u ly ,

1983. The p o tte d  p la n ts  were then placed in  a f ie ld  a t Silwood Park 

and covered by f ie ld  cages. A d a ily  census was made fo r  39 days, from 

the 8 th  J u ly , 1983 to  the  15th August, 1983, when the p la n ts  began to  

w i l t .  There were again 10 re p lic a te s .

(4) The stage s tru c tu re  and d is t r ib u t io n s  o f  f ie ld  p o pu la tio n s  o f 

J3. b rassicae du ring  the summers o f  1981 and 1982.

At Silwood Park in  1981 and 1982, B russels sprouts were tra n sp la n te d  

in  the f ie ld  in  e a r ly  June about 1 m a p art in  an area covering  40 x 

30 m o f Silwood Bottom. This provided 1,200 Brussels sp rou ts  p la n ts  

which were allowed to  develop to  the 1 0 - le a f stage. The f ie ld  popu­

la t io n  censuses o f  j3. b rass icae  were c a rr ie d  out from Ju ly  to  October, 

1981, and from Ju ly  to  September, 1982. The p la n ts  were i n i t i a l l y  

chosen a t random, and then examined two to  th ree  tim es a week as the 

co lon ie s  developed u n t i l  the  end o f  the experim ents. The stage s tru c ­

tu re  o f the p o p u la tio n  o f  J3. b rassicae on each p la n t examined was re ­

corded as w e ll as the number o f  mummies, a d u lt p a ra s ito id s  (D ia e re t ie l la  

rapae) , and Syrphid la rv a e .
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In  1981, 50 p la n ts  were i n i t i a l l y  censussed. This was la te r  reduced 

to  20 p la n ts  fo r  the census o f  1982 because o f the high p o pu la tion  

d e n s it ie s  and the l im ite d  tim e a v a ila b le . Because o f the damage from 

o ther pests (e.g., cabbage ro o t f l i e s ,  p igeons, ra b b its ) ,  some exper- 

mental p la n ts  were destroyed and censussing hence not completed. As 

a r e s u lt  on ly 15 sets o f  p o p u la tio n  data have been analyzed fo r  each 

ye a r.

The aphid p o p u la tio n  census in c luded  exam ination o f a l l  the leaves 

on the p la n t, ra th e r than the w ide ly  used "th re e  le a f  method" o f 

Church and S tr ic k la n d  (1954) ( e .g . ,  S tr ic k la n d , 1954, 1957; Hafez, 1961; 

A k in lo so tu , 1973; and o th e rs ) . Church and S tr ic k la n d  considered a 

whole p la n t census by v is u a l counting  both la b o rio u s  and unaccurate, 

but a la te r  study by Chua (1975) has shown th a t the " a l l - l e a f  method" 

p rovides a fa r  more accurate  estim ate  o f  p o pu la tio n  d e n s ity . F u rth e r­

more, Church and S tr ic k la n d 's  " th re e  le a f  method" is  d e s tru c tiv e  and 

can be e a s ily  biased by the uneven d is t r ib u t io n  o f  cabbage aphids 

found on Brussels sp rou ts  p la n ts . In  the present study i t  was found 

th a t the aphid d is t r ib u t io n  was he av ie s t on the crown leaves in  June 

and e a r ly  J u ly , approxim ate ly  equal on both crown and m iddle leaves 

during  Ju ly  and August, and th e re a fte r  s ig n i f ic a n t ly  in c re a s in g  on the 

lower leaves. Towards the end o f  September most o f  the aphid po pu la tio n  

was found on the underside o f  these lower leaves. Because o f  th is  

change in  the a p h id 's  d is t r ib u t io n ,  the p o pu la tio n  census was c a rr ie d  

out using the a l l - l e a f  method o f  v is u a l counting .

The most w ide ly  used model fo r  s in g le  species p o pu la tion  growth 

is  the lo g is t ic  equation o f  V e rh u ls t (1838) and Pearl & Reed (1920), 

namely:
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Nfc = K -(1 + b-e” Y , t ) “ 1 (2 .1 )

where N̂. denotes the p o p u la tio n  s ize  a t tim e t ,  K is  the environm ental 

c a rry in g  ca p a c ity , y is  the  p o p u la tio n  instantaneous or in t r in s ic  growth 

ra te , and b is  a constant re la te d  to  the p o in t o f  in fe c t io n  o f  the 

sigm oid popu la tion  growth curve a t tim e t '  (= in  b/y). When the p o p u la tio n  

s ize  (N j.,) is  always h a lf  o f  the  c a rry in g  ca p ac ity  ( i . e .  N .̂, = K /2 ). 

Equation 2.1 has been used in  a n a lys is  o f  experiments I  and I I  as des­

c rib e d  in  Section 3 below.

2.2.2 Methods of Analysis of Age or Stage Distributions

Census data are u s u a lly  c o lle c te d  a t f ix e d  tim e in te rv a ls ,  which 

g ive  a p r o f i le  o f the p o p u la tio n 's  age s tru c tu re . Several methods 

have been used to  study age o r stage d is t r ib u t io n s  and th e ir  e f fe c ts  

on p o pu la tio n  changes. A lthough a v a r ie ty  o f such methods have appeared 

in  the  demographic l i t e r a tu r e  (e .g . Sharpe and Lotka, 1911; Lotka, 1922, 

1923; Lopez, 1961; K e y f itz ,  1968, 1977; P o lla rd , 1973; Hoppensteadt,

1982), on ly in  a few cases (e .g . Hughes 1962, 1963; Detinova, 1968;

McMurtry and van de V rie  1973; C a rte r, Aikman and Dixon, 1978; Dover 

et_ a l . ,  1979; T a ka fu jii, 1980; Carey, 1982a, 1982b) have they been 

a p p lie d  to  in s e c t p o p u la tio n s . The fo llo w in g  review focusses on some 

w ide ly  used methods in  e c o lo g ic a l entomology, examining both e m p ir ica l 

and th e o re t ic a l approaches.

(1) E m pirica l Methods

The age d is t r ib u t io n  o f  in s e c t po pu la tio n s  o f  medical im portance 

have been e x te n s ive ly  reviewed by Detinova (1968). Using the c r i t e r ia  

o f ra te  o f emergence, in d iv id u a l l i f e  spans and m o r ta lity  in  each 

p h y s io lo g ic a l age, Detinova concluded th a t the age d is t r ib u t io n s  o f 

in s e c t popu la tions under n a tu ra l c o n d itio n s  in  temperate area are never
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co n s ta n t. In  hot c lim a tes  or t r o p ic a l areas, however, where the en­

vironm ent is  more g e n e ra lly  favourab le  fo r  the development and re p ro ­

d u c tio n  o f  c e r ta in  species, the s ize  and the age d is t r ib u t io n  o f  a 

p o p u la tio n  tend to  remain m o re-o r-le ss  the same, th is  being determined 

by the  continuous presence o f f e r t i l e  females in  the p o p u la tio n , by 

an equal seasonal d u ra tio n  fo r  p re -im a g in a l development, and by a con­

s ta n t seasonal d u ra tio n  o f  gonotroph ic  cyc le s .

D e tino va ’ s method o f a n a lys is  is  an e m p ir ic a l one in  which the 

to ta l  number o f  a d u lt female age c lasses and th e i r  d is t r ib u t io n  in  the 

p o p u la tio n  are estim ated by d is s e c tio n  and expressed as percentages.

By comparing these re s u lts  v is u a l ly ,  Detinova suggested th a t the con­

c lu s io n s  reached were o f  d o u b tfu l va lues being in flu en ce d  by the 

accuracy by which females are aged, the  sample s iz e , data on p o pu la tio n  

s iz e , and by the  d u ra tio n  o f the in v e s t ig a t io n s . The lack  o f  s t a t i s t i c a l  

comparisons o f  the re s u lts  a lso  increases the d i f f i c u l t i e s  encountered 

from such methods.

McMurtry and van de V rie  (1973) showed th a t the stage d is t r ib u t io n  

o f  European red m ite  (Panonychus u lm i (Koch)) p o pu la tions in  s in g le  le a f  

ecosystems in i t ia t e d  w ith  a s in g le  female averaged approxim ate ly 68% 

eggs, 25% immatures, and 7% a d u lts  over a 33-day p e rio d . Another set 

o f  data fo r  the same species, obta ined from m ite  counts taken from 

apple orchard samples, gave 60% eggs, 30% immatures (14% la rv a e , 8% 

protonymphs and 8% deutonymphs), and 10% a d u lts  (2% p re o v ip o s itin g  

a d u lt females and 8% o v ip o s it in g  a d u lt fem a les). Dover e t a l , (1979) 

have a p p lie d  th is  data to  param eterize a s ta g e -s tru c tu re d  p o pu la tio n  

model d e sc rib in g  the b io lo g ic a l c o n tro l o f  P. u lm i by £L p h y to s e iid

m ite . They assumed th a t the stage d is t r ib u t io n  data are constants in
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the p o p u la tio n  model du rin g  the seasons. In  study o f the f lu c tu a t io n  

o f  stage d is t r ib u t io n s  o f  Tetranychus desertorum on golden-rod in  

Japan T a k a fu jii (1980) found between 70-80?o eggs, 10-25?o immatures, and 

2-10?o a d u lts . However, la te r  in  the season the percentage in  each 

stage, except th a t o f  the a d u lts , departed from these o r ig in a l ranges. 

S im ila r  re s u lts  were obta ined by Carey (1982a) who reported  th a t the 

average percentage o f  eggs, immatures, and a d u lts  o f te tra n y c h id  m ite  

complex on co tto n  in  C a lifo rn ia  was 66, 26 and 8?̂ , re s p e c tiv e ly . He 

a lso  found th a t these percentages changed as the season progressed. 

F in a l ly ,  working w ith  j3. b rass icae  p o p u la tio n s , DeLoach (1974) was 

able to  compute the percentage o f  the p o p u la tio n  in  each stage when 

the experim enta l p o pu la tio n  in i t ia t e d  from one aphid had reached a SSD. 

U n fo rtu n a te ly , he does not make i t  c le a r how he estim ated these va lues.

A l l  these stage d is t r ib u t io n s  o f  m ite  and in s e c t popu la tions 

have been obta ined from sampled po pu la tio n s  and expressed in  percentages 

U n fo rtu n a te ly , most o f  the e m p ir ic a l methods discussed here used to  

c a lc u la te  the average percentage o f  each stage compute a r ith m e tic  means 

w ith o u t any s t a t i s t i c a l  comparison o f  the re s u lts ,  and then f a i l  to  

prove i f  the p o pu la tions have a c tu a lly  reached a s ta b le  stage d i s t r i ­

b u tio n .

(2) T h e o re tica l Methods

Using L e s lie  m atrices (L e s lie ,  1943), Carey (1982a) determ ined the 

percentage o f each stage in  the  SSD o f th re e  species o f m ite  p o pu la tio n s  

( Tetranychus u r t ic a e  Koch, T_. p a c if ic u s  McGregor, and T_. tu rk e s ta n i 

(Ugarov and N ik o ls k i) )  on c o tto n  p la n ts , and examined the path o f  con­

vergence to  the SSD beginning w ith  an a r b it r a r y  popu la tion  s ize  and 

age s tru c tu re . He found th a t in  r e la t iv e ly  la rg e , growing p o pu la tio n s
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the re  should always be a s u b s ta n t ia lly  g re a te r p ro p o rtio n  o f  egg and 

immature stages than a d u lts . W ith in  f iv e  to  s ix  weeks the age d i s t r i ­

b u tio n  w i l l  q u ic k ly  approach the s ta b le  le v e l,  but the convergent 

process is  o s c i l la to r y .

A p a r t ic u la r  requirem ent o f  the L e s lie  m a trix  is  th a t the tim e in t e r ­

va ls  are e x a c tly  equal, ye t in s e c ts  o r m ites are g e n e ra lly  age- 

grouped by stages in  which in d iv id u a ls  have v a r ia b le  development ra te s . 

Carey (1982a) avoided th is  problem by assuming th a t the m ites developed 

u n ifo rm ly . The a n a lys is  a lso  re s ts  on the  assumption th a t the  elements 

o f  the t r a n s it io n  m a tr ix , ( i . e . ,  fe c u n d ity  o f each age c lass  and the 

a g e -s p e c ific  s u rv iv a l p r o b a b i l i t ie s ) ,  are constant over tim e and inde ­

pendent o f  p o pu la tion  d e n s ity . In  these respects the a n a lys is  is  much 

d ivorced  from the b io lo g ic a l r e a l i t y  o f  n a tu ra l popu la tions (e .g . 

Southwood, 1978; Begon and M ortim er, 1981).

Hughes (1962, 1963) suggested a method o f  determ ining whether a 

f ie ld  p o p u la tio n  o f  b rass icae  had reached a SSD by te s t in g  whether 

the frequencies o f  the f i r s t  th re e  stages f i t t e d  a f ix e d  geom etric p ro ­

g re ss io n . He was able to  show th a t th is  was the case fo r  A u s tra lia n  

p o pu la tio n s  o f  EL brassicae  on ka le  where a SSD occurs fre q u e n tly  in  

the form o f a geom etric p rogress ion  o f  the  number in  successive nymphal 

in s ta rs .  Based on th is  approach, se ve ra l p o pu la tio n  param eters, such 

as the o v e ra ll m o r ta l i ty  and the re p ro d u c tive  ra te , have been estim a­

te d . A p o pu la tio n  s im u la tio n  model was then developed to  describe  

the p o p u la tio n  dynamics o f  B. b rass icae  (Hughes and G ilb e r t ,  1968).

I t  has re c e n tly  been shown, however, th a t  the method is  in s u f f ic ie n t ly  

s e n s it iv e  fo r  adequately id e n t ify in g  s ta b le  stage d is t r ib u t io n s  in  th is  

species (C a rte r, Aikman and D ixon, 1978). C arte r e t a l .  found th a t 

a s ta b le  stage d is t r ib u t io n  (a constan t p o te n tia l ra te  o f  increase
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accurate  to  two decimal p laces and an x 2 value o f zero) d id  not occur 

in  th e i r  s im u la tio n  u n t i l  35 generations had elapsed.

I f  a se t o f  samples are drawn from po pu la tio n s  each w ith  a geo­

m e tric  r e la t io n  between the numbers in  the f i r s t  th ree  s tages, then 

the sum o f  the in d iv id u a l c h i-s q u a re 's  should be acceptable as a v a lid  

te s t .  However, they found th a t the census data reported  by Hughes 

(1962, 1963) does no t support th is  assumption o f  a SSD. A s ig n if ic a n t  

sum may be a t t r ib u ta b le  to  more than one a lte rn a t iv e  hyp o th es is , fo r  

example, to  heterogeneous samples. Thus, as a s e t, the data have 

fa i le d  to  support the  assumption o f a f ix e d  geom etric re la t io n  between 

stages. This suggests th a t the aphid p o pu la tio n s  censussed by Hughes 

(1962, 1963) have no t achieved a s ta b le  in s ta r  d is t r ib u t io n  although 

the m a jo r ity  o f  the  in d iv id u a l sample values fo r  ch i-square  have not 

been shown to  d i f f e r  s ig n i f ic a n t ly  from th is  assumption. A lthough a 

prim ary aim common o f  these methods o f a n a ly s is  is  to  compute the SAD 

or SSD, another im p ortan t o b je c tiv e  th a t is  o fte n  neg lected , is  to  

determ ine whether o r not the po pu la tio n  has indeed reached a SAD or SSD. 

The p resen t work w i l l  approach the problem in  the lo g ic a l manner o f 

f i r s t  d e te rm in ing  whether the p o pu la tio n  has reached a SSD and then, 

e m p ir ic a lly ,  to  determ ine the percentage o f  the p o pu la tio n  in  each stage.

2.3 Results and Discussion

For two reasons, considerab le  im portance is  placed on the growth 

p a tte rn s  and stage d is t r ib u t io n s  o f  brassicae po pu la tio n s  in  la b ­

o ra to ry , f ie ld  cages, and f ie ld  c o n d it io n s . F i r s t ly ,  s ince  p o pu la tio n  

growth processes are h ig h ly  in flu e n ce d  by the environm ent, a comparison 

o f  the growth p a tte rn s  o f  aphid p o pu la tions under d i f fe r e n t  c o n d itio n s  

is  m eaningfu l to  understand the in flu e n c e  o f  d i f fe r e n t  growth e n v iro n ­

ments ( i . e .  la b o ra to ry , f ie ld  cage, and f ie ld )  on c ru c ia l demographic
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ra te s . Secondly, as the stage d is t r ib u t io n s  o f the aphid p o pu la tions 

could be s e n s it iv e  to  changes in  environm ental c o n d itio n s , a compari­

son o f  stage d is t r ib u t io n s  under d i f fe r e n t  environm ental co n d itio n s  

is  needed to  determine i f  such data from the la b o ra to ry  can be used 

as a standard.

2.3.1 Population Growth of B. brassicae

The popu la tion  trends o f  E3. b rass icae  from Expt. I  and I I  are 

shown in  F ig . 2 .2 . There were th re e  p la n ts  in  Expt. I  which died 

before  the 20th day and are thus o m itted  from the f ig u re .  S ince, 

these p o pu la tio n  trends show a h ig h ly  sigm oid p a tte rn , the V e rh u ls t- 

Pearl lo g is t ic  model can be reasonably f i t t e d  to  the data.

During the i n i t i a l  23 days o f  both experim ents, the p o pu la tio n  

growth o f  J3. brassicae showed s im ila r  p a tte rn s  o f increase , the 

average popu la tion  d e n s ity  in  Expt. I I  being s l ig h t ly  le ss  than th a t 

o f  Expt. I .  However, from the 23th day to  the end o f  the experim ents, 

the average popu la tion  d e n s ity  o f  Expt. I I  is  g re a te r than th a t in  

Expt. I .  A fte r  day 23, the  slope o f the  po pu la tio n  growth curve o f 

Expt. I  decreases, the average p o p u la tio n  d e n s ity  f lu c tu a t in g  between 600 

and 800 aphids per p la n t. This re d u c tio n  in  the slope o f the  curve 

does not occur u n t i l  4 days la te r  in  E xpt. I I ,  on day 27, and f lu c tu a te s  

between 1,000 and 1,200 aphids per p la n ts . During th is  pe rio d  the 

parameters on the V e rh u ls t-P e a r l' s lo g is t ic  model (Table 2 .1 ) g ive  

acceptable d e s c rip tio n s  from the environm enta l c a rry in g  c a p a c ity , K, 

and the p a rt o f  in f le c t io n  o f  the curve on the tim e a x is , t_' (= &nb/r ) ,  

fo r  both experim ents.

P r io r  to  day 25, the p la n ts  in  both experim ents were h e a lth y . How­

ever, a f te r  th is  period  those o f  Expt. I  weakened, th e ir  leaves turned
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Figure 2.2

P opu la tion  trends o f  brassicae in  (a) Expt. I  (C.T. room) and in  

(b) Expt. I I  ( f ie ld  cage) and the curves described by the V e rh u ls t- 

P earl lo g is t ic  model f i t t e d  to  the  to t a l  p o p u la tio n  s ize  a ga inst 

tim e .

(a ) K = 712, b = 279, r  = 0.2325;

(b ) K = 1138, b = 2816, r  = 0.30005.
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Table 2.1

Estim ated parameters (± 95?o confidence l im i t s )  obta ined by 

f i t t i n g  the  V e rh u ls t-P e a rl lo g is t ic  model (see Eq. 2 .1 ) to  the 

p o p u la tio n  growth curves in  F ig . 2.2 using a n o n -lin e a r le a s t 

squares procedure.

The Environm ental The p o p u la tio n

E xp t. C arry in g  C apacity, 

K

growth ra te , r  b f »
* (1) Nt '(2 )

I 712 ± 21 0.2325 ± 0.0225 279 ± 127 22.3 356

I I 1138 ± 80 0.30005± 0.00001 2816± 427 26.5 569

(1) t ' = &n b / r

(2) Nt , = K/2
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pale green w ith  the commencement o f  senescence. P lan ts  o f  both  ex­

perim ents began w i l t in g  on day 35.

The number o f  aphids per p la n t (combined to ta ls )  through the sea­

sons o f  1981 and 1982 are presented in  F ig . 2 .3  and 2 .4 , re s p e c tiv e ly .

In  Ju ly  1981 the popu la tions ranged from 0 to  le ss  than 150 aphids 

per p la n t .  The p o pu la tions then remained a t le ss  than 150 aphids 

per p la n t ,  w ith  r e la t iv e ly  sm all v a r ia t io n  between p o p u la tio n s , u n t i l  

m id-August a f te r  which the in te r -p o p u la tio n  v a r ia t io n  increased ra p id ly ,  

some reaching almost 1,100 aphids per p la n ts , w h ile  o the rs  remained 

lower than 100 aphids per p la n t .  The 1982 s itu a t io n  d if fe re d  consider­

a b ly . The p o p u la tio n  s ize  was lower than in  the previous year and 

the in te r -p o p u la t io n  v a r ia t io n  was r e la t iv e ly  sm a lle r, being a t i t s  

h igh e s t from Ju ly  1982 to  m id-August. From then u n t i l  mid-September, 

the v a r ia t io n  remained very low, most p o pu la tio n s  being le ss  than 50 

aphids per p la n t .

A lthough tem peratures dec lined  towards the  end o f  August (F ig .

2 .5 ) reducing  p h y s io lo g ic a l ra te s  and hence the  in t r in s ic  ra te  o f 

increase o f  J3. b ra ss ica e , th is  d id  not r e s u lt  in  a p o p u la tio n  d e c lin e  

in  September. Raworth et_ j d .  (1984) c ite s  p re d a to rs , such as A phido le tes 

aphidimyza (Rond.) (D ip te ra :C ecidom yiidae) and syrp h id  la rv a e , as the 

major fa c to r  suppressing aphid p o pu la tio n  growth during  summer. They 

found th a t the e a r ly  appearance o f  D ia e r e t ie l la  rapae had l i t t l e  

in flu e n c e  on the aphid p o p u la tio n , but when the  p reda to r p o pu la tio n s  

d e c lined  w ith  tem peratures, the  aphid p o p u la tio n  increased ra p id ly .

The c o r re la t io n  between aphid and n a tu ra l enemies is  suggestive  but 

re q u ire s  fu r th e r  work.



Figure 2.3

T o ta l p o p u la tio n  s iz e  o f  cabbage aphids found on whole B russels 

sp rou t p la n ts  examined from 16 Ju ly  to  15 October, 1981, Silwood 

Park, B e rksh ire , England.



TO
TA

L 
PO

PU
LA

TI
O

N

42

1981

1500 r

1200  • -

900

600  -- x xXy X*x

XX

300

Q OD(M CVJV CD
in

(9 vm
July Aug Sept Oct

CD
or)

t im e : (DRY)

fc 
XX

 »C
 

X 
XX



43

F igu re  2 .4

T o ta l p o pu la tion  s iz e  o f  cabbage aphids found on whole B russels 

sp rou t p la n ts  examined from 21 J u ly  to  22 September, 1982, Silwood 

Park, B e rksh ire , England.
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F igure  2 ,5

D a ily  average tem peratures in  Silwood Park, B e rksh ire , 

experim enta l periods in  1981 (b la c k , + ) , 1982 (re d , x) 

(green, o ).

during  the 

and 1983
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2 .3 .2  Stage d is t r ib u t io n s  in  B. b rassicae  p o pu la tions

The average stage d is t r ib u t io n s  o f  b rassicae p o pu la tio n s  on 

Brussels sp rou ts  p la n ts  in  Experiment I  and I I  are shown in  F ig . 2.6 

and 2 .7 , re s p e c tiv e ly . By comparing these fig u re s  some in te re s t in g  

p o in ts  emerge. A lthough the tem perature in  the two experim ents were 

d i f fe r e n t ,  the  p a tte rn s  o f  f lu c tu a t io n  o f  the stages is  s im ila r .  This 

im p lie s  th a t the  stage d is t r ib u t io n s  in  the aphid popu la tions are 

la rg e ly  independent o f  tem perature. That is ,  a t d if fe r e n t  tem peratures 

the mean c h ro n o lo g ic a l age o f  the aphid popu la tions could be v a rie d , 

but the mean p h y s io lo g ic a l age (developmental stage or in s ta r )  remains 

approxim ate ly the  same. The average tem perature o f  Expt. I I ,  c a rr ie d  

out in  f ie ld  cages, was 18.3 ± 2.3°C . During day tim e the maximum 

tem perature reached 30.3°C, a t n ig h t the minimum tem perature 8°C.

The method o f  Hughes (1962) comparing the  frequencies o f  the 

observed f i r s t  th re e  in s ta r  nymphs w ith  the c a lc u la te d  d is t r ib u t io n  ass­

uming th a t the frequenc ies  should be in  geom etric p rogression can be 

used to  te s t  whether the  p o pu la tions in  Expt. I  and I I  are approaching 

o r a lready achieved a SSD. A X2 te s t  was a p p lie d  to  te s t  the s ig n i­

fica n ce  o f  the observed s ta g e -d is tr ib u t io n s  o f  the aphid p o p u la tio n s , 

and fig u re s  2.8A shows the values fo r  35 s ta g e -d is tr ib u t io n s  ( in s ta r  

1 -  3) in  Expt. I ,  25 o f  which gave values o f  x 2 low enough (p > 0 .05) 

fo r  the hypothesis o f  geom etric progression o f  frequencies to  be assumed 

v a l id .  F igure  2.8B shows the 19 o f  the 32 s ta g e -d is tr ib u t io n s  from 

Expt. I I  th a t were assumed v a lid  (p > 0 .0 5 ).

C a rte r, Aikman, and Dixon (1978) have argued th a t i f  a se t o f  samples 

are drawn from p o p u la tio n s  each w ith  a geom etric re la t io n  between the 

numbers in  the f i r s t  th re e  in s ta rs ,  then the accumulated x 2 va lue , summed
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F igure  2 .6

The stage d is t r ib u t io n s  over tim e o f  JB. b rass icae  p o p u la tio n s  on 

B russe ls sp rou ts  under C.T. c o n d it io n s , (a) f i r s t  in s ta r ,  (b ) 

second in s ta r ,  (c ) th i r d  in s ta r ,  (d) fo u r th  in s ta r ,  (e ) a d u lt ,  and 

( f )  average p o p u la tio n  growth curve during  the  experim ent.

The symbols " x " ,  "v "  and "o " represent the  data p o in ts  ob ta ined  

during  the experim enta l p e rio d  from the f i r s t  ten days, the  f in a l  

seven days, and the days between, r e s p e c t i v e l y .
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F igu re  2 .7

As f ig u re  2 .6 , but now the stage d is t r ib u t io n s  over tim e o f  

b rass icae  po pu la tio n s  on B russe ls sp rou ts  are obta ined from

f ie ld  cages.

The symbols are the same as in  F igure  2 .6 %
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F igure  2 .8

X2 values obta ined from Expt. I  (C.T. room) and Expt. I I  ( f i e ld  cages), 

p > 0.05 when x 2 > 3 .84.

The symbols are the same as in  F igure 2 .6 ,
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over a l l  the  samples, should be acceptable . In  th is  study the  re s u lts  

from both experim ents r e je c t  th is  assumption:

Experiment I ,  x 2 = 144.24 w ith  34 degree o f  freedom, p < 0.01;

Experiment I I ,  x 2 = 115.99 w ith  31 degree o f  freedom, p < 0.01.

Thus, as a s e t, the  data f a i l  to  con firm  a geom etric r e la t io n ,  although 

most o f  th e  in d iv id u a l sample values fo r  x 2 d id  n o t. I t  can th e re fo re  

be concluded s t a t i s t i c a l l y  th a t the stage d is t r ib u t io n  o f  the  cabbage 

aphid p o pu la tio n s  in  these two experim ents were unstab le  based on the 

geom etric r e la t io n  assum ption. C arte r a t al_. (1978) suggest th a t a 

p o ss ib ly  more r e l ia b le  estim ate  could be based on the numbers present 

in  a l l  in s ta rs  ra th e r  than in  the  numbers in  the f i r s t  th re e  in s ta rs  

o n ly . However, when th is  is  done, the aphid p o pu la tions  do no t achieve 

a s t a t i s t i c a l l y  acceptable  SSD.

Stage d is t r ib u t io n s  o f  E3. brassicae f ie ld  popu la tions in  1981 and 

1982 are shown in  F ig . 2 .9  and 2 .10 , re s p e c tiv e ly . The v a r ia b i l i t y  o f 

the data from the f ie ld  p o p u la tio n s  in  1981 and 1982 does not suggest 

th a t any s ig n i f ic a n t  tre n d  e x is ts .

2 .3 .3  P o pu la tion  d e n s ity  and stage d is t r ib u t io n  o f  B. b rass icae  po pu la tio n s

The percentages o f  the aphid po pu la tio n s  in  each stage versus pop­

u la t io n  s ize  fo r  Expts. I ,  I I ,  1981, and 1982 are shown in  F ig . 2.11,

2.12, 2 .13 , and 2 .14 , re s p e c t iv e ly . Comparison o f  the fo u r f ig u re s  shows 

one in te re s t in g  fe a tu re : most o f  the data p o in ts  are concentra ted on 

the lower r ig h t  hand s id e  o f  the  f ig u re s . This is  made c le a re r  when 

each f ig u re  can be d iv id e d  in to  sex se c tio n s  by drawing two h o r iz o n ta l 

l in e s  running through 40% and 10% ( fo r  1st and 2nd in s ta r s ) ,  30% and 

10% ( fo r  3rd and 4 th  in s ta r s ) ,  20% and 10% ( fo r  a d u lt stages) on the 

Y -a x is , and one v e r t ic a l  l in e  running through an a r b i t r a r i l y  chosen



F ig u re  2 .9

The stage d is t r ib u t io n s  o f  J3. b rass icae  f ie ld  popu la tions on 

B russe ls sprouts in  1981, (a) f i r s t  in s ta r ,  (b ) second in s ta r ,  

(c ) th i r d  in s ta r ,  (d) fo u r th  in s ta r  and (e ) a d u lt stage.
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Figure  2.10

As F igure  2 .9 , but fo r  stage d is t r ib u t io n s  o f  b rassicae f ie ld  

po pu la tio n s  on Brussels sp rou ts  obta ined in  1982.
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F igure  2.11

Stage d is t r ib u t io n s  o f  the aphid po pu la tio n s  (lumped to ta l  da ta) 

on B russe ls sp rou ts  p la n ts  in  C.T. room, fo r  f i r s t ,  second, th i r d ,  

fo u r th  and a d u lt stages p lo t te d  w ith  respect to  the  p o p u la tio n  s ize  

in  lo g  sca le .

The symbols " v " , and "o " represent the data p o in ts  ob ta ined  during  

the experim enta l p e rio d  from the f i r s t  ten days, the  f in a l  seven days, 

and the days between.
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F igure 2.12

As F igure  

s iz e  o f  B.

2.11, but fo r  the stage d is t r ib u t io n  over p o p u la tio n  

brassicae on Brussels sp ro u ts  ob ta ined from f ie ld  cages.

The symbols are the same as in  F igure  2.11.
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F igure  2.13

As F igure 2 .11 , but fo r  the  stage d is t r ib u t io n  over p o pu la tio n  s ize  

o f b rassicae  on B russe ls sp rou ts  p la n t obta ined from the f ie ld  in  

Silwood Park from Ju ly  to  October 1981.

The symbols are the same as in  F igure 2.11.
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F igure  2.14

As F igure  2 .13 , but fo r  the stage d is t r ib u t io n  over p o p u la tio n  s ize  

o f  B. b rassicae  on Brussels sprouts  p la n t obta ined from the f ie ld  in  

Silwood Park from Ju ly  to  September 1982.

The symbols are the same as in  F igure  2.11.
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value o f  1.6 on the X -a x is . Most o f  the data p o in ts  now appear to  be 

concentrated in  the m iddle r ig h t  hand s e c tio n . A s im ila r  tre n d  is  

shown fo r  Expts. I ,  I I ,  1981, and 1982. The percentage o f  the data 

p o in ts  in  the se c tio n  fo r  each Expt. is  shown in  Table 2 .2 .

In  Expt. I  the percentages o f  the data p o in ts  located  in  the  s e c tio n  

are g e n e ra lly  h igher than the o th e r experim ents, as the v a r ia t io n  o f 

the  p o pu la tion  d e n s ity  in  Expt. I  is  lower and more steady than the 

o th e rs . Although the percentages o f 1st and 2nd in s ta r  stages in  the 

s e c tio n  are h igher than the  3 rd , 4 th  in s ta r ,  and a d u lt stages, i t  

does not im ply the degree o f  co n ce n tra tio n  o f  the data p o in ts  is  h ig h e r. 

On the co n tra ry  the degree o f  co n ce n tra tio n  in  1st and 2nd in s ta r  is  

lower than the o ther s tages.

However, there  is  a s tro n g  suggestion o f  a re la t io n s h ip  between 

the aphid popu la tion  d e n s ity  and stage d is t r ib u t io n .  The re la t io n s h ip  

can be expla ined q u a n t ita t iv e ly :  When the p o pu la tio n  d e n s ity  o f the 

aphid increases h igher than 40 aphids per p la n t,  i t s  stage d is t r ib u t io n  

w i l l  tend to  f a l l  w ith in  the  boundaries o f  10% and 40% fo r  1st and 2nd 

in s ta rs ,  10% to  30% fo r  3rd and 4 th  in s ta rs ,  and 10% to  20% fo r  the 

a d u lt stage. Thus, i t  is  reasonable to  conclude th a t the aphid pop­

u la t io n s  are. tending to  approach a steady s ta te , but the convergent 

process is  very s e n s it iv e  to  p o p u la tio n  d e n s ity .

2 .4  Conclusions

During Ju ly  and August when tem perature was a t i t s  most s u ita b le  

fo r  aphid popu la tion  growth th e re  was no subsequent increase in  the 

p o p u la tio n  le v e l.  When the p h y s io lo g ic a l ra te s  o f  the aphids were 

reduced, as a re s u lt  o f  decreasing tem peratures, in  September, the



Table 2 .2

The percentage o f  the data p o in ts  o f  F igures 2.11, 2.12, 2.13, 2.14 loca ted  in  m iddle r ig h t  s e c tio n . Data 

in  bracket are the p ro p o rtio n  o f  the p o in ts  in  the s e c tio n .

Stage 

E xp t.
1st 2nd 3rd 4th a d u lt

I 60.36% ( 169/280) 62.14?^ ( 174/280) 57.5?i ( 161/280) 43.21% ( 121/280) 46.43% ( 130/280)

I I 50.26% ( 196/390) 62.05% ( 242/390) 53.33S!( 208/390) 47.95?^ ( 187/390) 40.26% ( 157/390)

1981 48.60% ( 226/465) 68.81% ( 320/465) 54.62?o( 254/A65) 40% (186/A65) 34.62% ( 161/A65)

1982 40.83% ( 147/360) 46. 11% ( 166/3 60) 34.44%( 124/360) 30.56% ( 110/360) 26.11% ( 94/360)
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p o p u la tio n  s iz e  showed an in crea se . This suggests th a t tem perature 

and o th e r c l im a t ic  fa c to rs  are u n lik e ly  to  be major fa c to rs  in flu e n c in g  

the  ro le  o f  aphid p o p u la tio n  growth du rin g  the  summer, o th e r fa c to rs  

having a s tro n g  suppressing ro le .  The re s u lts  o f  the la b o ra to ry  

experim ents can, as a r e s u lt ,  be used to  e x p la in  the  growth p a tte rn  

observed in  the  f ie ld .

The in t r in s ic  ra te  o f  increase  is  de fin ed  as the a c tu a l ra te  o f  

increase  o f  a p o p u la tio n  w ith  s ta b le  a g e -d is tr ib u t io n  (Andrewartha and 

B irc h , 1954; Lo tka , 1922). Since the SSD has not been s t a t i s t i c a l l y  con­

firm ed in  the  c u rre n t s tu d y , and as the d is t r ib u t io n  o f  stages v a rie s  

w ith  tim e , i t  is  u n lik e ly  th a t the in t r in s ic  ra te  o f  increase  can be 

a ccu ra te ly  c a lc u la te d . The use o f  an a lte rn a t iv e  r e a l i s t i c  parameter, 

such as a g e -s p e c if ic  fe c u n d ity , ra th e r than the th e o re t ic a l in t r in s ic  

ra te  o f  increase  is  th e re fo re  necessary in  the c o n s tru c tio n  o f a popu­

la t io n  model.

The aphid p o p u la tio n  d e n s ity  in  th is  study has been found to  p lay  

an im p ortan t r o le  in  the  stage d is t r ib u t io n  o f  the aphid p o p u la tio n , 

the d is t r ib u t io n  o f  stages tend ing  to  approach a steady s ta te  when the 

d e n s ity  exceeds 40 aphids per p la n t .  I t  has been observed th a t the com­

pact aggregations o f  B. b rass icae  are very s ig n if ic a n t  (Hayamizu, 1982), 

im proving the  n u t r i t io n  o f  the leaves they co lo n ize  and enhancing the 

growth and re p ro d u c tio n  o f  the aphids up to  a c e r ta in  d e n s ity  le v e l 

(Way and Cammell, 1970). When th is  le v e l is  approached, th is  aggregative  

behaviour may be the cause o f  in t r a - s p e c i f ic  co m p e titio n  which decreases 

fe c u n d ity , increases m o r ta l i ty  and re s u lts  in  the p ro du c tio n  o f a la te  

in d iv id u a ls .  In  th is  way in t r a - s p e c i f ic  co m p e titio n  can re g u la te  lo c a l 

p o p u la tio n  d e n s it ie s  (D ixon and W ratten, 1971; Way and Banks, 1967;
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Way, 1968; Way and Cammell, 1970).

In  the  l i g h t  o f these conclus ions, i t  is  suggested th a t p o pu la tio n  

d e n s ity  is  a c ru c ia l fa c to r  in  the popu la tion  dynamics o f j3. b rassicae 

and is  an im p ortan t component o f  any p o pu la tio n  model constructed  fo r  

the species. The degree o f  d e n s ity  dependence and i t s  importance in  

IB. b rassicae  popu la tions is  considered fu r th e r  in  the fo llo w in g  chap­

te rs .



Chapter Three

In t r a s p e c if ic  C om petition  I
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3.1 In tro d u c tio n

The nega tive  feedback mechanisms th a t re g u la te  the growth o f  many 

b io lo g ic a l p o pu la tions ( i . e .  d e n s ity  dependent processes) have long 

been recognized as being im portan t c o n tr o l l in g  fa c to rs  in  the  dynamics 

o f  n a tu ra l p o pu la tio n s . The m a jo r ity  o f  p o pu la tio n  models are developed 

in  terms o f  b i r th  and death ra te s , but fo r  a g e -s tru c tu re d  p o p u la tio n s , 

development is  a c ru c ia l process in  the growth o f a p o p u la tio n . I t  i s ,  

th e re fo re , e s s e n tia l to  understand f u l l y  the p re c ise  e ffe c ts  o f  these 

processes on the q u a n tity  and q u a li ty  o f  in d iv id u a ls  w ith in  a p o p u la tio n .

In  th is  s tudy, the  cabbage aphid, B revicoryne b ra ss ica e , is  examined 

as an example o f  a species whose net p o p u la tio n  growth is  fre q u e n tly  

c o n tro lle d  by d e n s ity  dependent processes. By making a d e ta ile d  in ­

v e s tig a tio n  o f  the way in  which the p ro p e rtie s  o f in d iv id u a ls  determ ine 

the dynamics o f  an a g e -s tru c tu re d  p o p u la tio n , a model can be developed 

fo r  the p o p u la tio n  as a whole. F i r s t ,  a sim ple s itu a t io n  is  considered 

where the t o t a l  aphid p o p u la tio n  is  considered ir re s p e c tiv e  o f  age 

s tru c tu re .  The e f fe c t  o f  d e n s ity  on the prim ary demographic parameters 

o f the p o p u la tio n  ( i . e .  s u rv iv a l,  fe c u n d ity  and developmental ra te s ) is  

determ ined using la b o ra to ry  p o p u la tio n s . Using these data a number o f 

a g e -s p e c ific  demographic fu n c tio n s  have been developed to  describe  these 

ra te s  and how they are in flu e n ce d  by changes in  the p o pu la tio n  d e n s ity .

The chapter has th re e  main aims:

(1) to  d e te c t the s e v e r ity  o f  d e n s ity  dependence,

(2) to  consider how these age dependent e f fe c ts  in flu e n ce  the demo­

g ra ph ic  processes o f  the  p o p u la tio n , and

(3) to  show how these processes are fundam enta lly  re la te d  to  pop­

u la t io n  d e n s ity  and age.
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3.2 Density Dependent Processes in Brevicoryne brassicae

The fo llo w in g  experiments were conducted in  order to  determ ine the 

e f fe c t  o f  d e n s ity  on re p ro d u c tio n , s u rv iv a l,  and development in  age- 

homogeneous p o pu la tio n s  o f  E3. b ra ss ica e . H igh ly  fecund, partheno- 

g e n e tic , v irg in o p a ro u s  apterae o f  J3. brassicae (10-12 days o ld )  were 

c o lle c te d  from the standard s tock c u ltu re s . Varying numbers o f  a d u lts  

(3 , 3, 10, 20, 40 and 80) were placed on Brussels sprouts p la n ts  which 

had been kept fo r  a t le a s t two days a t 25°C (C.T. room c o n d itio n s  as 

described e a r l ie r )  and covered by le a f  cages (13cm h igh and 3.0cm d ia ­

m e te r). The le a f  cages were s im ila r  to  those described by Murdie (1965), 

c o n s is t in g  o f  two c le a r perspex r in g s  supported by a sp rin g  c l ip  and 

lin e d  w ith  foam rubber to  ensure a complete s e a l. Each r in g  was f i t t e d  

w ith  a m uslin  covered cap. A fte r  24 hours, the  le a f  cages and a d u lts  

were removed and the progeny reduced to  1, 5, 10, 50, 100 and 200 per 

p la n t.  Each p la n t was then placed in  the polythene c y l in d r ic a l  in s e c t 

cages described  p re v io u s ly , each d e n s ity  being re p lic a te d  between fo u r 

and ten tim es.

Throughout the  experim enta l pe riod  changes in  the aphid po pu la tio n s  

were recorded d a ily .  Such observa tions enabled tim e o f  m o u ltin g , number 

o f  nymphs produced, and the tim e o f  death to  be recorded on a cohort 

b a s is . Any numbers produced were removed to  ensure th a t the a g e -s tru c tu re  

o f  the aphid p o p u la tio n s  remained reasonably homogeneous. The number 

o f  a la te  produced were too  low to  o b ta in  r e l ia b le  data , and consequently 

have not been inc luded  in  the a n a ly s is .

An e x te n s ive  review  o f the g ra p h ica l methods used to  d e te c t the 

presence and e f fe c t  o f  d e n s ity  dependence has been made by Bellows 

(1981). P lo t t in g  the number s u rv iv in g , Ŝ, a ga inst the i n i t i a l  p o p u la tio n
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d e n s ity , N̂, p rov ides the  s im p lest method, any d e v ia tio n  from a s tra ig h t 

l in e  through the o r ig in  w ith  slope o f  u n ity  in d ic a t in g  d e n s ity  depend­

ence. I f  p ro p o rtio n a te  s u rv iv a l,  S/N, is  p lo t te d  aga inst the  i n i t i a l  

d e n s ity  any d e v ia tio n  from a l in e  w ith  zero slope w i l l  p o in t towards 

d e n s ity  dependence. A p o s it iv e  d e v ia tio n  from a l in e  w ith  zero slope when 

k-va lue s  (= -  lo g ^ C S /N ), Varley and G radw ell, 1960) are p lo t te d  aga inst 

the lo g a rith m  o f  the whole po pu la tio n  d e n s ity  a lso  in d ic a te s  d e n s ity  

dependence. The s t a t i s t i c a l  problems o f  d e te c tin g  d e n s ity  dependence 

have been considered by many authors (e .g . V arley and G radw ell, 1963; 

E berhard t, 1970; M aelzer, 1970; S t. Amant, 1970; I t o ,  1972; Kuno, 1973; 

Royama, 1977, 1981a, 1981b).

Bellows (1981) a lso  reviews severa l m athem atical models d e sc rib in g  

d e n s ity  dependent e f fe c ts  and concludes th a t the  model developed by 

Maynard Smith and S la tk in  (1973) is  o f  p a r t ic u la r  value in  being f le x ib le  

enough to  apply to  species w ith  q u ite  d i f fe r e n t  d e n s ity  dependent re s ­

ponses. The genera l form o f the model is

S = C • N • [1 + (a  • N)br 1 (3 .1 )

where j3 denotes a s c a lin g  constant which determ ines the d e n s ity  a t which 

p ro p o rtio n a te  m o r ta l i ty  begins to  increase ra p id ly ,  Id is  the  s e v e r ity  

o f  the d e n s ity  dependence, and C_ is  the p ro p o rtio n a te  density-independent 

fa c to r .  Th is model has been used to  in v e s t ig a te  the presence and the  

degree o f  d e n s ity  dependence in  the data c o lle c te d  from the aphid pop­

u la t io n s .

3.3 Some Models fo r  A g e -S p e c ific  Demographic Processes

3.3 .1  S u rv iv a l Models

Since P earl and M in e r's  (1935) unsuccessfu l attem pt to  f in d  a
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m athem atical model which describes s u rv iv a l curves fo r  a v a r ie ty  o f 

species, a number o f  such models have been construc ted  (e .g . Johnson, 

1963; Burch, 1967; S i le r , * 1979; Hogg and Nordheim, 1983). However, 

these o n ly  deal fo r  the  most p a rt w ith  senescent m o r ta l i ty .  Although 

the W e ibu ll d is t r ib u t io n  has shown some a t t r a c t iv e  fe a tu re s  (David, 

1974; P inder, Weiner, and Smith, 1978), i t s  usefu lness as a s u rv iv o r­

sh ip  model is  l im ite d  to  s itu a t io n s  where m o r ta l i ty  ra te  is  a monotonic 

fu n c tio n  o f  age. When th is  is  not the the case, i t  is  p re fe ra b le  to  

use a G om pertz-like  d is t r ib u t io n  (Gompertz, 1825) or a m ix tu re  o f 

d is t r ib u t io n s  ( S i le r ,  1979). Any such d is t r ib u t io n s ,  as long as non­

n e ga tive , are p o ss ib le  candidates. However, on ly  a few s p e c if ic  d is ­

t r ib u t io n s ,  which p re lim in a ry  analyses o f the cabbage a p h id 's  s u rv iv o r­

sh ip  data has suggested could provide  a p pro p ria te  f i t s ,  have been con­

s idered  in  th is  s e c tio n . The d is t r ib u t io n s  to  be discussed are a l l  

continuous (Table 3 .1 ) .  The symbol t_ always has the dimensions o f  time

(o r age); the o th e r symbols ja, c_ , ---- are used to  denote a d ju s tab le

param eters. The p re c ise  in te rp re ta t io n  o f  these parameters d i f fe r s  

fo r  the  va rio u s  d is t r ib u t io n s .  Some o f the m odel's p ro p e rtie s  have 

been l is te d  in  Table 3.1 in  which the s u rv iv o rs h ip  fu n c tio n  the su r­

v iv a l p ro b a b il i ty  d e n s ity  fu n c tio n  _f, and the a g e -s p e c ific  m o r ta lity  

fu n c tio n  H_, are presented. The equivalence o f  these th re e  fu n c tio n s  is  

discussed in  Appendix I .

Model 1, the power fu n c tio n ,

S ( t)  = 100-(1 -  -  ) b (3 .2 )3

rep resen ts  the  p r o b a b il i ty ,  th a t g iven a maximum l i f e  span o f  â , an 

in d iv id u a l su rv ive s  to  age _t. F igure 3 .1 (a ) i l lu s t r a te s  the v a r ia t io n



Table 3.1 The form o f the fo u r s u rv iv a l d is t r ib u t io n s  o f  S ( t)  discussed in  the te x t ,  and the corresponding 

a g e -s p e c ific  s u rv iv a l fu n c tio n s , f ( t ) ,  and a g e -s p e c ific  m o r ta l i ty ,  H ( t ) .  A more complete l i s t  o f  

such d is t r ib u t io n s  is  g iven by Cox and Oakes (1984). The equivalence o f  the three fu n c tio n s  is  

given in  Appendix I .

Model S (t) H (t) f ( t> No. o f  Parameters Authors

1 100-(1 - t / a ) b b /(a  -  t ) 100-( b /a ) • ( 1 - t / a ) b-1 2 Zachmann & 
Logan (1984)

2 1 0 0 -E x p (-( t/a )b ) ( b / a ) . ( t / a ) b- 1 100-Exp ( - ( t / a ) b ) • 

( b / a ) . ( t / a ) b_1
2

P inder, Wiener 
& Smith (1978)

3 E xp(a )• ( -E x p (b -c * t) )

\

c *E xp (a )• (-Exp 

( b - c « t ) )

E xp(a )• ( -E x p (b -c » t) )• 

c *E xp (a )• ( -E x p (b -c * t) )
3

Gompertz
(1825)

4 E x p (( -a /b ) • (1-Exp 

( - b * t ) ) ) •E xp (-c» t) 

•E x p ((d /e )• (1-Exp 

( e - t ) ) )

a»E xp(-b*t) + 

c + d«Exp(e*t)

H ( t ) - S ( t )
3

S ile r
(1979)
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F igure  3.1

Examples o f  the  s u rv iv o rs h ip  models in  Table 3.1

(a) Model 1 (Eq. 3 .2 ) : curve I , a = 35, b = 0 .3 ; curve I I ,

a = 33, b - 1; curve I I I ,  a = 35, b = 30.

(b) Model 2 (Eq. 3 .3 ) • curve I , a = 30, b = 4; curve I I ,

a = 20, b = 2; curve I I I ,  a = 10, b = 1.

(c ) Model 3 (Eq. 3 .4 ) : curve I , a = 4 .5 , b = -5 .5 , c = -0 .1 5 ;

curve I I , a = 4 .5 , b = -2 .7 5 , c = -0 .0 1 ; curve I I I ,

a = 13.5, b = 2 .2 , c = -0 .0 1 .

(d) Model 4 (Eq. -3.6) : curve I , a = 0.034, b = 3 .0 , c = 0.015, d = 0.0002

e = 0.18; curve I I ,  ;a = 0.073, b = 2 .3 , c = 0.0258, d = 0.0004

e = 0.20; curve I I I , a = -0 .5 ,  b = 4 .0 , c = -0 .0 4 , d = 0.12,

e = 0.01
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o f w ith  respect to  the parameter j) .  For curve I I I  la rg e  values o f 

g ive  a h igh  i n i t i a l  m o r ta lity  ra te  w h ile  sm all values o f  t) g ive  

curve I  in  which most in d iv id u a ls  su rv ive  near to  age t  = a. F in a lly ,  

when b = 1 (curve I I )  there  is  a constant p ro b a b il i ty  o f  s u rv iv a l,  f ( t )  

= 1 /a , through the l i f e  span.

Model 2, the  W eibull frequency d is t r ib u t io n ,  is  g iven by:

S ( t )  = 100 • Exp ( - ( t / a ) b ) ,  (3 .3 )

where S ( t)  is  the p ro b a b il i ty ,  a t b i r th ,  o f  an in d iv id u a l s u rv iv in g  to  

age t ,  a is  a s c a lin g  parameter, and fc) governs the shape o f  the  curve. 

F igure  3.1 (b ) shows th ree  basic types o f s u rv iv o rs h ip  curves obtained 

from th is  model which have comparable p a tte rn s  to  those fo r  model 1.

The convenience o f  the  W eibull d is t r ib u t io n  fo r  e m p ir ica l work stems 

from the s im p lic i t y  o f  i t s  th ree  eq u iva le n t fu n c tio n s  g iven in  Table 

3 .1 .

Model 3, a m od ified  Gompertz d is t r ib u t io n ,  can be w r it te n  as:

S ( t )  = Exp(a) • ( -  Exp(b -  c-X)) , (3 .4 )

where a is  a s c a lin g  parameter, b̂ determines whether the curve is  con­

cave or convex in  the  i n i t i a l  stage, and £  determ ines the s e v e r ity  o f 

the m o r ta l i ty .  This somewhat o ld e r model (Gompertz, 1823), as fo r  models 

1 and 2, can show a f a i r  degree o f f l e x i b i l i t y  when f i t t e d  to  d i f fe r e n t  

data se ts  (F ig . 3 .1 (c ) ) .

Model 4, w ith  f iv e  parameters, in co rp o ra te s  a m ix tu re  o f  d i s t r i ­

b u tio n s . I t  is  w e ll known th a t many e m p ir ic a lly  obta ined s u rv iv o rs h ip  

curves d e c lin e  i n i t i a l l y ,  tend to  le v e l o f f ,  and then d e c lin e . S ile r
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(1979) suggests th a t these c h a ra c te r is t ic s  occur as a re s u lt  o f  the 

r is k  faced by th ree  d i f fe r e n t  stage groups, i . e . ,  ju v e n ile s , a d u lts , 

and those th a t are senescent. S i le r  uses Gompertz's d is t r ib u t io n  to  

describe  the a g e -s p e c ific  m o r ta l i ty  ra te s  o f  the  ju v e n ile  and senescent 

stages; and fo r  the a d u lts , the  conven tiona l constant m o r ta l i ty  model.

The to ta l  a g e -s p e c ific  m o r ta l i ty  model is  w r it te n  as

H( t ) = a*Exp ( -b « t)  + c + d • E x p (e - t) ,  (3 .5 )

For s im p lic i ty ,  i t  i s  assumed th a t fo r  each stage the r is k  a r is e s  

as a re s u lt  o f  in tra s ta g e  co m p e titio n  and th a t the re  are no in te ra c t io n s  

between the th ree  stages. By d i f fe r e n t ia t in g  H (t)  w ith  respect to  tim e 

t_, i t  is  seen th a t the m o r ta l i ty  w i l l  e v e n tu a lly  increase m o n o to n ic a lly . 

The s u rv iv a l model S ( t)  is

S ( t)  = E x p ( ( -a /b ) • (1 -E x p (-b * t) ) )  • E x p (-c * t)  •

E xp((d /e ) • (1 -E x p (e * t) ) )  (3 .6 )

where £ , £ , and d̂  are the  i n i t i a l  m o r ta l i t ie s  o f  ju v e n ile ,  a d u lt and 

senescent stages, re s p e c tiv e ly  and b̂  and £  are the adjustm ent c o e f f ic ie n ts  

o f  the ju v e n ile  and senescent stages. This combined model, obta ined 

by the sim ple a d d it io n  o f  the  th re e  component m o r ta l i t ie s ,  d e c lin e s  

sh a rp ly  during  the i n i t i a l  and ju v e n ile  p e rio d , le v e ls  o f f  du rin g  

adulthood, and f in a l l y  s lopes downwards sh a rp ly  during  senescence. The 

th re e  bas ic  types o f  the  s u rv iv o rs h ip  curves are shown in  F igure  3 .1 (d ) .

The f l e x i b i l i t y  and behaviour o f  these models o f  S ( t ) ,  e s ta b lish e d  

fo r  each model and i l lu s t r a t e d  in  F igure  3.1 by the th ree  b as ic  types 

o f  curve, ca te r fo r  many o f  the  commonly hypothesized s u rv iv o rs h ip  

curves (e .g . Pearl and M iner, 1935; Deevey, 1947; S lobodkin, 1962).
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A l l  the fo u r models are used to  d escribe  the  experim ental data in  the 

ensuing se c tio n s . In  the next s e c tio n  the  model provides the most 

f le x ib le  e m p ir ica l f i t ,  p re fe ra b le  w ith  r e la t iv e  sim ple s t a t i s t i c a l  

a n a ly s is , w i l l  be chosen.

3 .3 .2  Fecundity Models

In  studying  po pu la tio n  growth i t  i s  im portan t to  q u a n tify  the 

shape o f  the curve re p resen ting  the  number o f  o ffs p r in g s  produced as a 

fu n c tio n  o f  tim e. Although the re  is  a complex d e n s ity  dependent model 

fo r  in s e c t fe cu n d ity  (W att, 1960), a p a ram etric  d is t r ib u t io n  fo r  des­

c r ib in g  a g e -s p e c ific  fe cu n d ity  is  s t i l l  la c k in g  (Bellow s, 1979). An 

a ttem pt has been made here to  f in d  a sim ple and r e l ia b le  model. Exam­

in a t io n  o f  a s c a tte r  diagram o f  the fe c u n d ity  p a tte rn  o f  brassicae 

shows th a t the re la t io n s h ip  increases sh a rp ly  a t f i r s t ,  passes a peak, 

then d e c lin e s  sm oothly. F i r s t ly ,  fo r  s im p lic i t y ,  a normal (sym m etric) 

d is t r ib u t io n  is  considered where

F ( t )  = a 'p »Exp ( - b y ( t  -  c ' p ) 2) (3 .7 )

a 'F being the maximum fe cu n d ity  ra te ,  b 'p ,  re la te s  to  the spread o f  the 

d is t r ib u t io n  curve, and c 'p  to  the  tim e when the maximum fe cu n d ity  ra te  

occurs (F ig . 3 .2 (a ) ) .

Secondly, when the data on fe c u n d ity  ra te s  are considered a p o s it iv e  

skewed curve w ith  age is  ob ta ined . The product o f two m od ified  power 

fu n c tio n s  can thus be used, an in c re a s in g  one:

and a decreasing one:

As the  curve begins a t age, j<, the  tim e a t which the f i r s t  o ffs p r in g  are
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Figure 3.2

Two a g e -s p e c ific  fe c u n d ity  curves described by

(a) a normal (sym m etric) d is t r ib u t io n ,  equation 3 .7 , and

(b) a m ixtu re  o f  d is t r ib u t io n s ,  equation  3 .8 , where J< is  the 

age a t which f i r s t  re p ro d u c tio n  occurs.

See te x t  fo r  d iscu ss io n .
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produced, i t  i s  necessary to  tra n s fe r  t^  to  t - k . For convenience, 

the two param eters, jj and jv are assumed to  take the form Exp ( o ) 9 making

bp -Cp
F ( t )  = = Exp(ap ) • ( t - k )  r - t  r , (3 .8 )

where ap, bp and Cp are the  th ree  parameters o f  the fu n c tio n . Equation

3.8 g ives a curve o f  the  type shown in  F ig . 3 .2 (b ) .  The maximum 

fe c u n d ity  ra te  can now be estim ated as:

(br-“Cr) (Cr- br- ) br / (  Cj- \
F = Exp(ar ) • k F F . ( c r -b r ) F F -b r  F /(C F F) max K F F F F

(3.8a)

The tim e when F is  reached, t,- , can be c a lc u la te d  from Eq. 3 .8 .max Fmax* ^

3 .3 .3  Developmental Models

The developmental p e rio d  o f an in s ta r  is  v a r ia b le , d i f fe r e n t  in ­

d iv id u a ls  developing a t d i f fe r e n t  ra te s  depending on fa c to rs  such as 

tem perature, food q u a l i ty ,  m oisture c o n d it io n s , and p o pu la tio n  d e n s ity . 

Such v a r ia b le  ra te s  can, as a r e s u lt ,  form a d is t r ib u t io n  through tim e 

o f the way in  which in d iv id u a ls  from a s in g le  cohort complete a s p e c if ic  

in s ta r  s tage. These d is t r ib u t io n s  o f  the  developmental ra te  may be 

described by a se t o f  fu n c tio n s  s u ita b le  to  f i t  the development curves 

o f the in s e c t 's  in s ta rs .

A number o f  d is t r ib u t io n s  have been used to  describe  the develop­

ment o f  in s e c ts , such as the gamma d is t r ib u t io n s  (Howe, 1966), s p e c ia l 

E rlang ian  d is t r ib u t io n s  (A shford , Read and V ic k e r, 1970), a normal 

(sym m etric) d is t r ib u t io n  (Manly, 1974), the beta d is t r ib u t io n s  (S tin n e r, 

B u tle r ,  Bacheler and T u t t le ,  1975), the tim e -v a ry in g  d is tr ib u te d  delays 

(Goudriaan, 1973), and a skewed normal d is t r ib u t io n  (Sharpe, C urry, 

DeMichele and Cole, 1977). These models are used to  describe  frequency 

d is t r ib u t io n s  o f  development (F ig . 3 .8 ) .  When a cohort is  in i t ia t e d  

from the same age, however, the p ro b a b il i ty  o f  in d iv id u a ls  rem aining
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in  the  f i r s t  developmental stage decreases sh a rp ly  but smoothly (F ig . 

3 .3 a ). For such a case, a m odified Gompertz equation should f i t  most 

da ta :

( t ) = a^  Exp (-b^j • Exp(c^ • t ) ) (3 .9 )

where P ^ ( t)  is  the  p ro b a b il i ty  o f in d iv id u a ls  rem aining in  the  f i r s t  

developmental stage a t tim e t_ . A lthough th e re  are th ree  param eters, a^, 

the i n i t i a l  percentage o f  the p o p u la tio n  in  the f i r s t  development stage, 

is  the  most p o w e rfu l. Here b^ is  the  s c a lin g  parameter, and c^ governs 

the shape.

A fte r  a pe riod  o f  tim e the developm ental curves o f the a p h id 's  

successive stages became p o s it iv e ly  skewed (F ig . 3 .8 ) ,  and th e re fo re , 

a skewed normal d is t r ib u t io n  (Sharpe a t j iU  , 1977) has been chosen 

to  describ e  the developmental ra te s  o f  these stages (F ig . 3 .3 b ) . I t  

is  w r it te n  as

Pi ( t )  = ( a . .b i . /2 “  r1 • E x p t - ia - l - C p / t K ) 3) (3 .10)

where P ^ ( t)  is  the  p ro b a b il i ty  o f in d iv id u a ls  rem aining in  the  stage _i 

a t tim e J:, a^ is  the  s c a lin g  param eter, c^ is  the mean developmental 

ra te  o f  stage i_, and b^ is  the standard d e v ia tio n  (= a) o f the  develop­

mental ra te .

3 .4  V a lid a t io n  o f  Models

In  th is  s tudy , v a lid a t io n  is  b ro a d ly  de fined  as "th e  process o f 

comparing the m odel's p re d ic tio n s  w ith  r e a l i t y " .  The most s t r a ig h t ­

forw ard and w ide ly  used method is  a s u b je c t iv e  comparison o f  model 

p re d ic t io n s  w ith  re s u lts  obtained from experim ents (e .g . ,  C a rte r, 1978; 

Barlow and D ixon, 1980; G u tie rre z , Baumgaertner, and Summers, 1984).
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F igure  3.3

The developmental d is t r ib u t io n s  o f the i n i t i a l  stage (i 

the o th e r successive stages (b ) .  The d is t r ib u t io n  (a) 

from equation 3 .9  where a^ = 100, b^ = 0.001, and c^ = 

d is t r ib u t io n  (b ) shown a rise s  from equation 3.10 where

b. = 0 .06 , and c . = 0 .30 .1 7 l

) and

shown a rise s  

3. The 

a. = 0 .08,l *
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A good te s t  o f  models must in c lu d e  data th a t has not been used in  the 

m odel's c o n s tru c tio n . The d i f f i c u l t y  a rise s  in  o b ta in in g  a la rg e  

volume o f  f ie ld  data c o lle c te d  in  both a s t a t i s t i c a l l y  and b io lo g ic a l ly  

sound way. With s t a t i s t i c a l  te s ts ,  such as the  ch i-squared  te s t  and 

the c o r re la t io n  c o e f f ic ie n t  method which compare se ts  o f  observed 

and p re d ic te d  data re p re se n tin g  a tim e s e r ie s , i t  is  im possib le  to  

assign s ig n if ic a n c e  le v e ls  (Barlow and Dixon, 1980).

The non-param etric Kolmogorov-Smirnov te s t  (K-S te s t )  (L indg ren , 

1968; Sokal and R oh lf 1981) is  used in  th is  study to  v a lid a te  the 

model. I t  is  a p p lica b le  to  continuous and d is c re te  frequency d i s t r i ­

b u tio n s , and is  more pow erfu l than the conven tiona l te s ts  o f  goodness 

o f f i t ,  such as the ch i-squ a re d . The te s t  is  based on d iffe re n c e s  

between an observed £_, and an expected, F_, d is t r ib u t io n ,  the la rg e s t 

d if fe re n c e , JD, being found by computing the d iffe re n c e  from the top 

o f  each step in  the observed d is t r ib u t io n .  As th is  d iffe re n c e  depends 

on the v a r ia b le  o f  d is t r ib u t io n ,  x_, the  K-S s t a t i s t i c  is  taken to  be 

the le a s t upper bound o f  such d iffe re n c e s :

D = max | F (x) -  F (x ) |

The s t a t i s t i c  j) is  e s s e n t ia l ly  " tw o -s id e d ", in v o lv in g  the absolu te  

d iffe re n c e  o f  F (x) and F ( x ) . The c r i t i c a l  reg ion  D > K (0 .0 5 ,n )

= 1.36/Vn is  used to  te s t  F (x) a g a in s t the a lte rn a t iv e  th a t the 

cum ula tive  d e n s ity  fu n c tio n  is  not F ( x ) , where n̂  is  the number o f 

data in  F_.

3.5 R esu lts  and D iscussion

The prim ary o b je c tiv e  o f  th is  se c tio n  is  to  determ ine whether the  

p o p u la tio n  growth o f  the  cabbage aphid is  in flu e n ce d  by d e n s ity  dependent
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fa c to rs , and a lso  to  see i f  t h is  in d ic a te s  con test or scramble com­

p e t i t io n  (N icho lson, 1954; V a rle y , Gradwell and H asse ll, 1973;

Bellow s, 1981). In  a d d it io n , the  in flu e n c e  o f  d e ns ity  o f  the age- 

s p e c if ic  demographic ra te s  o f  the  aphids is  a lso  considered.

3 .5 .1  Assessment o f  D en s ity  Dependence

The re la t io n s h ip s  between s u rv iv a l and i n i t i a l  p o pu la tio n  d e n s it ie s  

fo r  the aphid have been p lo t te d  in  F igure 3 .4 (a ) . The apparent d e v ia tio n  

from a s tra ig h t  l in e  through the  o r ig in  obta ined when equation 3.1 is  

f i t t e d  to  the experim enta l data suggests th a t a d e n s ity  dependent de­

pendent process does a c t on the  aphid p o p u la tio n . The same co n c lu s io n  

can be drawn from the in ve rse  re la t io n s h ip  in  F igure 3 .4 (b ) and the 

e x p o n e n tia lly  in c re a s in g  curve in  F igure 3 .4 (c ) .  The goodness o f  f i t  

o f  the curve was in v e s t ig a te d  us ing  the nonparam etric Kolmogorov- 

Smirnov te s t  (L in d g re n , 1968; Sokal and R o h lf, 1981). The te s t  in d ic a te d  

th a t the proposed curve (F ig . 3 .4 (a ) )  d id  not d i f f e r  s ig n i f ic a n t ly  from 

the experim enta l data a t the  5%  le v e l o f  s ig n if ic a n c e  (D = 0.01606 <

D (0 .05 ,36 ) = 0 .2 2 6 7). The te s t ,  a p p lica b le  to  continuous and d is c re te  

d is t r ib u t io n s ,  is  more pow erfu l than the G- o r ch i-squared te s t  fo r  

goodness o f  f i t ,  and is  e s p e c ia lly  advantageous w ith  sm all sample 

s ize s  (Sokal and R o h lf, 1981). The’ o v e ra ll s u rv iv a l ra te s  (S/N) show 

no s ig n if ic a n t  d iffe re n c e s  between d e n s it ie s  1, 5, 10, 50, and 100 

(P > 0 .0 5 ), w h ile  the  ra te  a t d e n s ity  200 is  s ig n i f ic a n t ly  sm a lle r 

than the o thers  (P < 0 .05 ) (Table  3.2 and F igure  3 .4 b ).

3 .5 .2  E ffe c ts  o f  Age and D e n s ity  on Demographic Processes

(1 ) S u rv iva l

The g ra p h ica l re p re s e n ta tio n  o f  the d e c lin e  in  s u rv iv a l -  the  

s u rv iv o rs h ip  cu rve , is  the  s im p le s t d e s c r ip t io n  o f  a l i f e  budget.
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F igure  3 .4

The re la t io n s h ip  between s u rv iv a l and d e n s ity  fo r  JB. b ra ss ica e .

(a) The number s u rv iv in g , a ga inst the i n i t i a l  p o p u la tio n  d e n s ity  

The data have been described using equation 3.1 f i t t e d  by a

n o n -lin e a r le a s t  square procedure. The estim ated values o f  para­

meters fo r  the  equation w ith  93% confidence in te r v a l  are as fo llo w s : 

a = 0.0050±0.0001, b = 3.0815±0.0868 and c = 0.7606±0.1185.

(b) The data from (a ) expressed as p ro p o rtio n  s u rv iv in g  a g a in s t d e n s ity . 

The f i t t e d  l in e  is  obta ined by trans fo rm ing  the p re d ic te d  number o f 

s u rv iv o rs  to  p ro p o rtio n a te  s u rv iv a l.

(c ) The data from (a ) expressed as k-va lue  (= log  (S /N )) ag a in s t 

d e n s ity  ( lo g (N ) ) .  The f i t t e d  l in e  is  obta ined by tra n s fo rm in g  the 

p re d ic te d  number o f s u rv iv o rs  to  a k -va lu e .
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Table 3 .2  In d iv id u a l stage and o v e ra ll s u rv iv a l ra te s  o f  brassicae a t va riou s  d e n s ity  c o n d itio n s .

D ensity Stage S u rv iva l Rate (So) O vera ll

(No. A ph id /P lan t) I  . I I I I I IV S u rv iva l Rate (So)*

1 88 93.18 95.12 92.31 72.0 ± 8.4 a

5 98 85.91 95.23 100.0 80.0 ± 9.4  a

10 97 92.78 97.75 96.55 84.0 ± 7.0 a

50 94 92.55 97.13 91.12 77.0 ± 8.4  a

100 94.5 90.21 93.26 85.85 68.2 ± 5.2 a

200 86.6 83.95 73.73 70.52 37.8 ± 5.6 b

* :  Data fo llow ed  by the same le t t e r  in  each column are not s ig n if ic a n t  a t P = 0 .05 , according to  LSD.
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The s u rv iv o rs h ip  curves o f  aphids a t s ix  d i f fe r e n t  d e n s it ie s  are 

p lo t te d  a ga inst age in  F igure  3 .5 . The d i f fe r e n t  s u rv iv a l models do 

no t appear to  show any s u b s ta n tia l d iffe re n c e  in  th e ir  e f fe c t  on the 

p o pu la tio n  dynamics o f  the  in te ra c t io n .  A l l  the models show s im ila r  

a b i l i t y  to  describe  the  va rio u s  s u rv iv o rs h ip  curves obta ined in  the  ex­

perim ent. However, i t  i s  necessary to  te s t  the  agreement between the 

expected values and the  experim enta l da ta , to  in v e s tig a te  the  s im i la r i t y  

between the models, w h ile  a lso  cons ide ring  th e ir  s im p lic i ty  in  the  

co n te x t o f  the present s tu d y .

A l l  the models have been f i t t e d  to  the  s u rv iv a l curves using a 

n o n -lin e a r le a s t-sq u a re  procedure. The ir estim ated parameters w ith  

95?̂  confidence l im i t s  and sum o f  squared re s id u a ls  (SSR) are presented 

in  Table 3 .3 . A l l  fo u r models have been te s te d  using the Kolmogorov- 

Smirnov te s t  a t each d e n s ity , and there  is  no s ig n if ic a n t  d if fe re n c e  

between the observed and the  expected data a t the 5% le v e l o f  s ig n i­

fica n ce  (Table 3 .4 ) .  Of the  fo u r models, models 1 and 2 have r e la t iv e ly  

sim ple forms w ith  o n ly  two parameters each, w h ile  model 4 is  the  most 

complex w ith  f iv e  param eters. However, i t  is  w ith  th is  la t t e r  model 

th a t the to ta l  sum o f  squared re s id u a ls  is  le a s t ,  suggesting th a t model 4 

describes the data se ts  r e la t iv e ly  w e ll.  Model 2 has the h ig h e s t SSR.

As a r e s u lt ,  i t  is  o n ly  Model 1 and 4 th a t are analysed fu r th e r  to  de­

term ine whether th e re  is  any s ig n if ic a n t  d iffe re n c e  between them.

The two-sample Kolmogorov-Smirnov te s t  (o r the Smirnov te s t )  

(L indgren , 1968) has been a p p lie d  and the s t a t i s t i c  D, de fin ed  as

D = max I F (x ) -  G ( x ) |  , is  c a lc u la te d , i m n 1 *

Fm(x ) is  the sample d is t r ib u t io n  fu n c tio n  o f  a sample o f  s iz e  m from
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F igure  3 .5

The sim ula ted a g e -s p e c if ic  s u rv iv o rs h ip  curves fo r  b rass icae  a t 

d if fe r e n t  d e n s it ie s  : (a) 1, (b) 5, (c ) 10, (d ) 50, (e) 100, and 

( f )  200, and the  experim enta l data (g ) .  Numbers 1, 2, 3 and 4 in  

F igures (a) -  ( f )  re p re se n t the curves f i t t e d  using models 1, 2, 3 

and 4, re s p e c t iv e ly . The parameter values and confidence in te rv a ls  

o f  each model are g iven in  Table 3 .3 . The symbols "+ " , " o " , " x " ,  

" v " ,  and in  F ig u re  (g) rep resen t the d e n s ity  1, 5, 10, 50, 

100 and 200, re s p e c t iv e ly .
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Table 3 .3  Estim ated parameters (± 95?o confidence l im i t s )  obta ined by 

f i t t i n g  the models (1) -  (4) to  the  s u rv iv o rs h ip  curves in

F igure  3.5 using a n o n -lin e a r le a s t-sq u a re s  procedure, and 

th e ir  sum o f  squared re s id u a ls  (SSR)

(a) Model 1

D ensity Parameter SSR

a • b*

1 35.52 ± 1.22 0.87 ± 0.07 b 424.94

5 36.50 ± 0.93 0.49 ± 0.05 a 1153.28

10 37.35 ± 0.54 0.49 ± 0.04 a 753.70

50 • 34.27 ± 0.90 0.90 ± 0.05 b 253.17

100 41.53 ± 16.37 2.59 ± 0.78 c 1385.65

200 45.87 ± 10.42 2.80 ± 1.41 c 673.64

T o ta l SSR =
4644.38

* :  Same as Table 3 .2 , according to  t te s t .

(b) Model 2

D ensity Parameter SSR

a b

1 22.99 ± 0.01 1.75 ± 0.22 1804.93

5 29.90 ± 0.009 1.99 ± 0.40 4236.58

10 30.43 ± 0.92 2.58 ± 0.29 - 1992.53

50 - 21.50 ± 0.006 1.88 ± 0.13 508.74

100 12.01 ± 0.02 1.48 ± 0.13 678.62

200 14.02 ± 0.02 1.34 ± 0.08 406.58

T o ta l SSR =
9627.98

Cont



Table 3.3 (Cont.)
(c) Model 3

Density Parameter SSR

a b c

1 4.51 ± 0.06 -2 .67  ± 0.34

ooi ± 0.01 265.16

5 4.39 ± 0.04 -5 .36  ± 0.87 -0 .16 ± 0.03 1301.09

10 4.51 ± 0.03 -3 .96  ± 0.33 -0 .12 ± 0.01 267.75

50 4.76 ± 0.05 i O
N

O
N H- 0.19

00o
•

o1 ± 0.006 103.86

100 13.63 ± 0.64 2.16 ± 0.07 -0.01 ± 0.001 378.01

200 14.07 ± 10.73 2.23 ± 1.14 -0.01 ± 0.008 223.11

T o ta l SSR = 2538.98



Table 3.3 (Cont.)

(d) Model 4

D ensity Parameter SSR

a b c d e

1 0.070±0.060 2 .320±0.26 0.0260±0.0075 0.0004±0.0002 0.1991±0.0216 231.64

5 0.008±0.0005 0.045±0.0001 0.0157±0.0002 0.0000001±0.00000001 0.4529±0.0013 301.64

10 0.034±0.0657 3.020±0.4500 0.0136±0.0051 0.00026±0.0001 0 .1878±0.0136 247.05

50 0.009±0.068 3.652±2.521 0.0121±0.0064 0.0091 ±0.0020 0.0964±0.0084 121.04

100 -0.722±0.097 4 .164±0.022 -0.0354±0.0037 0.1219 ±0.0034 0.0149±0.0005 614.78

200 -0 .5 0 9± 0 .105 4.079±0.051 -0.0377±0.0062 0.1068 ±0.0055 0.0128±0.0008 290.87

T o ta l SSR =
1807.02



Table 3.4 The Kolmogorov-Smirnov s ta t is t ic s  o f  the fo u r s u rv iv a l models. The acceptance l im i t  fo r  the 

te s t  o f  goodness o f f i t  is  0 .19* (sample s iz e , n = 30; s ig n if ic a n c e  le v e l,a  = 0 .0 5 ).

Model K -  S S ta t is t ic  o f  D ensity Treatment
\

1 5 10 50 100 200

1 0.0018 0.0045 0.0044 0.0033 0.0108 0.0063

2 0.0065 0.0077 0.0052 0.0033 0.0089 0.0051

3 0.0034 0.0090 0.0035 0.0022 0.0096 0.0066

4 0.0029 0.0032 0.0026 0.0027 0.0077 0.0057

*. n
• u (0 .05 ,50 )

= 1 .3 6 //5 0  = 0.1923
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£ , and Gn (x ) is  the sample d is t r ib u t io n  fu n c tio n  o f  a sample o f  s ize

£  from G_. When the maximum abso lu te  d if fe re n c e , £ , is  le ss  than the

f iv e  percent re je c t io n  l im i t ,  D ,n nc N = (1 .36)/(m  + n)/m *n, the^u.U5,m,n;
n u ll  hypothesis  o f  id e n t ic a l* d is t r ib u t io n s ,  Hq : F = G, is  accepted.

The n u l l  hypothesis  o f  id e n t ic a l d is t r ib u t io n ,  i . e .  th a t model 1 

equals th a t  o f  model 4, is  accepted, the s ta t is t ic s  a t each d e n s ity  

(Table 3 .5 ) being le ss  than the  re je c t io n  l i m i t ,  m n ^. Consequently,

the s im p le , f le x ib le  and adequately d e s c r ip t iv e  model 1 has been con­

s idered  as the  a g e -s p e c ific  s u rv iv a l model fo r  th is  s tudy.

F igure  3 .5  shows the f i t  o f  model 1 to  the  s u rv iv o rs h ip  curves o f  

b rass icae  a t d e n s it ie s  o f  1 (F ig . 3 .5 (a ) ) ,  5 (b ) , 10 ( c ) ,  50 (d ) ,

100 (e ) ,  and 200 ( f ) .  The f i t t e d  parameters from the data in  Table 3 .3  

may be used to  ch a ra c te rize  the  nature  o f  the  s u rv iv o rs h ip  curves shown 

a t va riou s  d e n s it ie s . The maximum l i f e  span, a_, a t the s ix  d e n s it ie s  

show no s ig n i f ic a n t  d iffe re n c e  between each o th e r ( t  te s t ,  p > 0 .0 5 ). 

While the  parameter o f  each d e n s ity  is  s ig n i f ic a n t ly  d i f fe r e n t  from 

th a t o f  the  o th e rs  ( t  te s t ,  p < 0 .0 5 ).

In  th is  la t t e r  case, as d e n s ity  increases from 1 to  50, the  va lue 

o f  the parameter decreases from near one to  a value fa r  lower than u n ity .  

There is  subsequently an increase  to  i t s  o r ig in a l  p o s it io n . For den­

s i t ie s  h ig h e r than 50, values o f  Ji become p ro g re s s iv e ly  h ig h e r. Sur­

v iv o rs h ip  cu rves, th e re fo re , show a comparable v a r ia t io n  to  the  types 

o f  the s u rv iv o rs h ip  curve suggested by Pearl (1928), Deevey (1947) and 

S lobodkin (1962), on in c re a s in g  from low to  h igh  d e n s ity , the  curve 

change from a type I I ,  to  a type I ,  fo llow ed  by a re tu rn  to  a type I I ,  

and f i n a l l y  type I I I  (F ig . 3 .5 ) .



1 0 2

Table 3 .5  The s t a t is t ic s  o f  the two-sample Kolmogorov-Smirnov o f  

Model 1 and 4 . The acceptance l i m i t  fo r  the te s t  o f  

goodness f i t  i s  0 .2720*. (Sample s iz e , m = n = 50, 

s ig n if ic a n c e  le v e l,  a = 0 .0 5 ).

D ensity

1 5 10 50 100 200

0.0014 0.0036 0.0043 0.0026 0.0112 0.0057

D(0.005,50,50) = (1' 36) • /(5 ° -  50)/50 • 50= 0.2720
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Comparable s u rv iv o rs h ip  curve p a tte rn s  a r is e  from aphids reared 

on d i f fe r e n t  c u lt iv a te d  hosts (Root and Olsen, 1969), and a t va rious 

tem peratures (DeLoach, 1974) to  those r e s u lt in g  from the e f fe c ts  o f 

d e n s ity . I t  im p lie s  th a t host p la n t, tem perature , and p o p u la tio n  

d e n s ity  can a l l  in flu e n c e  the m o r ta l i ty  o f  the aphid and cause the 

changing p a tte rn  in  s u rv iv o rs h ip  curves.

I t o  (1961) has shown th a t in s e c t m o r ta l i ty  o fte n  occurs in  d is ­

t in c t  stages re s u lt in g  in  the s u rv iv o rs h ip  curves showing a number o f 

d is t in c t  s teps. Such a stepwise tre n d , a lthough s l ig h t ,  can be observed 

in  the  present s tudy, p a r t ic u la r ly  a t d e n s ity  5 and 10 (F ig . 3 .5 ) .

This p a tte rn  is  a lso  c le a r  when the stage s u rv iv a l ra te s  are ca lc u la te d  

(Table 3 .2 ) .  This helps to  e xp la in  the  la rg e r  SSR o ccu rrin g  in  those 

curves in  F igure  3 .5 .

(2) Fecundity

Each o f  the s ix  aphid d e n s ity  tre a tm e n ts  examined in  the  fe cu n d ity  

experim ents produced nymphs. The h ig h e s t average fe cu n d ity  was recorded 

from d e n s ity  10 (Table 3 .6 ) ,  but i t  has no s ig n if ic a n t  d iffe re n c e  to  

the fe c u n d ity  a t d e n s ity  5 ( t - t e s t ;  p > 0 .0 5 ) . The sm a lle s t average 

fe c u n d ity  occurred when the d e n s ity  was h igh e r than 100. The numbers 

o f  o f fs p r in g  .obta ined in  the present experim ent are lower than values 

o f  average fe cu n d ity  re ported  by e a r l ie r  w orkers, (e .g . 26-29 by Elze 

‘ (1944), Markkula (1953), and Hafez (1961); 34.3 ± 10.7 a t 23.8°C by 

Hughes (1963); 47-63 a t a tem perature a lte rn a t in g  between 17° and 24°C 

by Bonnemaison (1951); 40.7 ± 1.18 a t 20°C by Ra-worth (1 9 8 4 )). These 

values were obta ined by re a rin g  in d iv id u a l aphids on s in g le  leaves, 

s in g le  p la n ts  or on le a f-d is c s  suspended in  w ate r. As d i f fe r e n t  food 

p la n ts , tem perature, and re a rin g  techn iques were used in  these s tu d ie s ,



Table 3 .6 The s u rv iv a l and fe cu n d ity  data fo r  B. brassicae a t s ix  d e n s it ie s .

I n i t i a l  D ensity 

(N)

No. o f 

R ep lica te

S u rv iv ing  a d u lt 

(ZS) . S

P ro p o rtio n a l 

S u rv iva l (S /N )*

Reproduction 

D ura tion  (day)

T o ta l Fecundity 

(ZF)

Average

Fecundity(ZF/ZS)*

1 30 36 0.72±0.08 0.72±0.08 a 19 (day 10-28) 446 12 .29±1.47 b

5 10 40 4.00±0.47 0.80±0.09 a 23 (day 9-31) 725 17.67±5.47 a

10 10 84 8.40±0.70 0.84±0.07 a 23 (day 9-31) 1639 19.51±2.56 a

30 4 154 38.50±4.20 0.77±0.08 a 21 (day 9-28) 2086 13.51±0.67 b

100 4 273 6 8 .25±5.19 0.68±0.05 a 27 (day 8-34) 2565 9.51±0.68 c

200 5 378 75.60±11.19 0.38±0.06 b 26 (day 10-35) 3145 8.33±0.88 c

* :  Same as Table 3 .2 , according to  LSD

17
01
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i t  is  not to  be expected th a t the data obta ined in  the present study 

should correspond w ith  these va lues.

In  g e n e ra l, the to ta l  fe cu n d ity  o f  an in s e c t, o r average fe cu n d ity  

during  i t s  l i f e  span has less in flu e n ce  on the ra te  o f  increase  than 

the ra te  o f  re p ro d u c tio n  (Howe, 1953). In  the present study i t  is  the 

a g e -s p e c ific  fe c u n d ity  o f the aphid which is  o f c ru c ia l im portance to  

the p o p u la tio n  grow th. Regardless o f  p o pu la tion  d e n s ity  every aphid 

cohort has s ta r te d  producing o ffs p r in g  by 9 ± 1 days (Table 3 .6 ) .

By f i t t i n g  the  two proposed 3-parameter models, the symmetric 

normal (Equation  3 .7 ) and the skewed d is t r ib u t io n  (Equation 3 .8 ) ,  using 

a n o n -lin e a r le a s t  square procedure, the a g e -s p e c ific  fe c u n d ity  curves 

o f J3. b rass icae  have been described a t the s ix  d e n s it ie s  (F ig . 3.6 

and 3 .7 , re s p e c t iv e ly ) ,  and the estim ated parameters w ith  95£ confidence 

le v e ls  c a lc u la te d  (Table 3.7 and 3 .8 , re s p e c t iv e ly ) .  However, the 

to ta l  55R o f  the  skewed d is t r ib u t io n  model (Eq. 3 .8 ) is  le ss  than one 

th i r d  o f  the  to t a l  SSR o f the symmetric normal d is t r ib u t io n  model (Eq.

3 .7 ) .  Th is im p lie s  th a t the former has a b e tte r  d e s c r ip t iv e  a b i l i t y ,  

a lthough the  Kolmogorov-Smirnov s ta t is t ic s  fo r  the two fe c u n d ity  models 

in  Table 3 .9  showed both to  p rov ide  good f i t s  to  the  a g e -s p e c ific  fe cu n d ity  

data ob ta ined d u rin g  the  experiment (p < 0 .005 ). The skewed model has 

thus been chosen fo r  the  development o f  the a g e -s p e c ific  fe c u n d ity  

model. E m p ir ic a lly ,  the tim e a t which the f i r s t  o ffs p r in g  is  produced 

is  se t as seven (k = 7) in  th is  model.

The p a tte rn  o f  in c re a s in g  Fmax up to  d e n s ity  10 fo llo w e d  by a 

d e c lin e  w ith  in c re a s in g  d e n s ity  (and the reverse fo r  tp mgx) suggests an "A lle e "  

e f fe c t  may be o p e ra tin g  (Table 3 .1 0 ). Such an e f fe c t  could be mediated



Figure 3.6

The a g e -s p e c ific  fe cu n d ity  curves o f  B̂ . b rass icae  a t d if fe r e n t  

d e n s it ie s  : (A) 1, (B) 5, (c ) 10, (D) 30, (E) 100 and (F) 200. 

The f i t t e d  curves re fe r  to  equation 3.7 in  te x t .
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Table 3.7  Estimated values (± 95?o confidence l im i t s )  o f parameters and sums o f  squared re s id u a ls  obta ined

by f i t t e d  equation 3.7 to  the curves in  F igures 3.6 (a) -  ( f ) .

D ensity Parameters
SSR

a b c

1 1.3543 ± 0.0001 0.0245 ± 0.0001 15,0000 ± 0.0001 1.8697

5 1.7545 ± 0.0001 0.0299 ± 0.0001 14.6724 ± 0.0001 2.9749

10 2.0200 ± 0.0001 0.0600 ± 0.0001 13.5500 ± 0.0001 4.6503

30 2.0755 ± 3.0167 0.0605 ± 1.8875 12.7889 ± 0.0016 1.2262

100 1.3530 ± 0.0001 0.0202 ± 0.0001 15.2559 ± 0.0001 2.0269

200 1.0893 ± 0.0001 0.0300 ± 0.0001 17.1400 ± 0.0001 0.5821

T o ta l SSR = 

13.3301

108
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Figure 3.7

The a g e -s p e c ific  fe c u n d ity  o f  E3. brassicae a t the  s ix  d e n s it ie s : 

(a) 1, (b ) 5, (c ) 10, (d) (50, (e ) 100 and ( f )  200. The f i t t e d  

curves re fe r  to  equation 3.8  in  te x t .
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Table 3 .8  Same as Table 3 .7 , but obta ined by f i t t e d  equation 3.8 to  the curves in  F igures 3 .7 (a ) -  ( f ) . *

D ensity Parameter
SSR

a b c

1 19.8954 ± 1.5349 b 5.3653 ± 0.5145 a 11.3311 ± 0.8888 a 0.8751

5 22.1114 ± 0.9765 b 5.7628 ± 0.3222 ab 12.3504 ± 0.5607 ab 0.5870

10 24.8327 ± 0.8572 c 6.2486 ± 0.2761 b 13.7038 ± 0.4861 b 0.4920

50 25.4099 ± 0.6626 c 5.4363 ± 0.1878 a 13.4415 ± 0.3614 b 0.1704

100 14.7501 ± 5.4781 a 3.7804 ± 1.6698 a 8.2632 ± 3.2459 a 1.3312

200 30.2256 ± 1.2290 d 10.7918 ± 0.4895 c 19.4254 ± 0.7321 c 0.3022

T o ta l SSR = 

3.7579

*  : Same as Table 3 .2 , according to  t - t e s t .
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Table 3 ,9  The Kolmogorov-Smirnov s t a t is t ic s  o f  the two fe cu n d ity  models. The acceptance l im i t  fo r  the

te s t o f goodness o f  f i t  is  0.2267* (sample s iz e , n = 36; s ig n if ic a n c e  le v e l,  a = 0 .0 5 ).

Model D ensity

1 50 10 50 100 200

Symmetric
0.0375 0.0350 0.0369 0.0268 0.0400 0.0728

(Eq. 3 .7 )

Skewed
0.0248 0.0174 0.0156 0.0144 0.0358 0.0193

N5

(Eq. 3 .8 )

* :  D = 1.36/V3S = 0.2267

\
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Table 3.10 The maximum fe cu n d ity  ra te , F a t s ix  d e n s it ie s  and the 

p re d ic te d  tim e a t which maximum fe c u n d ity  ra te  occurred, 

tfmax* c a lc u la te d  using Eq. 3.8a and 3 .8 , re s p e c tiv e ly .

D ensity Fmax^No* NymPh/ $/ day) Vmax (da>°

1 1.57 13.30

3 2.14 13.12

10 2.41 12.86

30 2.15 11.75

100 1.39 12.90

200 1.09 15.73
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by the aggregation  o f  the aphid (Way, 1968; Way and Banks 1967; Way 

and Cammell, 1970) which enhances re p ro d u c tio n .

(3 ) Development

The development o f  j3. b rassicae on B russe ls sprouts p la n ts  in  

the la b o ra to ry  a t the s ix  d e n s it ie s  mentioned are shown in  F igure

3.8 in  terms o f  the percentage o f  the  i n i t i a l  cohort in  each stage 

a g a in s t age.- Each cohort is  in i t ia t e d  from f i r s t  in s ta r  nymph(s) born 

w ith in  24 hours o f  each o th e r. The percentage o f the in d iv id u a ls  re ­

maining a t the  f i r s t  in s ta r  stage d e c lin e s  sh a rp ly  but sm oothly. Em­

p i r i c a l l y ,  a m od ified  Gompertz equation (Eq. 3 .9 ) has been used to  

describe  the  d is t r ib u t io n  o f  the f i r s t  in s ta r  development and the curves 

obta ined by f i t t i n g  the model to  the experim ent data are shown in  

F igure  3 .9 . The estim ated parameters w ith  95?o confidence l im i t s  and 

SSR fo r  each d e n s ity  are presented in  Table 3 .11 . No s ig n if ic a n t  

d iffe re n c e  have found between each d e n s ity  fo r  parameters â and ( t - t e s t ;  

p > 0 .0 5 ), so th a t the Kolmogorov-Smirnov te s t  was used as a te s t  o f 

goodness o f  f i t .  This showed good correspondence between the p re d ic ­

t io n s  o f  the  Gompertz d is t r ib u t io n  and experim enta l data (Table 3 .1 2 ).

As parameters â  and b̂  do not d i f f e r  s ig n i f ic a n t ly  a t the  s ix  d e n s it ie s , 

a fu r th e r  in v e s t ig a t io n  has been made to  te s t  whether the re  are any 

d iffe re n c e s  as a r e s u lt  o f  the d e n s ity  tre a tm e n ts . Using the  two-sample 

Kolmogorov-Smirnov te s t ,  a l l  the s t a t is t ic s  are le ss  than D^g g^ ^

= 1.36 • (/(1 6 + 1 6 )/1 6 « 16) = 0.48 (Table 3 .1 3 ) . The s ix  d is t r ib u t io n s  are , 

th e re fo re , in d is t in g u is h a b le  and agreement w ith  the m od ified  Gompertz 

d is t r ib u t io n  is  accepted a t the 9 5 %  acceptance le v e l.  This im p lie s  

th a t d e n s ity  has no s ig n if ic a n t  in flu e n c e  on the developmental ra te  o f 

the  f i r s t  in s ta r  aphids. I t  is  thus convenient to  pool the  data and 

f in d  a se t o f  parameters to  describe  the developmental ra te  o f  the f i r s t
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Figure 3,8

The development o f  a cohort o f  J3. b rass icae  a t d i f fe r e n t  d e n s it ie s : 

(a) 1, (b) 5, (c )  10, (d) 50, (e) 100 and ( f )  200. The symbols 

" I  -  IV " re p re se n t in s ta rs  1 - 4 .



RGE (DRY)

X 
IN

IT
IR

L 
CO

HO
RT

 I
N 

ER
CH

 S
TA

GE
 

* 
IN
IT
IA
L 

CO
HO

RT
 I

N 
ER
CH
 S
TA
GE
 

X 
IN
IT
IA
L 

CO
HO
RT
 I

N 
EA

CH
 S
TA

GE

9
U



117

Table 3.11 Estim ated parameters (± 95?o confidence l im i t s )  and sums 

o f  squared re s id u a ls  obta ined by f i t t e d  the equation 3 .9  

to  the  curves o f  development p ro b a b il i ty  in  F igure  3 .9  using 

a n o n - lin e a r square procedure.

D ensity Parameter SSR

a b c

1 100.6239±2.9244 0.0013±0.0008 2.2278±1.2627 36.49

3 104.4925±4.9622 0.0137±0.0115 1.3057±0.2489 76.17

10 107.1691±7.8213 0.0307±0.0275 1.0627±0.2562 128.68

30 100.7359±1.0686 0.0015±0.0006 2.2618±0.1404 4.87

100 100.6749±4.1154 0.0012±0.0027 2 .1965±0.7363 72.07

200 100.1360±2.3282 0.0002±0.0001 2.8960±0.5731 34.93
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Figure 3.9

The development o f the f i r s t  in s ta r  stage o f  IB. b rass icae  a t 

s ix  d e n s it ie s . The curves are f i t t e d  using the  m o d ified  Gompertz 

equation (see Eq. 3 .9  in  te x t ) .
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Table 3.12 The Kolmogorov-Smirnov s t a t is t ic s  o f the model (Eq. 3 .9 ) fo r  the development o f  the f i r s t  

in s ta r  aphids. The acceptance l im i t  fo r  the te s t  o f  goodness o f  f i t  is  0 .34.

(sample s iz e , n = 16; s ig n if ic a n c e  le v e l,  a = 0 .0 3 ).

Density

1 > 3 10 50 100 200

D 0.0180 0.0121 0.0211 0.0063 0.0247 0.0192

120
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Table 3.13 The s ta t is t ic s  o f  the  two-sample Kolmogorov-Smimov

o f  the models o f  the  f i r s t  in s ta r  development fo r  the 

s ix  d e n s it ie s . The acceptance l im i t  fo r  the n u ll  hy­

po thesis  Hq : F^ = F2 is  0 .48 ; fo r  s ig n if ic a n c e  le v e l 

= 0 .05, sample s iz e  n = 16.

D ensity
D ens ity

5 10 50 100 200

1 0.0180 0.0356 0.0261 0.0166 0.0072

5 0.0120 0.0658 0.0231 0.0282

10 0.0617 0.0355 0.0456

50 0.0617 0.0456

100 0.1518
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in s ta r  ir re s p e c t iv e  o f  d e n s ity . (F ig . 3 .10a).

The curves fo r  the  developmental ra te s  o f  the  second, th i r d  and 

fo u r th  in s ta r  aphids have been obta ined by f i t t i n g  the  skewed compound 

d is t r ib u t io n  (Eq. 3 .10) to  the experim enta l da ta . The s ta t is t ic s  o f  the 

K-S te s t  show good correspondence between the p re d ic t io n s  o f  the  model 

(Eq. 3.10) and experim enta l data (Table 3 .1 4 ). For the  second in s ta r ,  

the d iffe re n c e  o f  the parameters j3, b̂  and c between each d e n s ity  t r e a t ­

ment is  not s ig n i f ic a n t  ( t - t e s t ;  p > 0 .0 3 ). A genera l c o n d it io n  can, 

th e re fo re , be ob ta ined from the pooled data by using the  same procedure 

as fo r  the f i r s t  in s ta r  (F ig . 3 .1 0 (b )) .  In  the th i r d  and fo u r th  in s ta r ,  

the d iffe re n c e  between the d e n s it ie s  is  s ig n if ic a n t  ( t - t e s t ;  p < 0 .03;

Table 3.15a & b ) .  For the parameter C^, the average developmental ra te s  

o f  the th i r d  in s ta r  stage increase  as d e n s ity  increases from one to  f iv e ,  

before  tend ing  to  le v e l o f f .  The fo u r th  in s ta r  stage shows th e  same 

tre n d  except now th e re  is  a s ig n if ic a n t  decrease in  as d e n s ity  increases 

from 100 to  200. The tre n d  o f  in c re a s in g  d e v ia tio n  a t low d e n s it ie s , im­

p lie s  an "A lle e "  e f fe c t  th a t  may in flu e n c e  the development o f  the th i r d  

and fo u rth  in s ta rs ,  but has not been found in  the younger stages.

The re s u lts  o f  the experim ent suggest th a t d e n s ity  dependent fa c to rs  

a c tin g  on p o p u la tio n  o f  b rassicae  are in tense  enough to  cause high mor­

t a l i t y ,  a f fe c t  the  fe c u n d ity  o f  the  a d u lt stage a t low and h igh  d e ns ity  

c o n d it io n s , and in flu e n c e  the development o f  the th i r d  and fo u r th  in s ta r  

stages. The experim ent has, in  genera l, confirm ed th a t these demographic 

ra te s  show an "A lle e  typ e " response to  d e n s ity . The in ve rse  e f fe c t  o f  

low d e n s ity  on these v i t a l  ra te s  o f  j3. b rassicae is  suggested to  be 

caused p r in c ip a l ly  by the "s in k  e f fe c t " ,  i . e .  an in f lo w  o f  im portan t 

n u tr ie n ts  such as so lu b le  n itro g e n  compounds induced by the  feeding 

o f  a c e r ta in  p o p u la tio n  le v e l o f  aphid aggregated on c e r ta in  p a rts  o f
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Figure 3,10

The general development curves o f  the  f i r s t  (a ) and the second (b) 

in s ta r  stages o f E3. b ra ss ica e . The f i t t e d  curves were obta ined by 

f i t t i n g  Eq. 3.9 and 3.10 to  the  pooled development data o f the  f i r s t  

and second in s ta rs ,  re s p e c t iv e ly . In  (a ) ,  equation 3 .9 : a = 100.64 ± 

3 .26 , b = 0.0012 ± 0.0021, c = 2.2039 ± 0.5393 and SSR = 909.9408.

In  (b ) ,  equation 3.10: a = 0.0773 ± 0.0044, b = 0.0572 ± 0.0036, 

c = 0.2751 ± 0.0036 and SSR = ‘2123.5.
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Figure 3,11

The development p ro b a b il i ty  o f the  th i r d  ( I I I )  and the fo u r th  (IV ) 

in s ta r  stages o f  B. brassicae a t s ix  d e n s it ie s  : (a) 1, (b) 5, (c ) 10,

(d) 50, (e) 100 and ( f )  200. The curves have been f i t t e d  using  equation 

3 .10 . The estim ated parameters o f  Eq. 3.10 are given in  Table 3.15.
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Table 3,14 The K-S statistics of the model (Eq. 3.10) for the development 

of.the second, third, and fourth instar aphids, 

a = 0.05.

Instar Sample Density
size ---------------------------------
(n) 1 5 10 50 100 200

2 9 0.0794 0.0401 0.0573 0.0612 0.0492 0.0239

3 9 0.0078 0.0404 0.0393 0.0511 0.0283 0.0323

4 10 0.0337 0.0240 0.0185 0.0587 0.0132 0.0420



Table 3.15 Estimated parameters (± 95?o confidence l im i ts )  and sums o f  squared re s id u a ls  obtained by f i t t e d

the equation 3.10 to  the curves o f development p ro b a b il i ty  in  F igure  3.11 using a n o n -lin e a r le a s t 

square p rocedure .*

(a) The th i r d  in s ta r

D ensity Parameters
SSR

a3 b3 c3

1 0.2334 ± 0.0062 a 0.0250 ± 0.0007 0.1605 ± 0.0009 a 3.8227
5 0.2029 ± 0.0241 b 0.0308 ± 0.0043 0.1755 ± 0.0042 c 66.7221

10 0.2054 ± 0.0038 b 0.0271 ± 0.0042 0.1694 ± 0.0045 b 123.1553
30 0.1921 ± 0.0051 b 0.0274 ± 0.0062 0.1766 ± 0.0057 c 209.5045

100 0.2031 ± 0.0022 b 0.0262 ± 0.0025 0.1725 ± 0.0027 be 40.7424
200 0.1959 ± 0.0196 b 0.0281 ± 0.0032 0.1724 ± 0.0032 be 60.0349

(b) The fo u rth  in s ta r

a4 b4 C4

1 0.3921 ± 0.0451 ab 0.0195 ± 0.0017 c 0.1199 ± 0.0024 a 75.4528
5 0.3772 ± 0.0015 a 0.0187 ± 0.0024 be 0.1293 ± 0.0020 c 84.0622

10 0.3426 ± 0.0338 a 0.0159 ± 0.0017 a 0.1266 ± 0.0018 be 78.6517
50 0.3836 ± 0.0023 a 0.0157 ± 0.0027 a 0.1294 ± 0.0027 c 137.4512

100 0.4336 ± 0.0814 ab 0.0174 ± 0.0037 abc 0.1256 ± 0.0010 b 9.7526
200 0.4969 ± 0.0262 b 0.0176 ± 0.0010 ab 0.1145 ± 0.0038 a 193.4907

* :  The same as Table 3 .2 , according to  t - t e s t
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host p la n ts  (Way and Banks, 1967; Way and Cammell, 1970). Other 

p o ss ib le  mechanisms, such as hormone c o n tro l (Way and Banks, 1967), 

however, cannot be ru le d  o u t.

During the  experim ent, i t  was observed th a t the aphids shows a 

de fensive  k ic k in g  behaviour to  any m inor d is tu rbance  such as a gust o f  

wind or when touching each o th e r. Th is k ind  o f  d is tu rbance  may be a 

fa c to r  in  reducing p h y s io lo g ic a l ra te s . As the po pu la tio n  d e n s ity  in ­

creases and the  p o pu la tio n  aggregates as a dense pack, the frequency 

o f  defensive  k ic k in g  in crea se s, and i t  is  assumed th a t the le v e l o f 

d is tu rbance  increases a c c o rd in g ly . I f  the food resource is  u n lik e ly  

to  be a l im i t in g  fa c to r ,  the  d is tu rb a n ce  caused by aggregation and 

crowding in  lo c a l p o pu la tio n s  may be im p ortan t in  reducing the demo­

g raph ic  ra te s . However, the p o s s ib i l i t y  a lso  e x is ts  o f  o th e r mech­

anisms being in vo lve d , such as, l im ite d  q u a n tity  o f  food resource 

(Crombie, 1943), and d e c lin in g  q u a li ty  o f  food (D ixon, 1963).

3.6 Conclusion

Q u a n tita tiv e  in fo rm a tio n  o f  the  fu n c tio n a l form and magnitude o f  

d e n s ity  dependent c o n s tra in ts  on cabbage aphid po pu la tio n  growth is  

very l im ite d  (Hughes, 1963; Raworth £t^ aj_., 1984). In  q u a li ta t iv e  term s, 

however, such e ffe c ts  are known to  operate  on the s u rv iv a l,  fe c u n d ity , 

and development o f aphids (e .g . D ixon, 1963, 1966, 1970, 1973; Chambers, 

1982). The experiment and analyses in  th is  chapter s tre ss  the  im por­

tance o f  conside ring  the  a g e -s p e c if ic  demographic ra te s  in  re la t io n  to  

d e n s ity  dependence.

Some n o n -lin e a r models d e s c rib in g  the a g e -s p e c ific  demographic 

parameters have been proposed and te s te d . The models chosen are genera l 

in  th a t they are f le x ib le  and can be a p p lie d  to  va rious d e n s it ie s  s im p ly
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by changing the va lue o f  th e i r  param eters, as shown fo r  the va rio u s  

types o f  s u rv iv o rs h ip  curves.

I t  has been shown e xp e rim e n ta lly  th a t severa l types o f  s u rv iv o rs h ip  

curves can be generated by the same organism, merely by changing d e n s ity . 

The form o f the curves is  comparable to  the s u rv iv o rs h ip  curve types 

considered by Pearl and Miner (1933), Deevey (1947), and S lobodkin 

(1962).

During aphid development, the  e f fe c t  o f  d e n s ity  acts  m ain ly  on the 

o ld e r nymphal s tages, i . e .  the th i r d  and fo u r th  in s ta rs .  At h igh  den­

s i t ie s  the e f fe c t  causes the  development ra te s  to  be reduced and in e v i t ­

ab ly  the d u ra tio n  o f  developm ental tim e lengthened. The in v e rs e ly  

d e n s ity  dependent process a c tin g  on development a t low d e n s it ie s  shows 

a s im ila r  e f fe c t  as on the  fe c u n d ity  o f  the aphid, p a r t ic u la r ly  in  the 

fo u r th  in s ta r .  These re s u lts  a l l  suggest th a t the demographic ra te s  

may be in flu e n ce d  by an "A lle e  typ e " d e n s ity  e f fe c t .

This chapter has been concerned w ith  the processes o f  d e n s ity  

dependent demographic ra te s  fo r  age homogeneous popu la tions o f  the aph id . 

The models o f a g e -s p e c if ic  and density-dependent demographic parameters 

and the processes in c lu d in g  age heterogeneous p o pu la tion  w i l l  be discussed 

in  the fo llo w in g  ch a p te r.
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Chapter Four

In t r a s p e c if ic  Com petition I I



1 3 2

4.1 In tro d u c tio n

In  genera l, com petition  in  s ta g e -s tru c tu re d  popu la tions can be 

p a r t it io n e d  in to  two ca te g o rie s : in t r a -  and in te r-s ta g e  co m petitions.

The importance o f  com petition  in  s t ru c t in g  e co lo g ica l communities has 

long been recognized. However, th e re  is  one aspect o f  th is  wide­

spread phenomenon th a t has rece ived  r e la t iv e ly  l i t t l e  a tte n t io n , th a t 

o f  com petition  between stage-c lasses w ith in  a p o pu la tio n , i . e .  in te r ­

stage co m p e titio n . Depending on the  degree o f n iche overlap in te r ­

stage com petition  in  n a tu ra l p o p u la tio n s  may range from being v i r t u a l ly  

n o n -e x is te n t to  being r e la t iv e ly  severe (P ric e , 1973). L ike most ex- 

op terygote  in s e c ts , cabbage aphids have on ly  a sm all degree o f  d iv e r­

gence o f  s ta g e -c lass  m orphologies, and during  the summer the develop­

mental stages share a common resource base.

Numerous s tu d ie s  have been attem pted to  in troduce  d e ns ity  dependence 

in to  age s tru c tu ra l models o f  p o p u la tio n  growth (e .g . L e s lie , 1948; 

Pennycuick, Compton and Beckingham, 1968; May, Conway, H asse ll, and 

Southwood, 1974; G u rtin  & MacCamy,1974; Lee, 1974; Beddington, 1974;

Oster and Takahashi, 1974; Guckenheimer, O ster, and Ip a k tc h i,  1977; 

Bellows and H asse ll, 1984). Of these, o n ly  May e t a l . (1974) and 

Bellows & H asse ll (1984) have e x p l ic i t l y  considered in te r-s ta g e  compe­

t i t i o n .  Using a s im ila r  approach to  th a t o f the two s ta ge -c lass  pop­

u la t io n  model, Tschumy (1982) has examined the c o n fig u ra tio n  o f  the 

zero growth is o c lin e s  o f a d u lt and ju v e n ile  d e n s it ie s , the shape o f 

these is o c lin e s , and the number o f  e q u i l ib r ia  which r e s u lt .  Unfor­

tu n a te ly , the re  are no parameters in  th e i r  v i t a l  fu n c tio n s .

In  the previous chapte r, c e r ta in  fu n c tio n s  which provide  sim ple 

d e s c rip tio n s  o f  the a g e -s p e c ific  demographic parameters o f the aphid
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a t various d e n s it ie s  were e s ta b lish e d . This chapter se ts  out to  des­

c r ib e  these ra te s  in  more d e ta i l ,  using p rev ious ly  described equations, 

w ith  the purpose o f  p re d ic t in g  changes in  popu la tion  s ize  and age 

from one day to  the  n e x t. The models are a lso expanded to  in c lu d e  

in te ra c tio n s  between stage classes in  the aphid p o p u la tio n . These 

fu n c tio n s  w i l l  be p r im a r i ly  concerned w ith  the s ta g e -s tru c tu re d  aphid 

p o pu la tions .

The chapter i s  d iv id e d  in to  th ree  se c tio n s . F i r s t ,  the a g e -s p e c ific  

demogrpahic models w ith  d e n s ity  dependence are considered, models being 

constructed to  describ e  the  re la t io n s h ip s  between parameter va lues and 

popu la tion  d e n s ity . Secondly, the models are m odified and stage classes 

incorpora ted  in to  the  demographic fu n c tio n s . An experiment designed 

to  determine how changes in  stage s tru c tu re  e ffe c t  these demographic 

fu n c tio n s  is  a lso  describ e d , and re s u lts  are presented th a t a llo w  the 

q u a n t if ic a t io n  o f  the  models' parameters. The sub-models are v a lid a te d  

by s im u la tio n .

4.2 Age-Specific Demographic Models with Density Dependence

The method used in  th is  se c tio n  to  in corpo ra te  the  e f fe c t  o f  d e n s ity  

is  based on d e s c rib in g  the parameters o f  the a g e -s p e c ific  demographic 

models in  re la t io n  to  the  d e n s ity  o f  the stage homogeneous p o p u la tio n .

The re s u lt in g  m athem atical d e s c r ip t io n  can then be used to  es tim a te  the 

parameters o f  the  demographic model a t various p o pu la tion  d e n s it ie s . A 

c o rre la t io n  te s t  and the Kolmogorov-Smirnov te s t  w i l l  then be a p p lie d  

to  v a lid a te  the  models, as re fe rre d  to  in  the previous chap te r.

4.2.1 Survival

The model and param eters considered are those o f the a g e -s p e c ific  

s u rv iv a l model described  in  the  previous chapter (see Eq. 3 .2  and Table
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3 .3 a ). As no s ig n if ic a n t  d iffe re n c e  has been shown to  e x is t  in  the

maximum l i f e  span a t va riou s  d e n s it ie s  (see Table 3 .3 a ), the  mean

value o f the parameter over a l l  d e n s it ie s  has been used as a co n s ta n t

(a = 3 8 .3 1 ) . The re la t io n s h ip  between parameter b (govern ing the  s s

shape o f the curve) and p o p u la tio n  d e n s it ie s  o f cabbage aphids reared 

on Brussels sp rou ts  was a lso  considered (F ig . 4 .1 a ). When te s te d  

w ith  a second-degree polynomial regression  model, parameter bg o f  

equation 3.2 was a ffe c te d  s ig n i f ic a n t ly  by the popu la tion  d e n s ity  

y 2 = 0.9041; d . f .  = 3 jp  < 0 .01) to  g ive

b (N) = 0.9068 -  1.4793 * lo g „nN + 1 .0294*( lo g „nN )2 (4 .1 a )
s 1 (J 1U

By re p la c in g  bg in  Eq. 3 .2  w ith  the above equation (4 .1 a ), the  age 

s p e c if ic  s u rv iv a l model can a lso  be w r it te n  as a fu n c tio n  o f  p o p u la tio n  

d e n s ity ,

b (N)
S (t,N ) = 100.(1 -  )

(o .$ t « 38.51; o $ N) (4.1b)

where S (t,N ) denotes the  s u rv iv a l p ro b a b il i ty  o f the p o p u la tio n  w ith  

i n i t i a l  d e ns ity  a t age t_. The behaviour o f  the model a t v a rio u s  

d e n s itie s  is  presented in  F ig . 4 .1 (b ) . The c o rre la t io n  between the  

model (Eq. 4 .1 ) and the pooled experim ental data given in  the  p rev ious 

chapter is  good (y 2 = 0.9556; d . f .  = 238; p < 0 .0 1 ), and fu rth e rm o re  

the s t a t i s t i c  o f  the  Kolmogorov-Smirnov te s t  fo r  goodness o f  f i t  

showed th a t the agreement o f  the model to  the  experim ental data  was 

s ig n if ic a n t  (D = 0.0038; p < 0 .0 5 ). This suggests th a t the model is  

an adequate d e s c r ip t io n  o f  the  experim enta l data, and th a t i t  can be 

used to  p re d ic t the p ro b a b il i ty  o f s u rv iv a l a t various d e n s it ie s . The 

model p re d ic tio n s  a t va rio u s  d e n s it ie s  are presented in  F igu re  4 .1 b .

The s u rv iv o rs h ip  curves described in  the previous chapter may be
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Figure 4.1

(a) R e la tio n sh ip  between parameter bg o f  equation 3.2 and p o p u la tio n  

d e ns ity  ( lo g  (N )). The f i t t e d  curve is  described by equation  

4 .1 (a ) .

(b) Behaviour o f  the  a g e -s p e c ific  s u rv iv a l model w ith  d e n s ity  

dependence (equa tion  4 .1 ) ,  Values on l in e s  are the  i n i t i a l  

p o pu la tion  d e n s it ie s . See te x t  fo r  d iscuss io n .
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shown as a continuum s ta r t in g  a t a dens ity  o f  one and in c re a s in g  to  200, 

as shown in  F igu re  4 .1b . This confirm s th a t the types o f  the  s u rv iv o r­

ship curves ob ta ined fo r  J3. brassicae can be generated by changing the 

i n i t i a l  d e n s ity .

4 .2 .2  Fecundity

S im ila r  steps were used, as fo r  the s u rv iv a l model, to  expand the 

a g e -s p e c ific  fe c u n d ity  model (see Eq. 3 .8 ) in to  a d e n s ity  dependent one. 

The values o f  parameters ap, bp and Cp in  the fe c u n d ity  model (see Table 

3 .8 ) , a lthough v a r ia b le , were not c o n s is te n tly  a ffe c te d  by i n i t i a l  pop­

u la t io n  d e n s it ie s  o f  B. brassicae (F igure  4 .2 ) . When te s te d  w ith  h ig h - 

order po lynom ia l re g re ss io n  models, the re la t io n s h ip s  between the para­

meters ap, bp and Cp and the i n i t i a l  popu la tion  d e n s it ie s  became im­

p ra c t ic a l as the  degrees o f  freedom were reduced to  one. Furtherm ore, 

i f  we rep lace  the th re e  parameters in  equation 3 .8  w ith  these h ig h - 

order po lynom ia l reg re ss io n  models, the v a lid a t io n  te s t  o f  the  fe cu n d ity  

model showed th a t the  d iffe re n c e  between the experim enta l data and the 

m odel's p re d ic t io n s  are s ig n if ic a n t  a t d e n s it ie s  10, 30, 100, and 200

(p < 0 .0 1 ).

A problem in  deducing trends in  the parameters ap, bp and Cp is  

the apparen tly  d r i f t i n g  data p o in t a t de ns ity  100. The re la t io n s h ip s  

shown in  F igure  4 .2  are those o m ittin g  these p o in ts , a questionab le  

procedure, but in  p a r t can be ju s t i f ie d  by the very much la rg e r  con­

fidence l i m i t  about these p o in ts  compared to  a l l  the  o th e rs .

I f  we ig no re  the  data p o in ts  occurred a t d e n s ity  100, parameter 

values estim ated from the o th e r d e ns ity  w i l l  show a s ig n i f ic a n t  re la ­

tio n s h ip  to  the  i n i t i a l  p o pu la tio n  d e n s it ie s , N, and the re la t io n s h ip s  

can be described by r e la t iv e ly  sim ple regress ion  equa tion . Parameter ap, 

was estim ated w ith  a l in e a r  regress ion  equation,



Figure 4.2

R ela tionsh ip  between parameters ap, bp and Cp o f Equation 3.8 and 

i n i t i a l  p o pu la tio n  d e n s ity  ( lo g  (N)) fo r  (a ) , (b) and (c ) re s p e c tiv e ly  

( l in e s  given by Equation 4 .2 a , 4.2b and 4 .2 c ). (d) Behaviour o f  the

a g e -s p e c ific  fe c u n d ity  model (Equation 3 .8 ) w ith  d e n s ity  dependent 

parameters ap, bp and Cp g iven by Equations 4.2a, 4.2b and 4 .2 c  a t 

various d e n s it ie s . Values on peak o f  curve are the i n i t i a l  p o p u la tio n  

d e n s it ie s . See te x t  fo r  d iscu ss io n . P o in ts " ©  " in  (a ) ,  (b ) and (c ) 

represent the parameters obta ined a t d e ns ity  100.
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aF(N) = 19.6788 + 4.2255 -  lo g ^ N ,

(Y2 = 0.9348; d . f .  = 3; p < 0 .0 1 ).
(4 .2a)

Y2 = 0.7719; d . f .  = 2; p < 0 .0 5 ),

bp(N) = 5.8097 -  2.1420 • lo g ^ N  + 1.7336 • ( lo g ^ N ) 2,

(4 .2b)

and s im ila r ly  parameter Cp (y 2 = 0.8726; d . f .  = 2; p < 0 .0 5 ),

cF(N) = 11.7247 -  0;7473 • lo g ^ N  + 1.6430 • ' ( l o g  N ) 2 . (4 .2 c )

The curves are presented in  fig u re s  4 .2a , 4 .2b , and 4 .2 c , re s p e c tiv e ly . 

As fo r  the s u rv iv a l model, the a g e -s p e c ific  fe cu n d ity  model, which is  

a lso  a fu n c tio n  o f  i n i t i a l  d e n s ity , was obta ined by re p la c in g  Eqs. 4 .2a , 

4.2b and 4.2c fo r  ap, bp and Cp re s p e c tiv e ly  in  Eq. 3 .8 . Therefore 

th e  f in a l  expression fo r  fe cu n d ity  becomes:

The behaviour o f  the model is  presented in  F igure 4 .2d . The 

c o r re la t io n  between these num erical examples and the pooled e x p e r i­

mental data was very s ig n if ic a n t  (y 2 = 0.7649; d . f .  = 1 6 0 ; p < 0 .0 0 1 ), 

and the s t a t i s t i c  o f  the Kolmogorov-Smirnov te s t  fo r  the  s im u la tio n  

shows a good f i t  to  the data (D' = 0.0047; p < 0 .0 5 ). The re s u lts  

support the b e l ie f  th a t the model developed in  th is  subsection  can 

be accepted and app lied  to  describe  the a g e -s p e c ific  and d e n s ity -  

dependent fe cu n d ity  o f j3. b ra ss ica e .

From the s im u la tio n  re s u lts  i t  i s  p re d ic te d  th a t the  h igh e s t 

fe cu n d ity  occurs a t a d e n s ity  o f  te n , the peak o f the curve d e c lin in g  

ra p id ly  as de ns ity  is  e ith e r  increased o r decreased, as re fe rre d  to  in

bp-(N) -cr(N)
F (t,N ) = Exp (ap(N )) • ( t - k )  1 • t (4 .2d)

Section 3 .5 .2 .
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4 .2 .3  Development

A s im ila r  approach is  used to  develop expressions fo r  the  para­

meters o f  the development models fo r  the th i r d  and fo u rth  in s ta rs  

described by Equation 3.10. F i r s t ,  by conside ring  the parameters o f  

the model fo r  the th i r d  in s ta r  stage given in  Table 3 .1 3 (a ), i t  was 

found, using a t - t e s t ,  th a t  the values o f  parameter b^ (s tandard  

d e v ia tio n  o f  developm ental ra te )  a t va rious d e n s itie s  d id  no t d i f f e r  

s ig n if ic a n t ly  from each o th e r a t the 5% le v e l,  w hile  the va lues fo r  

parameters a^ (a d ju s t in g  co n s ta n t) and c ^  (mean developmental ra te )  

d if fe re d  s ig n i f ic a n t ly  between d e n s it ie s . A second-degree po lynom ia l 

regression  equation is  used to  describe the  re la t io n s h ip  between a^ 

and (see F igure 4 .3 a ) :

a3(N) = 0.2320-0.0429 • lo g ^ N  + 0.0125 • ( lo g ^ N ) 2, (4 .3a )

(Y2 = 0.8931; d . f .  = 3; p < 0 .0 1 ),

b^ can be considered as a co n s ta n t, g iven by the mean va lue , 0.0274, 

w h ile  the re la t io n s h ip  between c^ and (see Figure 4.3b) can be ex­

pressed as:

c 3 (N) = 0.1613 + 0.0183 • l o g 1QN -  0.0060 • ( l o g ^ N ) 2 , (4 .3b )

( y 2 = 0.7509; d . f .  = 3; p < 0 .0 1 ).

From th is  approach i t  was again found th a t the developmental model fo r  

th i r d  in s ta r  aphids was a fu n c tio n  o f d e n s ity . This fu n c tio n  can be 

described by re p la c in g  a^ and c^ in  equation 3.10 w ith  the  expressions 

in  Eqs. 4.3a and 4 .3b , and re p la c in g  b^ by the constant 0.0274. This 

g ives:

P3( t,N )  = (a3(N)«b3V2TT)- 1 « E x p (-J (( - jr -  c ^ N ) ) ^  ) 2) . (4 .3 c )



Figure 4.3

Development o f  the  th i r d  in s ta r  stage o f B̂. b ra ss ica e . R e la tio n ­

sh ips between parameters a^ (a) and (b) o f Equation 3.10 and 

i n i t i a l  p o pu la tio n  d e n s ity  ( lo g (n ) ) .  The f i t t e d  curves are g iven  by 

Equations A.3a and A.3b fo r  (a) and (b ) , re s p e c tiv e ly , (c ) The 

behaviour o f the  a g e -s p e c if ic  and density-dependent development 

model fo r  the th i r d  in s ta r .  See te x t  fo r  d iscuss ion . Values on l in e  

are the i n i t i a l  p o p u la tio n  d e n s it ie s .
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The c o r re la t io n  between the model p re d ic t io n  and the experim ental 

data was h ig h ly  s ig n if ic a n t  (y 2 = 0.9653; d . f .  = 52; p < 0 .0 1 ), and 

the s t a t i s t i c  o f  Kolmogorov-Smirnov te s t  showed a good f i t  between 

data and model (D = 0.2294; p < 0 .0 5 ).

The behaviour o f  the development model a t va rious d e n s it ie s  is  

presented in  F igure  4 .3 c . The curves a t d e n s it ie s  5, 10, 50 and 100 

and 200 are r e la t iv e ly  close and s im i la r ,  th e i r  parameters no t d i f f ­

e r in g  s ig n i f ic a n t ly  a t the va rious d e n s it ie s  ( c . f .  Table 3 .1 5 (a ),

F ig . 4.3a and F ig . 4 .3 b ). The curve o f  development p r o b a b il i ty  a t 

d e n s ity  one, in  which the peak o f  the  curve is  lower and i t s  tim in g  

la te r  than a t o th e r d e n s it ie s , is  the  o n ly  curve s ig n i f ic a n t ly  d i f f ­

e re n t from the o thers  (F ig . 4 .3 c ).

These re s u lts  are co n s is te n t w ith  those o f the p rev ious chapter 

( c . f .  Table 3 .1 5 (a )) .

The development model fo r  the  fo u r th  in s ta r  is  approached in  a 

s im ila r  manner. However, a l l  parameters now show s ig n if ic a n t  d i f f e r ­

ences a t the  va riou s  d e n s it ie s  (Table 3 .1 5 (b )) .  The re la t io n s h ip s  

between the th ree  parameters and the i n i t i a l  dens ity  can be w r it te n  

as:

a4 (N) = 0.4001 -  0.1145 • lo g 1QN + 0.0664 • ( lo g ^ N ) 2, (4 .4a)

(y 2 = 0.9290; d . f .  = 3; p < 0 .01) 

fo r  parameter a^ ( in  f ig u re  4 .4 a ),

b4 (N) = 0.0199 -  0.0048 • lo g ^ N  + 0.0016 • ( lo g ^ N ) 2, (4 .4b)

(y 2 r  0.6803; d . f .  = 3; p < 0 .05) 

fo r  parameter b^ ( in  f ig u re  4.4b) and

c4 (N) = 0.1192 + 0.0200 • lo g 1QN -  0.0091 • ( lo g 1(]N )2,

( y 2 = 0.8069; d . f .  = 3; p < 0 .01)

(4 .4c)



Figure 4 .4

Development o f  the  fo u r th  in s ta r  stage fo r  E3. b ra ss ica e . R e la tionsh ips  

between the parameters in  the  model (see Equation 3.10 and Table 3.13) 

and i n i t i a l  p o p u la tio n  d e n s ity  ( lo g (n ) )  fo r  parameters a^, (a ) ,  b^, (b) 

and c^, ( c ) .  (d ) The behaviour o f  the a g e -s p e c ific  and d e n s ity -

dependent development model fo r  the fo u r th  in s ta r .  Values on l in e  are 

i n i t i a l  p o p u la tio n  d e n s it ie s . See te x t  fo r  d iscu ss io n .
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fo r  parameter c^.

An a g e -s p e c ific  and density-dependent development model fo r  the 

fo u r th  in s ta r  stage can be obta ined by re p la c in g  a^, b^ and c^ in  

Eq. 3.10 by the  expressions in  Eqs. 4 .4a , 4 .4b , and 4 .4 c . T h is , then, 

has the form :

P4(t,N) = (a4(N).b4(N)./2n)"1-Exp(-i( 4  " t=4(N))/b4(N))J). (4.4d)

The p re d ic t io n s  o f  the  model show a h ig h ly  s ig n i f ic a n t  c o r re la t io n  

(y 2 = 0.7430; d . f .  = 32; p < 0.01) and a good f i t  (K-S s t a t i s t i c ,  D = 

0.2030; p < 0 .05) to  the pooled experim enta l da ta .

The p re d ic te d  curves a t va rious d e n s it ie s  are presented in  F igure 4.4d. 

The variance in  the  d is t r ib u t io n  o f  development p r o b a b il i ty  is  sm all 

a t d e n s it ie s  10 and 50, becoming la rg e r  as the d e n s ity  e ith e r  increases 

or decreases ( c . f .  Table 3 .1 5 (b )) .  The tim es a t which the  curve peaks 

a t the va riou s  d e n s it ie s  are c o n s is te n t w ith  the  o rder in  Table 3 .1 5 (b ).

4.3 Extending the Demographic Models to Age Heterogeneous Populations

The p rev ious se c tio n  has o u tlin e d  an approach fo r  c o n s tru c tin g  age- 

s p e c if ic  and density-dependent demographic models where a g e -s p e c ific  

processes have been described by sim ple fu n c tio n s  in  which the parameters 

are then tre a te d  as fu n c tio n s  o f  i n i t i a l  p o p u la tio n  d e n s ity . In  th is  

se c tio n  a b r ie f  o u t l in e  o f  the  development o f  a demographic model fo r  

age heterogeneous popu la tions is  presented. In  the  second p a rt o f  th is  

se c tio n  experim ents are described which were designed to  in v e s t ig a te  

how changes in  d e n s it ie s  o f  d i f fe r e n t  subpopulations (see below fo r  

d e f in i t io n ) ,  o f  the  age heterogeneous to ta l  p o p u la tio n  a f fe c t  the demo­

graph ic ra te s  o f  J3. b ra ss ica e . The re s u lts  are presented and discussed

below.
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4.3.1 The Modification of the Models

The demographic models discussed in  the  previous se c tio n  can be 

m odified  to  in c lu d e  in te ra c t io n s  between the subpopulations which 

are comprised o f  young ju v e n ile s  ( f i r s t  and second in s ta r s ) ,  o ld  

ju v e n ile s  ( th i r d  and fo u r th  in s ta r s ) ,  and a d u lts . Over the course 

o f  popu la tion  growth i t  i s  assumed th a t the  in flu e n ce s  o f  va rio u s  

d e n s itie s  o f  d i f fe r e n t  stages on demographic ra te s  o f  the p o p u la tio n  

are d i f fe r e n t .  The e f fe c t  o f  d e n s ity  can then be described by a 

l in e a r  com bination o f  each subpopulation, w r it te n  as

f  (N) = Z c y y  (4 .5 )

where n^ is  the subpopu la tion  a t stage _i, and ol i s  the w e ig h tin g  

c o e f f ic ie n t  fo r  stage i_. The w eigh ting  c o e ff ic ie n ts  r e f le c t  the  per 

ca p ita  equivalence in  d e n s ity  amongst o ther stages and are commonly 

c a lle d  "co m p e titio n  c o e f f ic ie n ts "  ( c . f .  Lokta , 1925; V o lte r ra , 1926; 

Comins & H asse ll, 1976; H asse ll & Comins, 1976; Bellows & H a sse ll,

1984).

In  the development o f  the  s u rv iv a l model S (N ,t) , the t o t a l  pop­

u la t io n  in  the model may be replaced in  o rder to  a llow  the in c lu s io n  

o f  in te r-s ta g e  in te ra c t io n s  in  a l in e a r  com bination, /\, o f  each te s te d  

subpopulation d e n s ity  n^ a t stage i_. The combination /\ is  g iven  as:

A = Z u . n . , (4 .6 )l i y

where is  the co m p e titio n  c o e f f ic ie n t  o f  s u rv iv a l fo r  stage i_.

To expand the  fe c u n d ity  model to  in c lud e  these in te ra c t io n s  a 

s im ila r  approach to  th a t  used fo r  the s u rv iv a l model is  employed.

Thus fo r  the fe c u n d ity  model F (N ,t ) ,  the com bination B to  re p la ce
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t o ta l  p o pu la tio n  is  w r it te n  as,

B = Z V .n. (4 .7 )1 l

where \h is  the  co m p e titio n  c o e f f ic ie n t  fo r  fe cu n d ity  o f  stage i_ 

amongst o the r s tages. For the development models P ^ (N ,t) ,  the  com­

b in a tio n  Z_ can be used to  rep lace as in  the p rev ious two models. I t  

is  thus given as,

C = I  V hn^ (4 .8 )

where Vh is  the  co m p etitio n  c o e f f ic ie n t  fo r  development o f  stage i  ̂

amongst o th e r s tages.

4 .3 .2  Experim enta l M a te ria ls  and Methods

In  any n a tu ra l p o pu la tion  o f  j3. b rass icae , se ve ra l developmental 

stages w i l l  be observed during  the summer. This makes a study o f 

in te r -s ta g e -c la s s  e ffe c ts  im p o rta n t. To consider a l l  p o ss ib le  in te r ­

a c tions e xp e rim e n ta lly  would, however, be too tim e consuming. The 

in v e s t ig a t io n  has th e re fo re  been confined to  th re e  stages: young nymphs 

( f i r s t  o r second in s ta r s ) ,  o ld  nymphs ( th ir d  o r fo u r th  in s ta r s ) ,  and 

a d u lts , using d e n s it ie s  o f  1, 10 and 100 in d iv id u a ls . A to t a l  o f  27 

com binations o f  d i f fe r e n t  d e n s it ie s  o f the th ree  stages was used, w ith  

each com bination re p lic a te d  f iv e  tim es as shown in  Table 4 .1 .

The experim ent was conducted using the same c u ltu re  o f  standard 

cohorts o f  Eh b rass icae  as in  the  previous chapters , and was conducted 

a t 23°C, 60-70?o r e la t iv e  h u m id ity , and 16 h photoperiod . The general 

procedure o f  the  experiment was as in  experiment I  ( re fe re d  to  in  Sec­

t io n  2.12) bu t in  th is  case the  te s te d  aphids were chosen from d if fe r e n t  

age groups o f  the  c u ltu re . The i n i t i a l  co lon ies  o f  young and o ld  nymphs
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Table 4.1 The re p lic a te s  and com binations o f  the th ree  stage groups 

o f B. b rass icae

Young Juven ile  Old Ju ve n ile A d u lt Stage

1 10 100

1 5 5 5

1 10 5 5 5

100 5 5 5

1 5 5 5

10 10 5 5 5

100 5 5 5

1 5 5 5

100 10 5 5 5

100 5 5 5
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o f  j3. brassicae were taken from the c u ltu re  on days 2 and 6 re s p e c tiv e ly . 

Newly emerged a d u lt cohorts  were obta ined a t day 10. The to ta l  number 

o f  o ffs p r in g  produced were counted and removed, and the  tim e o f  death 

fo r  the a d u lts  noted. In  the case o f  the nymphs the tim e o f  m ou lting  

and death were a lso  recorded. The experiment was te rm ina ted  on the day 

when a l l  the nymphal groups had developed to  a d u lts , and when the a d u lt 

groups had stopped breeding. In  genera l, the experim ent la s te d  fo r  

30 days.

A n o n -lin e a r le a s t squares method was used to  estim ate  values o f  

the  model parameters derived from the experim ental da ta . The method has 

been discussed b r ie f ly  by Bellows (1981, 1982a, and 1982b) and Bellows 

& H assell (1984). Fo llow ing  the same approach, the  in te rs ta g e  compe­

t i t i o n  c o e f f ic ie n ts  u^, v^, and w^ fo r  the s u rv iv a l,  fe c u n d ity , and 

development models (Eqns. 4 .6 , 4.7~and 4 .8 ) were estim ated from the 

re s u lts  o f  the experim ent. Values o f  o ther param eters, i . e .  £ , b̂ , and 

£ , used in  the  a n a ly s is  were those p re v io u s ly  estim ated from stage 

homogeneous p o pu la tio n s  ( re fe rre d  to  the previous s e c tio n ) .

4 .3 .3  R esults and D iscussion

The re s u lts  o f  the  a n a lys is  o f  the in te r-s ta g e  e f fe c t  on s u rv iv o r­

sh ip  are summarized in  Table 4 .2 . The observation  th a t in  genera l the 

in te ra c t io n  c o e f f ic ie n ts  fo r  the va rious stage groups approached u n ity ,  

suggests th a t,  a t le a s t in  terms o f  s u rv iv o rs h ip , no s ig n if ic a n t  in t e r ­

a c tio n s  occurred between the th re e  stage groups. By a p p ly ing  a x 2 te s t  

i t  was e s ta b lish e d  th a t in te r -s ta g e  com petition  was not making a s ig ­

n i f ic a n t  impact on th e i r  s u rv iv o rs h ip  (p > 0 .0 5 ).

The a n a ly s is  o f  in te r -s ta g e  e ffe c ts  on fe cu n d ity  o f  a d u lts  and on 

development fo r  o ld  ju v e n ile s  are summarized in  Table 4 .3  and Table 4 .4 ,
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Table 4-2

Stage

Young

Ju ve n ile

Old

Ju ve n ile

The estim ates o f  in te r -s ta g e  com petition  c o e f f ic ie n ts  

o f  s u rv iv o rs h ip  Ih ( re fe r re d  to  in  Eqn. 4 .6 ) ,  o f  B. 

b ra ss ica e . The values across each row g ive  the e f fe c t  

on th a t stage by the stages id e n t if ie d  a t the top  o f  

each column.

Young Juven ile  Old Juven ile  A d u lt

1 1.0532±0.0931 1.2458±0.3822

0.9567±0.1427 1 .1024±0.2075

A d u lt 0.8043±0.3152 0.9975±0.1028 1
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Table A .3 The estim a tes o f  in te r-s ta g e  com petition  c o e f f ic ie n ts  

a f fe c t in g  fe c u n d ity  ( re fe rre d  to  in  Eqn. 4 .7 ) ,  o f

B. b ra ss ica e . Same as Table 4 .2

Stage Young Ju ve n ile Old Juven ile A d u lt

Adult 0.7321 ± 0.4113 0.8941 ± 0.3221 1

Table 4 .4  The e s tim a tes o f  in te r-s ta g e  com petition  c o e f f ic ie n ts

a f fe c t in g  development fo r  o ld  ju v e n ile s , ( re fe r re d  to  

in  Eqn. 4 .8 ) ,  o f  B. b rass icae . Same as Table 4 .2 .

Stage Young Ju ve n ile  Did Juven ile  A d u lt

Old

Juven ile
0.8896 ± 0.3373 1 1.1232 ± 0.2371
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re s p e c tiv e ly . F o llow ing  the same approach as above, a X2 te s t  showed 

th a t the in te ra c t io n  c o e f f ic ie n ts  d id  not d i f f e r  s ig n i f ic a n t ly  from 

u n it  (p > 0 .0 5 ), suggesting th a t fe cu n d ity  and development ra te  are 

a ffe c te d  e q u a lly  by the th re e  stage groups.

I t  would appear from the experim ental re s u lts  th a t in te r -s ta g e  

e ffe c ts  are u n lik e ly  to  a f fe c t  s ig n i f ic a n t ly  the va rio u s  demographic 

ra te s . Other fa c to rs  may, however, p lay an im portan t ro le .  The young 

Brussels sp rou ts  p la n ts  used in  the experiment may be capable o f  com­

pensating fo r  damage a r is in g  from in s e c t in fe s ta t io n  (e .g . cabbage 

ap h id s). Over a sh o rt pe rio d  o f  tim e , such as th a t used in  the ex­

perim ent, th is  e x tra  growth might be able to  p rov ide  a s u f f ic ie n t  

n u tr ie n t  source fo r  the aphids. This would reduce the e f fe c ts  o f 

in te r -s ta g e  in te ra c t io n s  on the va rious demographic ra te s . The aphid 

does show a r e la t iv e ly  s tro n g  tendency o f  aggregative  behaviour (Haya- 

mizu, 1982), and d i f fe r e n t  stage groups o f  B. brassicae could  have 

d i f fe r e n t  responses. Young ju v e n ile  groups show considerab le  aggre­

g a tio n  w h ile  o ld  ju v e n ile s  and a d u lts  are r e la t iv e ly  m obile . Such 

d iffe re n c e  could  have im portan t consequences, p a r t ic u la r ly  when po­

t e n t ia l ly  m obile aphids have been d is tu rb e d  by being tra n s fe rre d  onto 

a p la n t w h ile  s e tt in g  up an experim ent. The m o b il ity  and s c a tte r  o f  

o ld  ju v e n ile s  and a d u lts  could reduce mechanical in te r fe re n c e  between 

in d iv id u a ls , and be another fa c to r  in  the re d u c tio n  o f  in te r -s ta g e  

e ffe c ts  in  the experim ent. Because o f  l im i ta t io n  o f  tim e i t  was not 

p o ss ib le  to  consider more than th ree  d e n s it ie s  fo r  each stage group. 

T h is , however, may have been in s u f f ic ie n t  to  g ive  a tru e  r e f le c t io n  

o f  the e f fe c ts  mentioned.
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4.4  Conclusions

The most im p o rta n t c o n tr ib u t io n  made in  th is  chapter to  the  

m odelling o f  the aphid demographic ra te s  was the extension o f  the  tim e - 

s p e c if ic  models to  in co rp o ra te  the d e ns ity  e ffe c ts  o f  S ection  4 .2 .

These models have been a pp lied  to  data c o lle c te d  during  th is  s tu d y , 

and both show co n s ide rab le  agreement. They a llow  the development 

o f  an a g e -s p e c ific  p o p u la tio n  model in co rp o ra tin g  d e n s ity  e f fe c ts .

Population demographic ra te s  do not appear to  be in flu e n c e d  in  

any s ig n if ic a n t  form by the d e n s ity  e ffe c ts  a r is in g  from in t e r ­

stage in te ra c t io n s . This may have been due to  a number o f  fa c to rs ,  

such as compensatory growth o f  the host p la n ts , m o b ility  o f  the  

aphid, and the experim enta l design and m a te ria ls .

In  the l i g h t  o f  these co n s id e ra tio n s , the models developed in  

th is  chapter and in  the  previous chapter (Eqns. 3 .9 , 4 .1 , 4 .2 ,

4 .3 , and 4 .4 ) have been used to  e s ta b lis h  the popu la tion  model o f

B. brassicae presented in  the fo llo w in g  chapter.
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5.1 Introduction

A th e o re t ic a l model is  an in te l le c tu a l  co n s tru c tio n  p u rp o rtin g  

to  describe some general phenomenon. A m athematical model, however, 

con ta ins  a set o f  parameters and v a r ia b le s  which are in te r re la te d  

by s p e c if ic  fu n c tio n s . Models which enable the handling  o f changes 

in  the a g e -s tru c tu re  o f  b io lo g ic a l p o pu la tio n s  date from the e igh teen th  

century  (E u le r, 1760) b u t, u n t i l  r e la t iv e ly  re c e n tly , th e ir  importance 

has been ignored . Lotka and h is  co lleagues re k in d le d  in te re s t  in  the 

su b je c t a t the s ta r t  o f  th is  ce n tu ry  (Sharpe and Lotka, 1911; Lotka,

1922, 1925), and developed d e te rm in is t ic  th e o rie s  fo r  human popu la tion  

growth. Over the  subsequent decades ra p id  progress has been made in  

th is  f ie ld  and the mathematical aspects o f  demography have been explored 

comprehensively (e .g . Keyfitz, 1968, 1977; P o lla rd , 1973).

When in s e c ts  which breed co n tin u o u s ly  (e .g . aphids) are considered 

the s itu a t io n  is  fa r  more com plicated and d i f f i c u l t .  In fo rm a tio n  con­

cern ing  the p o p u la tio n  dynamics o f  species w ith  overlapp ing  generations 

is  la ck in g  o r, a t  the most, very sca n t, and a lso  a s a t is fa c to ry  tech­

nique fo r  ana lys ing  s ta g e -s tru c tu re d  p o pu la tio n s  is  s t i l l  to  be dev­

eloped.

During the la s t  two decades a number o f  d e ta ile d  s im u la tio n  models 

d e sc rib in g  s ta g e -s tru c tu re d  p o p u la tio n s  have been developed, e .g . ,  Aphis 

fabae Scop. (C raw ley, 1973), /\. c ra c c iv o ra  Koch (G u tie rre z  £t_ al_., 1974), 

Acyrthosiphon pisum (H a rr is )  (G u tie rre z , Baumgaertner, and Summers,

1984), Brevicoryne brassicae (Hughes and G ilb e r t ,  1968; G ilb e r t  and 

Hughes, 1971; Chua, 1975; Raworth e t a l . ,  1984), E u c a llip te ru s  t i l i a e  

L. (Barlow and D ixon, 1980), M icro lophium  evansi Theob. (P e rr in , 1974), 

Rhopalosiphum m aid is  and R.. p r u n i fo l ia  (Shiyom i, 1974), and S ito b io n
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avenae (C a rte r, D ixon, and Rabbinge, 1982). Almost a l l  these models 

are d e te rm in is t ic  (dependent on p ro p o rtio n s ) and the au thors have 

assumed th a t the  re la t io n s h ip s  between ra te s  and fu n c tio n s  in co rp o ra te d  

in  the models are l in e a r  (Hughes, 1963; G ilb e r t  e t a l .  1976; Barlow 

and Dixon, 1980; C a rte r, Dixon, and Rabbinge, 1982). The o n ly  e xcep tiona l 

cases are those by G ilb e r t  and Hughes (1971) and Shiyomi (1974), which 

p re d ic t values dependent on p ro b a b il i ty  d is t r ib u t io n s .  A s to c h a s tic  

approach is  avoided because o f  the  la ck  o f  b io lo g ic a l in fo rm a tio n  and 

the e x o rb ita n t amount o f  computer tim e re q u ire d  by r e a l i s t i c  s to c h a s tic  

models o f  complex po pu la tio n  processes and, in s te a d , a d e te rm in is t ic  

approach w ith  a d is c re te  tim e step has been used.

The o b je c t o f  th is  chapter is  to  develop a model d e s c rib in g  p o pu la tio n  

processes in  the  cabbage aphid. The model used is  b a s ic a lly  d e te rm in is ­

t i c  but is  m o d ified  to  inc lude  d i f fe r e n t  s tage -c lasses fo r  in d iv id u a ls  

( c . f .  Rabbinge and S a b e lis , 1980). The chapter can be d iv id e d  in to  

th ree  p a rts . The f i r s t  p a rt describes the development o f  the  model, a 

p a r t ia l  d i f f e r e n t ia l  equation system in c lu d in g  s ta g e -s p e c if ic  demo­

graph ic  param eters, from which a se rie s  o f  compartment models are con­

s tru c te d .

In  the second s e c tio n , the demographic fu n c tio n s  dependent on tim e 

and d e n s ity , developed in  previous chapters , are in co rp o ra te d  in to  the 

model system and a s im u la tio n  computer programme presented. F in a l ly ,  

the model is  used to  s im u la te  the  behaviour o f  p o p u la tio n s  o f  the aphids

and the re s u lts  o f  these s im u la tio n s  are discussed.
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5.2 Development of the Model

5.2.1 Formulation of the Continuous-Time Model

The s im p le s t p o pu la tio n  model is  th a t fo r  exponen tia l growth

dN
d t rN, (5.1)

where N̂ is  the to ta l  p o pu la tio n  a t tim e _t, and t_ i s  the growth ra te . 

C le a r ly , th is  is  not s u ita b le  fo r  p o pu la tio n s  w ith in  which co m p etitio n  

takes p la ce . In  these s itu a t io n s  r  should be dependent on p o p u la tio n  

s iz e , the la rg e r  the  p o p u la tio n , the sm a lle r th e j? _ va lu e . This model 

has s ince  been m od ified  independently by V e rh u ls t (1838), and Pearl 

and Reed (1920) to

dN
d t rN(l - £), (5 .2 )

where K is  a s ta b le  upper l im i t  known as the  c a rry in g  c a p a c ity , fo r  

p o p u la tio n s  w ith  N (t)  < K growth m onoton ica lly  to  K as t  tends to  

i n f i n i t y .  This model is  now known as the  lo g is t ic  o r V e rh u ls t-P e a rl 

eq ua tio n . I f  the model is  examined and the ideas expressed in  word 

form , i t  is  ev ide n t th a t i t  is  the product o f  th re e  fa c to rs : (1) a 

ra te  co n s ta n t, r ,  (2 ) a measure o f p o p u la tio n  d e n s ity , _N_, (3 ) a measure 

o f  the p ro p o rtio n  o f  a v a ila b le  l im i t in g  resource not ye t u t i l iz e d  by 

the p o p u la tio n . Using T a y lo r 's  Theorem and a c h a ra c te r is t ic  equation , 

Lotka (1925) determ ined the s o lu t io n  o f  equation (5 .2 ) to  be,

N ( t ) = K
1 + (- K

NloT -  1 ) -r«t (5 .3 )

where N (t)  is  the to ta l  po pu la tio n  s ize  a t tim e t ,  and N (0 ), the 

i n i t i a l  p o pu la tio n  s iz e . The model has proved very successfu l when 

a p p lie d  to  the growth curves o f p o p u la tio n s , fo r  example, D ro so p h ila ,

a b a c te r ia l c u ltu re  (Lo tka , 1925), Paramecium caudatum (Gause, 1934),
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and the growth o f  yeast in  c u ltu re  (Odum, 1971). A lthough the  model 

provided an average f i t  to  the p o pu la tio n  o f  the U nited  S ta tes  between 

1790 and 1910 (P e a rl and Reed, 1920), the p re d ic t iv e  e r ro rs  have in ­

creased d ra m a tic a lly , e ith e r  as a r e s u lt  o f  a poor model or an un­

expected change in  environm ental c o n d itio n s  (V a rle y , G radw ell, and 

H asse ll 1973). The l im ita t io n s  o f  th is  model are w id e ly  apprecia ted  

and is  g e n e ra lly  regarded as a p pro p ria te  fo r  d e sc rib in g  the  growth o f 

p o p u la tio n s  w ith  b in a ry  f is s io n  but much le ss  so a g e -s tru c tu re d  

p o p u la tio n s .

The m ajor problem , th e re fo re , in  c o n s tru c tin g  a model system to  

describe  such p o p u la tio n s  is  in c o rp o ra tin g  the e f fe c ts  o f  age s tru c tu re . 

Let the s iz e  o f  p o p u la tio n s  o f  ages between â and a + Aa a t tim e be 

A N a (t). I f  t h e i r  number is  s u f f ic ie n t ly  la rg e , i t  is  necessary to  

in tro d u ce  the  id e a l iz a t io n  th a t d i f f e r e n t ia l  q u o tie n ts  have to  be de­

fin e d  fo r  a p o p u la tio n . I t  has been assumed, th e re fo re , th a t  the l im i t ,

l im  A N a(t)/A a , e x is ts  and is  equal to  a q u a n tity  n ( a , t ) , the  age d e n s ity  
A s h -o
fu n c tio n . The t o t a l  p o pu la tio n  N ( t ) can be g iven by

CO

N (t)  = J n (a ,t)d a  (3 .4 )
J ’ aon=o * 2

More specifica lly, the subpopulation contains J n(a,t) da individuals
a=â

w ith  ages between a^ and a^. The number o f in d iv id u a ls  which are in

the age ca tegory  ( a ,  , a + A a ) a t tim e _t, is  equal to  n (a ,t)« A a . The

age o f  each in d iv id u a l is  thus increased by Aa in  a sm all tim e  u n it  d t . 

Consequently, i f  the  age group had been is o la te d  d u rin g  the  in te r v a l dit 

( i . e . ,  no im m ig ra tio n  o r em ig ra tio n ) and no deaths had o ccu rred , i t  

would be h e ld  th a t

n(a + d t ,  t  + dt)«Aa = n (a ,t)« A a # (3 .5 )
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Here the u n its  o f  age and tim e have been measured in  the same dim ension. 

In  fa c t ,  the net lo ss  o f  in d iv id u a ls  are represented by the  d if fe re n c e  

between the two s ides o f  equation  (5 .5 ) .  Assuming th a t the lo s s , L̂ , is  

p ro p o rtio n a l to  the number o f  in d iv id u a ls  in  the age group, n (a ,t)A a , and 

to  d t ,  the loss  fu n c tio n  is  g iven by

L = -D «n(a ,t)A a  • d t ,  (5 .6 )

where jD, the m o r ta l i ty  fu n c tio n , depends on ja, _t, and n̂  o r on o th e r 

fa c to rs  sp e c ify in g  the  system. Thus, the balance equation, using 

equations (5 .5 ) and (5 .6 ) ,  is  g iven by

n(a + d t,  t  + d t)A a  -  n (a ,t)A a  = L, 

which g ives ,

n(a + d t,  t  + d t)  -  n ( a , t )  = -  D * n (a ,t )d t .  (5 .7 )

By expanding the f i r s t  term  on the l e f t  s ide  to  the power o f  d t 

(Dunning-Davies, 1982), n(a  + d t ,  t  + d t)  becomes

n(a + d t ,  t  + d t)  = n ( a , t )  + • d t+  • d t + —  + 0 * ( d t2) .

The re s u lt  is  rep laced in  equation 5 .7 , so th a t the term n ( a , t )  can 

be e lim in a te d . By d iv id in g  by cit and le t t in g  d t tend to  0, the  p a r t ia l  

d i f f e r e n t ia l  equation w i l l  ho ld

3t ’ t }  + 8n(^ t )  = -  D ( a , n , t , - - - ) - n ( a , t ) .  (5 .8 )a t

Scherbaum and Rasch (1957) and von F o e rs te r (1959) independently de­

r iv e d  th is  equation , bu t Scherbaum and Rasch's equation is  o n ly  s u ita b le  

fo r  the sp e c ia l case o f  a van ish ing  lo ss  term . Any s o lu t io n , n ( a , t ) , 

must be such th a t the  in te g r a l equation  ( 5 .A) converges, thus im p ly in g

lim  n ( a , t )  = D. 
a-*»

th a t
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Thus, in te g ra t in g  equation (5 .8 ) over â , from a = o to  a =oo , g ive s :

dN (t)
d t n ( o , t )

j
D ( a ,n , t , * * « ) * n ( a , t ) d a . (5 .9 )

a=o
Here, the q u a n tity  n ( o , t )  is  the g e ne ra lized  re c ru itm e n t ra te ;  th a t 

i s ,  the number o f  in d iv id u a ls  th a t are re c ru ite d  in to  the p o pu la tio n  

per u n it  tim e , e ith e r  by b i r th  o r by the  m a tu ra tio n  o f in d iv id u a ls  from 

o th e r age subpopu lations. Lotka (1925) suggested th a t the b i r t h  p ro ­

cess can be described by the"renew al e q ua tio n "

n ( o , t )  = f* b (a )» n (a ,t)d a , (5 .10)

o
where b ( a ) , the fe c u n d ity  fu n c tio n , is  the  average number o f  o ffs p r in g  

produced by an in d iv id u a l o f  age â  per u n it  tim e . Let the i n i t i a l  

age d is t r ib u t io n  be

n (a ,o ) = N o(a). (5 .11)

Thus, the system (5 .6 ) ,  (5 .8 ) and (5 .1 0 ) w ith  the  i n i t i a l  c o n d it io n  

(5 .1 1 ) c o n s titu te  the  Lotka -  von F o e rs te r model. A number o f  s im ila r  

o b je c tio n s  to  the lo g is t ic  equation , i . e . ,  b i r t h  and death processes 

independent o f  the p o p u la tio n  jn, can be a p p lie d  to  the Lotka -  von 

F o e rs te r model. To r e c t i f y  th is ,  G u rtin  and MacCamy (1974) allowed 

Jd and l) to  be dependent on age a_ and p o p u la tio n  s ize  N. The theory  

is  based on the fo llo w in g  system

9 n (a ,t)  8 n (a , t)  \ t
— ■ '  + — 11 = “  D (a,n) • n (a , t ) ,da

N (t)  = J n ( a , t )  da,

o °°

n ( o , t )  = J b(a ,N )* n ( a , t )  da, (5 .12)

and the i n i t i a l  c o n d it io n  (5 .1 1 ). Assuming th a t the m o r ta l i ty  fu n c tio n ,
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I), the fe cu n d ity  fu n c tio n , b̂ , and the i n i t i a l  p o p u la tio n , No, are non­

negative  and s u f f ic ie n t ly  smooth ( in  a c e r ta in  p rec ise  sense), G u rtin  

and MacCamy (1974) e s ta b lish e d  the exis tence  o f  a unique s o lu t io n  on 

a s u f f ic ie n t ly  sm all t im e - in te rv a l,  and proved th a t i f  ( in  a d d it io n  

to  the above assumption) Jb is  u n ifo rm ly  bounded, then ex is tence  and 

uniqueness ho ld  fo r  a l l  tim e . A l l  o f  these re s u lts  were based on the 

re d u c tio n  o f  the problem (5 .1 1 ) and (5 .12 ) to  a p a ir  o f  n o n -lin e a r 

fu n c tio n a l equations fo r  the  t o ta l  p o pu la tio n  N (t) and the b i r th  ra te  

B ( t)  = n ( o , t ) . These equations are n a tu ra l extensions o f  the l in e a r  

V o lte rra  in te g ra l equation fo r  B ( t)  which occurs in  the Lotka -  von 

Foerste r theo ry  (K e y fitz ,  1968, page 99).

In  more general s i tu a t io n s , such as in  th is  s tu d y , a v a r ia b le  

lin k e d  in  some way to  the p o p u la tio n 's  stage o f development has been 

considered in s te a d  o f  the age â , and the development ra te  o f  stage 

is  denoted as P i = d l / d t . The p a r t ia l  d i f f e r e n t ia l  equation which 

describes the  continuous process o f  the subpopulation o f  stage _I 

becomes (S inko and S t r e i fe r ,  1967, 1969):

In  the study o f n a tu ra l p o p u la tio n s  o f  B. b ra ss ica e , i t  is  d i f f i c u l t  

to  ob ta in  a p re c ise  subpopulation  o f  stage 1̂ , n ( I , t ) , w ith in  a stage 

s tru c tu re d  p o p u la tio n . O ften w h ile  examining the experiment one fin d s  

th a t the subpopulation o f  stage _I has been observed in  s u b in te rv a ls  o f  

the developmental stage I_. Let these s u b in te rv a ls  be de fined  by:

3 n ( I , t )at + 3 P i- n ( I , t )
3 t = -  D ( I , t ) * n ( I , t ) . (5 .13)

S = ^ k ’ I k+1] ’ (5 .14 )

where k = 1, 2, 3«*«, denotes the developmental s tage. S u b in te rva l
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measurement has in vo lve d  the  use o f  the same u n it  o f  tim e , i . e .  day,

as in  the equation  system. The equation 5.13 can then be in te g ra te d

a t each s u b in te rv a l (A rg e n te s i, de B e rn a rd i, and d i Cola, 1974) and

w r it te n  as:

Ik+1

J  n ( I , t ) d l

d t

'k+1

-  P ( I k , t ) . n ( I k , t )  + P ( I k + l, t ) . n ( I k+1, t )

J" D ( I , t ) - n ( I , t ) d I . (5.14)

Let Nj denote the  subpopu la tion  which in c lu d e  a l l  in d iv id u a ls  in  stage 

1 ,e * *k+1J n ( l , t ) d l  o r n ( I , t ) ,

in  equation 5 .14 . Thus the  equation becomes: 

dNT
— -  = P N _ p .M -  D -N d t r I - 1 NI-1  r i  INI  u l  N i  . (5.15)

The re c ru itm e n t to  the  f i r s t  in s ta r  stage is  given by the re p ro d u c tio n  

o f  the a d u lt co h o rt which depends on the  fe c u n d ity  ra te , F̂ , and a d u lt 

p o pu la tio n  s iz e , Na. The changing ra te  o f  the subpopulation  fo r  the 

f i r s t  in s ta r  can thus be w r it te n  in :  

dN,'1
d t F-Na -  P ^  -  D1-N1, (5.16)

where denotes the  subpopulations fo r  the f i r s t  in s ta r .  These 

demographic param eters, fe c u n d ity , F̂ , development, P̂ , and m o r ta l i ty ,  j) , 

discussed in  p rev ious chap te rs  are d e n s ity  dependent and a g e -s p e c if ic  

fu n c tio n s .

The m athem atical approach a p p lie d  here has some advantages, in  th a t
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i t  is  p rec ise  and a b s tra c t, i t  t ra n s fe rs  in fo rm a tio n  in  a lo g ic a l way, 

and acts  as an unambiguous medium o f  communication. The apparent 

com plexity  o f  the sym bolic lo g ic ,  however, a t le a s t to  non-mathemati­

c ia n s , re s u lts  in  d i f f i c u l t i e s .  A r e la t iv e ly  e as ie r approach, com- 

partm enta l a n a ly s is , i s ,  th e re fo re , in troduced  in  a subsequent sub­

s e c tio n .

5.2.2 Development of the Compartment Model

The dynamics o f  s ta g e -s tru c tu re d  popu la tions can conven ien tly  

be in te rp re ta te d  as a compartmental approach (A tk in s , 1969). In  th is  

re p re se n ta tio n  the stages are id e n t i f ie d  by stage homogeneous and 

mixed compartments, and the processes o f  b i r th  (JF) ,  development ( P ) , 

and death (D) in  the p o p u la tio n  are represented by flu xe s  o f  in p u t ,  

o u tp u t, and connections between va rio u s  compartments, or stages. In  

genera l, a p o pu la tion  w ith  continuous re c ru itm e n t, subdivided in to  

stages o f  development, can be described  by the graph:

1 P1 2 P2 3
p ____p
r 3 r i-1 i-»■ -*> -* -K

I I I 4-
D1 D2 °3 Di

This model system w i l l  be used as a background model fo r  examining the 

dynamic e ffe c ts  o f  p o p u la tio n  demographic parameters.

In  the f i r s t  case, the  p o p u la tio n  is  assumed to  be composed o n ly  

o f  stage homogeneous in d iv id u a ls ,  N̂, in  which the fu n c tio n a l d if fe re n c e  

among the various stages o f  development are ignored. The ju v e n ile s  are 

not considered to  be a stage o f  development, but on ly  as new r e c r u i ts  

to  the p o p u la tio n . This can be expressed by the graph:

4- D
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and the process is  described by the  d i f f e r e n t ia l  equation :

^  = (R -  D) • N , (5 .1 7 )

where R. denotes recruitment rate, including birth and development, and 

ll denotes mortality rate.

Secondly the ju v e n ile s  are considered as an autonomous stage o f  

development, w ith  i t s  own dynamics. Thus the development process o f  

the p o p u la tio n  can be expanded from one stage to  two stages, and is  

expressed by the  graph:

F N. P.i N
J a

4-D. 4-D
J a

I t s  dynamic process can be w r it te n  by a system o f  d i f f e r e n t ia l  equa tions:

dN.

d t

dN

= F-Na -  (P. + D .)
J J

= P . *N . -  D • N

N.
J (5.18)

dt j j
where ja and denote a d u lt and ju v e n ile  stages re s p e c tiv e ly . Here the 

s u b s c rip ts  have been used to  id e n t i f y  the developm ental stages.

The d iffe re n c e  between the instan taneous re c ru itm e n t ra te  and the 

m o r ta l i ty  ra te ,  R -  D, in  the one compartment model can be compared 

w ith  p o p u la tio n  growth ra te  in  Eqn. 5 .1 ,jy , which is  the th e o re t ic a l 

in n a te  c a p a c ity  fo r  increase (Andrewartha and B irc h , 1954). The model 

can be used fo r  the study o f  those p o p u la tio n s  in  which the  development 

tim e o f  the  immature stage is  very sh o rt w h ile  l i v in g  in  an u n lim ite d  

environm ent.

For p o pu la tio n s  w ith  a more complex s tru c tu re  and a s low er d e ve l­

opment, such as cabbage aphids, one must su b d iv id e  the to t a l  p o p u la tio n
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o f  aphids in to  f iv e  subpopu la tions, i . e .  f i r s t  in s ta rs  (N ^), second 

in s ta rs  (N2 ) ,  th i r d  in s ta rs  (N ^), fo u r th  in s ta rs  (N ^), and a d u lt (Ng ) .

To co n s tru c t a f iv e  compartment model, a s im ila r  approach to  th a t 

used fo r  the  two compartment model is  employed. In  th is  case the  scheme 

o f  the model becomes:

F
-* Ni N2 P2-* N3 N4 > Na

+ D1 + °2 + °3 + D4 4- Da

and is  described by the system o f  d i f f e r e n t ia l  equations:

dN1
d t”

dN2
d t”

F-Na -  (P1 + ,

P1*N1 "  (P2 +  D2 ) ,N2 »

(5 .1 9 )
dN,
— _ -  p . n _ (p + n ) . m
d t 2 2  ̂ 3 y  3 »

dN,
___ -  p .N -  (P + D )*N
d t r 3 3 ^r 4 + u4 ;iN 4 ’

dN
~ n r~  = P, -N, -  D -N d t 4 4 a a •

G enera lly , in  s tu d ie s  o f  p o p u la tio n s  w ith  more com plicated stage 

s tru c tu re s , th is  model can e a s ily  be extended to  f i t  the s itu a t io n  by 

in tro d u c in g  a new compartment fo r  each a d d it io n a l stage, and d e sc rib in g  

i t s  dynamics w ith  a s u ita b le  d i f f e r e n t ia l  equation .

The system discussed is  one in  which the po pu la tio n  present is  

considered to  be d is t r ib u te d  between a number o f separate compartments. 

The ra te  o f  tra n s fe r  o f  in d iv id u a ls  from a g iven compartment is  p ro ­

p o r t io n a l to  the subpopu la tion  o f  the  aphids w ith in  th a t compartment. 

The system can thus be s im p ly described  by a se t o f  l in e a r  d i f f e r e n t ia l  

equations and th is  c o n s titu te s  the model fo r  the system. Consequently,
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the  a n a ly s is  o f  th is  type o f  b io lo g ic a l system, lead ing  to  a m u lt i­

compartment model fo r  i t s  d e s c r ip t io n  a llo w s  one to  o b ta in  q u a n t ita t iv e  

in fo rm a tio n  about the  dynamics o f  the  aphid p o pu la tion  w ith in  th a t 

system.

B a s ic a lly ,  the p o pu la tio n  model i s  developed from von F o e rs te r 's  

equation (1959). The p a r t ia l  d i f f e r e n t ia l  equation (5 .8 ) is  a k ind  o f  

f i r s t - o r d e r  q u a s i- lin e a r  equation in  which the  r ig h t  term is ,  in  genera l, 

a fu n c tio n  o f  age tim e t̂  and p o p u la tio n  d e n s ity  j i ,  but not o f  8n/3a 

o r 3 n /3 t ( i . e . ,  the  f i r s t  o rder d e r iv a t iv e s  occur on ly  to  the  f i r s t  

degree a lthough the equation need no t be l in e a r  in  rO.

5.3  A Computer S im u la tion  Model

Demographic processes o f  the  cabbage aphid, Brevicoryne b ra ss ica e , 

on B russe ls sp ro u ts , dependent on p o p u la tio n  de ns ity  and age o f  the 

aph id , were discussed in  two p rev ious ch a p te rs . In  the preceding s e c tio n , 

id e n t ic a l models developed from two d i f fe r e n t  approaches fo r  the

a g e -s tru c tu re d  aphid p o pu la tio n  w ith  continuous re c ru itm e n t have been 

co n s tru c te d . This se c tio n  w i l l  co n s o lid a te  in fo rm a tio n  from the pre­

v ious s tu d ie s  in  the form o f a computer model. The computer model was 

w r it te n  in  BASIC to  describe  the  p o p u la tio n  dynamics o f  the aphid. I t  

is  a d e te rm in is t ic  model p re d ic t in g  age and stage s tru c tu re s  o f  the 

aphid p o p u la tio n  in  summer. No a ttem pt has been made to  s im u la te  pop­

u la t io n  growth on a lte rn a t iv e  hosts o r to  model the processes between 

years. A lthough the  model system developed in  the preceding se c tio n  

is  in  continuous tim e , the computer model uses d is c re te  tim e steps 

which is  a c o n s tra in t imposed when BASIC is  used.

Applying a p h y s io lo g ic a l tim e s c a le , i . e . ,  degree-day, could s im p lify  

a tem perature-dependent model ( e .g . ,  Campbell, F razer, G ilb e r t ,  G u tie rre z ,
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and MacKauer, 1974). Barlow and Dixon (1980) mentioned th re e  reasons 

which cou ld  cause the p h y s io lo g ic a l tim e sca le  to  be not g e n e ra lly  

a p p lic a b le : (1) some ra te s  o f  p o p u la tio n  f lu c tu a t io n  are re la te d  non- 

l in e a r ly  to  tem perature so th a t day-degree to ta ls  above a th re sh o ld  

are not a p p lic a b le , (2) d i f fe r e n t  processes are re la te d  to  tem perature 

in  d i f fe r e n t  ways, and (3 ) some are re la te d  by va rious fa c to rs  o the r 

than tem perature. Furtherm ore, in  th is  study tem peratures were e ith e r  

he ld  constan t ( in  C.T. room) or were r e la t iv e ly  un ifo rm  ( in  the  f ie ld

c . f .  Chapter 2 ). I t  i s ,  th e re fo re , convenient and reasonable to  apply 

a ch ro n o lo g ic a l tim e sca le  o f a day, in s te a d  o f  degree-days.

G enera lly  the  d i f f e r e n t ia l  equations in  the model can be re -w r it te n  

in  d is c re te  form as:

AN.

AT7  = P. . • N. . (T ,A . . )  -  P. • N. (T ,A .) -  D. • N. (T ,A .) ,T i-1  i-1  * i-1  l  i  ’ i  l  l  * l  *

namely,
N.(T+AT,A.+AT) -  N. (T,A.)l * l l ’ l

= Pi- 1  • Ni- 1  ( T*Ai . 1)-P i -Nl (T .A i )-Oi -Ni (T,A l ) .(T+AT) -  T

As the system is  o p e ra tin g  over a s te p - le n g th  o f  one day, the  equation 

can be rearranged such th a t

N. (T+1, A.+1) = N . (T ,A. )  + P. . -N.  . (T ,A .  J  -  P . - N. ( T ,A . )l  ’ l  l  ’ l  i - 1  i - 1  ’ i - 1  i  l  ’ l
-  D .»N. (T ,A. ) .  (3.20)l  i * i

This equation  is  the basis  fo r  c a lc u la t in g  subpopulations o f  stage _i 

o f  age A^+1 a t tim e T + 1 in  the model system.

A flo w c h a rt d e sc rib in g  the s tru c tu re  o f  the s im u la tio n  model is  

presented in  F igure  5 .1 . During the  com putation o f  each stage sub­

p o p u la tio n  a t tim e _T, a s e rie s  o f  su b rou tin e s  fo r  c a lc u la t in g  the age- 

s p e c if ic  and density-dependent m o r ta l i ty ,  D, fe c u n d ity , JF, and development



F igure  5.1

F low chart fo r  the s im u la tio n  model o f  a brassicae p o p u la tio n  w ith  

continuous re c ru itm e n t on Brussels sp ro u ts .
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£ , have been executed. These demographic processes were f i r s t l y  

assumed to  be fu n c tio n s  o f the  i n i t i a l  t o ta l  p o p u la tio n , N(1) , and 

the  age o f  th e  co h o rt, A. During p o pu la tio n  growth i t  is  assumed th a t 

the  d e n s ity  dependence op te ra tes  in s ta n ta n e o u s ly . However, in  n a tu ra l 

s itu a t io n s ,  i t  is  much more l ik e ly  th a t the  d e n s ity  dependent e ffe c ts  

o f  fe c u n d ity , development, and m o r ta lity  cou ld  operate  w ith  some in ­

herent tim e la g s , which w i l l  vary from stage to  stage . Thus, fo r  

s im p lic i t y ,  an average tim e delay has been assumed fo r  the  demographic 

processes in  th is  model. A delayed d e n s ity  dependent fa c to r ,  Td, has, 

th e re fo re , been in troduced  in to  the system. These demographic fu n c tio n s  

are thus dependent on the v a r ia b le  t o ta l  p o p u la tio n  a t tim e T-Td, N (T-Td), 

in s te a d  o f  the  constan t i n i t i a l  p o p u la tio n , N(1) . The equation (5 .20) 

can be rep laced in  the form:

Ni (T+1,Ai +1)rN i (T ,A i )+Pi _1(N (T-Td),A i _1 ).N ._ 1(T,A i _1)

-  P .(N (T -Td), Ai ).N i (T,A i )-D i (N (T -T d ),A i) .N i (T ,A .) .  (5 .21)

The census re s u lts  c o lle c te d  in  Chapter two, experim ents I  and I I ,  

from C.T. room and caged f ie ld  popu la tions are used in  a s u b je c tiv e  

comparison w ith  the  sim ulated re s u lts  o f  the  model. The d e ta i ls  o f 

the  two experim ents have been described in  Section  2 .2 .1 . S im ula tions 

were run w ith  i n i t i a l  co n d itio n s  s im ila r  to  those from the experim ents.

The i n i t i a l  p o p u la tio n  was 10 f i r s t - in s t a r  nymphs o f  le ss  than 24 hours 

o ld . An age parameter was se t a t day one fo r  the  i n i t i a l  co h o rt. For 

the  case o f  an i n i t i a l  po pu la tio n  whose age is  unknown the programme 

prov ides a su b rou tin e  to  assign the assumed age to  each corresponding 

stage c o h o rt. The age range o f  the f i r s t  in s ta r  is  from day one to  

e ig h t ;  second in s ta r ,  from day two to  n in e ; th i r d  in s ta r ,  from day 

fo u r to  te n ; fo u r th  in s ta r ,  from day s ix  to  e leven; and a d u lt stage,



173

from day seven to  t h i r t y - e ig h t  (see Chapter 2 ). A d e ta ile d  in s t r u c t io n  

and f u l l  l i s t in g  o f  the  computer programme are given in  Appendix two.

3 .4  V a lid a tio n  o f  th e  Model

The o b je c tiv e  o f  th is  s e c tio n  is  to  determ ine whether the  above 

model p re d ic ts  a se n s ib le  range o f  p o p u la tio n  dynamics (conceptua l 

v a lid a t io n )  and the e x te n t to  what i t  can describe  s p e c if ic  and in ­

dependent aphid p o p u la tio n  data (e m p ir ic a l v a lid a t io n ) .

3 .4 .1  Conceptual V a lid a t io n  o f  the  Model

There are two reasons fo r  an i n i t i a l  conceptual approach to  v a l­

id a t io n :

(1 ) Conceptual v a lid a t io n  which can examine in d iv id u a l param eters, 

v a r ia b le s , and components in  a model, is  o fte n  d i f f i c u l t  and 

c o s tly  in  e m p ir ic a l v a lid a t io n ;  and

(2) E m p irica l approaches o fte n  p rov ide  o n ly  l im ite d  v a lid a t io n  o f  

the o v e ra ll behaviour o f  a model.

Conceptual approaches are thus c ru c ia l in  the v a lid a t io n  o f  models.

To ca rry  out a d e ta ile d  in v e s t ig a t io n  o f  model p ro p e rtie s  re q u ire s  

a system atic  a n a lys is  o f  the  model, such as:

(1) Form a n a ly s is , which s tu d ie s  the bas ic  s tru c tu re  and im p l ic i t  

assumptions o f  the  model;

(2) Behaviour a n a ly s is , which s tu d ie s  the expected, a sym pto tic , and 

p r o b a b il is t ic  behaviour o f  the model.

(3) S e n s it iv i ty  a n a ly s is , which s tu d ie s  the  in flu e n ce s  o f  changes in  

the model components (e .g . Barlow and D ixon, 1980; C a rte r, D ixon, 

and Rabbinge, 1982); and

(4) M is s p e c if ic a tio n  a n a ly s is  which is  r e la t iv e ly  ra re ly  used, s tu d ie s  

the e ffe c ts  o f  us ing an in c o r re c t  model in  place o f  an assumed
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c o rre c t model ( G i lc h r is t ,  1984).

The form a n a lys is  o f  the model system can be checked in  Section

5.2 d u rin g  the development o f  the  model by two d i f fe r e n t  approaches.

As model m is s p e c if ic a tio n  a n a ly s is  is  seldom app lied  no attem pt has 

been made to  use th is  method in  th is  s tu d y . For a r e la t iv e ly  sim ple 

model, a fe a s ib le  method o f  in v e s t ig a t in g  model behaviour is  mathematical 

a n a ly s is  which can o b ta in  exact form ulae d e sc rib in g  the  behaviour, (e .g . 

May, 1972, 1973a; 1973b; 1974a; 1974b; 1980; H asse ll and May, 1973; 

Beddington, Free and Lawton, 1975; May and O ster, 1976; H a sse ll, Lawton, 

and May, 1976; Wang and G u tie rre z , 1980). Numerical a n a lys is  or com­

p u te r s im u la tio n  w i l l  be a p p lie d  to  approxim ate the  model equations or 

to  s im u la te  a normal model behaviour as the  model system becomes in ­

c re a s in g ly  complex.

Since the demographic fu n c tio n s  in  the  model system are dependent 

on the  age and p o pu la tio n  d e n s ity  s im u lta n e o u s ly , i t  i s  seldom p o ss ib le  

to  examine these complex in te r - r e la t io n s h ip s  by s e n s i t iv i t y  a n a ly s is .

Two i n i t i a l  c o n d it io n s , i . e .  the  i n i t i a l  p o p u la tio n  d e n s ity  and the 

tim e delay o f  d e n s ity  re g u la tio n , are fe a s ib le  however, and m e rit 

fu r th e r  study to  in v e s tig a te  th e i r  e f fe c ts  on model behaviour. In  the 

present case; th e re fo re , a s e n s i t iv i t y  a n a ly s is  concerns te s t in g  se lec ted  

ranges o f  s p e c if ic  a lte rn a t iv e  hypotheses. This method o f  in v e s t ig a t in g  

model behaviour is  to  compare the  s im u la tio n  re s u lts  from the m odel's 

o u tp u t o f  constan t p ro p o rtio n a l changes in  each i n i t i a l  c o n d it io n . The 

s ta b le , unstab le  o r o s c i l la to r y  behaviour o f  the model system as tim e 

passes w i l l  be in v e s tig a te d  q u a l i ta t iv e ly .

The p o p u la tio n  t r a je c to r ie s  through tim e corresponding to  va rious 

tim e delays w ith  a constant i n i t i a l  p o p u la tio n  d e n s ity  o f  te n , have been
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shown in  F igu re  5 .1 . I t  i s  w ide ly  known th a t the magnitude o f  the tim e 

de lay, Jd , in  a p o pu la tio n  model governs the  f lu c tu a t io n  t r a je c to r ie s  

o f  the p o p u la tio n  (e .g . May 1973a; 1974b; Maynard Sm ith, 1974; Brauer 

and Sanchez, 1975; Beddington and May, 1975; Gurney, B ly th e , and N isbe t, 

1980; Cushing, 1980). G enera lly , the behaviour o f  the  p o p u la tio n  model 

can be q u a l i ta t iv e ly  subdivided in to  th ree  ca te g o rie s , i . e . ,  approaching 

a non-zero steady s ta te , o s c i l la t in g  between c e r ta in  le v e ls ,  and 

approaching zero (F igure  5 .2 ) .

In  th is  case, the i n i t i a l  p o pu la tion  is  te n , and when 1 _TcJ ^ 13, 

th e re  is  a s in g ly  s ta b le  steady s ta te , N = 235. Fo llow ing  the increase 

o f  the tim e d e la y , the am plitude o f  the p o p u la tio n  o s c i l la t io n s  in crea se . 

I t  is  n a tu ra l to  co n je c tu re  th a t here a l l  p o pu la tio n s  u lt im a te ly  approach 

th is  s ta te .  Such o s c i l la to r y  character o f  p o p u la tio n  models caused by 

a tim e de lay e f fe c t  has been w ide ly  apprecia ted  s ince  Hutchinson (1948) 

in tro d uce d  the e f fe c t  in to  ecology.

When 14 < Td < 17, th e re  is  no steady s ta te . The p o p u la tio n  t r a ­

je c to ry  does no t approach a f i n i t e  steady s ta te ,  bu t o s c i l la te s  con­

tin u o u s ly  w h ile  rem aining bounded between c e r ta in  p o p u la tio n  le v e ls .

The decrease fo r  p o pu la tio n s  th a t are h igher than the steady s ta te  is  

so pow erfu l th a t  they are thrown below the steady s ta te ,  and as a r e s u lt  

the  o s c i l la t io n s  vary co n tin u o u s ly  in  tim e . When 18 ^ Td, the  e f fe c t  is  

so s trong  th a t the  po pu la tio n s  w i l l  decrease not o n ly  to  below the steady 

s ta te , bu t to  zero a t which the  po pu la tio n  becomes e x t in c t .

F igure  5 .3  i l lu s t r a te s  the  ro le  o f J[d in  th is  p o p u la tio n  model. As 

the  i n i t i a l  p o p u la tio n  is  changed, the in te r v a l  o f  the  o s c i l la to r y  mode 

is  a lso  s h if te d .  When the i n i t i a l  p o pu la tio n  is  h ig h e r than 4000,



Figure 5,2

R esults o f the s im u la tio n  model fo r  the aphid E3. brassicae 

showing the e f fe c ts  o f  tim e  delays in  the  d e n s ity  dependence on the 

s t a b i l i t y  o f the in s e c t p o p u la tio n . Arrow denotes the e x t in c t io n  date 

o f  the p o p u la tio n .
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F ig u re  5 ,3

Q u a lita t iv e  behaviour o f  the  p o p u la tio n  model governed by the time 

de lay Td. /\ and E3 denote the  in te r v a l  o f  the o s c i l la to r y  mode.
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e x t in c t io n  occurs on day 25 i f  j[d is  14. I f  the i n i t i a l  p o p u la tio n  is  

5000 and Tjd is  13, e x t in c t io n  w i l l  a lso  occur on day 25. G enera lly , 

th e re  is  l i t t l e  in te re s t  in  the  model system when tim e delays and i n i t i a l  

p o p u la tio n  d e n s it ie s , are extrem ely h ig h . Since the demographic func­

t io n s  in  the model are developed from experim ents w ith  i n i t i a l  popu la tions 

from one to  200 (Chapter 3 and 4 ) . I t ,  th e re fo re , becomes in c re a s in g  

u n re lia b le  to  apply the  model to  i n i t i a l  c o n d itio n s  w ith  h ig h e r values 

than these.

In  b r ie f ,  the behaviour o f  the model system is 'd e te rm in e d  by the 

values o f  the  tim e delays and i n i t i a l  p o p u la tio n s . In cre a s ing  tim e delays 

lead f i r s t  to  a regime o f  s ta b le  s ta te s  approached by decreasing o s c i l l ­

a t io n s , and then to  steady s ta te s  o s c i l la t in g  con tinuous ly  w ith in  l im i t s ,  

and f in a l l y  to  a regime o f  e x t in c t io n  approached by o s c i l la t io n s .  In  

the  absence o f  tim e delays num erical c a lc u la t io n  shows the model to  app­

roach a s ta b le  s ta te  m o n o to n ica lly . I f  the  i n i t i a l  p o p u la tio n  is  in ­

c re a s in g , the  e x t in c t io n  date w i l l  be s h if te d  forward fo r  lo ng e r tim e 

d e lay.

5 .4 .2 . E m p irica l V a lid a t io n  o f  the  Model

When the v a lid a t in g  data ( re fe r re d  to  in  the experim ents I  and I I  

w ith  an i n i t i a l  p o pu la tio n  o f  ten in  Chapter two) are considered and com­

pared w ith  the s im u la tio n  re s u lts  a tim e de lay o f ten i f  found to  g ive  

the  most s u ita b le  f i t  to  the model (F ig u re  5 .4 ) .  For each demographic 

fu n c tio n  in  the  model, va riou s  fa c to rs , such as n u tr ie n t  s tre s s , crowding, 

and m aternal c o n tro l,  e tc . ,  cou ld  p lay  ro le s  w ith  d i f fe r e n t  w e igh ting  

in  terms o f  the  tim e de lay. For in s ta n ce  some tim e delays cou ld  be longer 

than the genera tion  tim e ( i . e .  the  tim e in te r v a l  from b i r th  to  develop



F ig u re  5 ,4

P opula tion  changes o f  the cabbage aphid c u ltu re d  in  (a) Experiment I  

and (b) Experiment I I .  The f i t t e d  curves re fe r  to  the p o pu la tio n  

model w ith  i n i t i a l  p o pu la tion  ten  and tim e delay o f  ten days. Data 

g iven as mean ± S.E. — I— f  in c lu d e s  a la te  a d u lts . "X" denotes 

the  data exc lud ing  a la te  a d u lts  when d i f fe r e n t .
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to  an a d u lt ) ,  such as n u tr ie n t  s tre s s  or host q u a l i ty ,  are con s id e ra b ly  

c ru c ia l to  in flu e n c e  demographic ra te s . Some could be s h o rte r  than 

the g e n e ra tio n ,tim e , such as the s h o rt term e ffe c ts  o f  crowding and 

maternal c o n tro l,  and these are more im portan t in  in f lu e n c in g  ra te s .

For th is : s i tu a t io n  the  tim e  delay is  an average value o f  th a t  in

the demographic fu n c tio n s  and is  near the generation  tim e  o f  the  cabbage

aphid.

In  the v a lid a t in g  da ta , the  t o t a l  popu la tions in c lu d e  a la te  and 

apterous a d u lts . Since th e  po pu la tio n s  in  both experim ents are closed 

a la te  a d u lts  cou ld  not f l y  away from cages. During the  f i r s t  33 and 32 

days, re s p e c t iv e ly , the  records o f  a la te  and apterous a d u lts  are sep­

arated in  experim ents I  and I I .  Subsequently the re  is  no separate  re ­

cord fo r  the  two morphs in  e ith e r  experim ents.

The d isc re p a n c ie s  between the  s im u la tio n  re s u lts  and the  e x p e ri­

mental p o p u la tio n s  increased a f te r  the  31st and 28th day in  experim ents 

I  and I I .  I t  thus seems l i k e ly  th a t  the discrepancy is  due to  the 

production  o f  a la te  a d u lts  which in  the model is  considered to  be a 

component o f  a d u lt m o r ta l i ty .  The to ta l  popu la tions e xc lud in g  a la te  

a d u lts , show p o p u la tio n  t r a je c to r ie s  fo r  the two se ts  o f  experim enta l 

data which sure c o n s is te n t w ith  the  s im u la tio n  re s u lts  (see F igu re  3 .4 ) , 

although the  data su p po rtin g  th is  are l im i t in g .

In  Chapters th re e  and fo u r , the  Kolmogorov-Smirnov te s t  was used 

to  v a lid a te  the  demographic components o f  the s im u la tio n  model. An 

a lte rn a t iv e  te s t  fo r  the  o v e ra ll p o pu la tio n  model uses the  re s id u a ls , 

as they co n ta in  a l l  the  in fo rm a tio n  th a t is  not e x p l ic i t  in  the  model.

I f  and on ly  i f  th e  s im u la tio n  model f i t s  w e ll to  the  experim en ta l data, 

w i l l  the re s id u a ls  between the independent v a lid a t in g  data and the
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s im u la tio n  re s u lts  come from a normal d is t r ib u t io n .  Thus, each o f  fou r 

standard re g re ss io n  assumptions, i . e . ,  independence, zero e xp e c ta tio n , 

variance, and n o rm a lity , can be te s te d . A lso, th is  method does not 

re q u ire  the  model to  be l in e a r  ( G i lc h r is t ,  1984). I t  is  p o s s ib le , 

th e re fo re , to  use any fu n c tio n a l form th a t w i l l  g ive  s im u la tio n  data 

in  terms o f  the  known independent va ria b le s  and param eters.

In  th is  chapte r s im u la tio n  re s u lts  are compared w ith  the  v a lid a t in g  

data by the  d iffe re n c e s  between them,

where N. denotes the  p o pu la tion  s ize  a t tim e _i fo r  the  v a lid a t in g  data, 
a  —
N^, the p o p u la tio n  s ize  a t tim e fo r  s im u la tion  da ta , and e^, the 

e r ro r .  Where the  f i t t e d  model provides an estim ate va riance  S2 based 

on known degrees o f  freedom jn, then given jn e rro rs  e^ a te s t  s t a t i s t i c  

w ith  an F - d is t r ib u t io n  w ith  jn, rn degrees o f freedom can be he ld  (L indgren, 

1968),

Ze2. /  n
F = ------- -------------

S2 /  m

I f  e ith e r  the  hypothesis  th a t the expecta tion  o f  e r ro rs  equals zero , 

E(e) = 0, or, the  va riance  o f  e r ro rs , V (e ), equals the  va riance  o f  the 

f i t t e d  model, a 2, are in v a l id  the te s t  w i l l  r e je c t  the  model. The 

te s t  s t a t is t ic s  fo r  the v a lid a t io n  o f  the model system w ith  the  pop­

u la t io n  data from experiments I  and I I  are presented in  Table 5 .1 .

In  th is  te s t ,  the  observed data are the popu la tion  e xc lud ing  a la te  

a d u lts  as fo r  th e  assumption im p lie d  in  the model. Thus, o n ly  33 and 

32 data p o in ts  are a v a ila b le  fo r  the  v a lid a tio n  te s t  fo r  experim ents 

I  and I I ,  re s p e c t iv e ly .
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Table 5.1 S ta t is t ic s  o f  the  te s t  fo r  th e  v a lid a t io n  o f  the  model 

system w ith  the  data from two independent experim ents

V a lid a tin g  Data Source n Ze2 m S2 F

Experiment I 33 26124 1 53528.39 0.0148

Experiment I I 32 38962 1 52615.18 0.0231
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As the c a lc u la te d  values o f  F are w e ll below the ta b u la te d  va lues,

F c = 250.3 fo r  n = 33 and m = 1, or 250.2 fo r  n = 32 and m = 1, 

the hypotheses o f  the e r ro r  expecta tion  and va rian ce , i . e . ,  E(e) = 0 

and V(e) = O 2, are thus accepted (P > 0 .0 5 ). I t  im p lie s  th a t the 

re s id u a ls  between the s im u la tio n  re s u lts  and the experim enta l data 

are norm ally  d is t r ib u te d .  These re s u lts  thus lead to  acceptance o f  

the aphid p o pu la tio n  model.

Apparantly  i f  the  p ro du c tio n  o f  a la te  a d u lts , which em igrate from 

the p o p u la tio n , is  o m itte d  th is  would cause a dram atic change in  the 

development o f  the aphid p o p u la tio n . This is  a genera l fe a tu re  o f  

ce re a l aphids when n a tu ra l enemies are not very numerous (Watt and 

Dixon, 1981; C a rte r, D ixon, and Rabbinge, 1982).

The p re d ic te d  and observed data on the stage d is t r ib u t io n s  fo r  

each stage are shown fo r  both experiments in  F igure  5 .5  and 5 .6 . I t  

should be re c a lle d  th a t a g e -s p e c ific  m o r ta l i ty  is  o f  cons iderab le  im­

portance in  determ in ing  th e  to ta l  p o p u la tio n . The p re d ic t io n s  fo r  

both experim ents, however, were in  reasonable agreement w ith  the ob­

served da ta . A few p o in ts  re q u ire  d iscuss io n ; the p re d ic te d  d is ­

t r ib u t io n  curves o f  the  a d u lt stage fo r  both experim ents are g ro ss ly  

overestim ated due la rg e ly  to  an exaggeration o f  ju v e n ile  m o r ta l i ty  a t 

h igh  d e n s it ie s . The ju v e n ile  stage d is t r ib u t io n s ,  th e re fo re , decreased 

w h ile  the a d u lt stage d is t r ib u t io n  increases.

For the  p o pu la tio n  model o f  a species w ith  d is c re te  generations 

i t  is  u s e fu l and convenient to  consider the  growth o f  the  po pu la tio n  

in  terms o f  genera tions (e .g . N icholson, 1954; May? Conway, H asse ll, 

and Southwood, 1974; Maynard Smith, 1974; H a sse ll, 1975; H asse ll and 

Comins, 1976; Bellow s, 1982a, 1982b). The s itu a t io n  fo r  aphids which
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F igure  5 .5

The observed and p re d ic te d  s ta g e -d is t r ib u t io n  curves fo r  b rass icae  

in  each s tage, (a ) -  (e ) .  The curves g ive  the p re d ic t io n s  from  the 

popu la tion  model system. Data g iven as mean ± S.E. are ob ta ined  from 

Experiment I  in c lu d in g  a la te  a d u lts .
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F igure  5 ,6

The observed and p re d ic te d  s ta g e -d is tr ib u t io n  curves fo r  E3. brassicae 

in  each stage , (a ) -  (e ) . The curves g ive  the p re d ic t io n s  from the 

p o pu la tio n  model system. Data given as mean ± 5 .E . are ob ta ined from 

Experiment I I  in c lu d in g  a la te  a d u lts .
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breed con tinuous ly  causing overlapp ing  genera tions, is  d i f fe r e n t .  I t  

is  reasonable to  consider the  growth o f  the  popu la tion  in  terms o f tim e 

as i t  is  im possib le  to  d is t in g u is h  genera tions fo r  each in d iv id u a l 

when severa l generations overlap  com ple te ly  (e .g . G u rtin  and MacCamy, 

1974, 1979; Rorres 1976, 1979; Coleman, 1978; Coffman and Coleman,

1978, 1979; Gurney and N isb e t, 1980; Barlow and Dixon, 1980; C a rte r, 

Dixon and Rabbinge, 1982).

I t  is  w e ll known th a t the most u s e fu l v a lid a tio n  o f  the  p re d ic t io n  

e q u ilib r iu m  o r e x t in c t io n  re s u lts  is  by comparison w ith  re s u lts  o f 

long te rm sstud ies. U n fo rtu n a te ly , the  na tu re  o f  the aphid and the 

host p la n t make such an experiment im p oss ib le . Such e q u ilib r iu m  and 

e x t in c t io n  re s u lts ,  however, would be o n ly  pure guesswork and hence 

are not discussed here.

5.5  Conclusion

The model fo r  B̂. b rassicae  based on von F o e rs te r 's  f i r s t - o r d e r  

q u a s i-r lin e a r equation is  an a g e -s p e c ific  and density-dependent model.

The whole system is  based on the a p p lic a tio n  o f  the n o n - lin e a r  demo­

graph ic  fu n c tio n s  to  a se t o f  d i f f e r e n t ia l  equations fo r  each stage 

co h o rt. I t  enables us to  determ ine the po pu la tio n  growth in  terms o f 

an i n i t i a l  age d is t r ib u t io n .  In  the  th e o re t ic a l framework the processes 

determ in ing p o pu la tio n  s ta g e -c la ss  s tru c tu re  and dynamic behaviour may 

be c lo s e ly  examined, and thus lead to  a b e tte r  re p re se n ta tio n  o f  the 

p o pu la tio n  and the fa c to rs  a f fe c t in g  i t .

Mathem atical and compartmental approaches both serve as va luab le  

to o ls  in  the  development o f  the model. G enera lly  m athem atical approaches
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are r e la t iv e ly  a b s tra c t in  model development and p re c ise  in  in fo rm a tio n  

tra n s fe r .  Th is  p ro p e rty  i s  p a r t ic u la r ly  u se fu l when the fa c to rs  con­

cerning the p o p u la tio n  f lu c tu a t io n  are in te ra c t in g  in  a complex manner. 

Compartmental approaches re q u ire  e x tra  work in  th e o re t ic a l framework 

in  terms o f  a s e r ie s  o f  compartments to  describe the behaviour o f  a 

b io lo g ic a l system. A lthough the com plexity o f  mathematics re q u ire d  

in  compartmental approaches is  about the same as th a t in  m athem atical 

approaches, the  th e o re t ic a l model o f  com partm enta lisa tion  i l lu s t r a t e d  

by a graph may be accepted more e a s ily .

The term  v a lid a t io n  used here is  in  a very wide sense to  cover 

a l l  those processes th a t take p lace when considering  the  p r a c t ic a l  

value o f the  model in  a g iven  s itu a t io n .  In  e ith e r  conceptual or 

e m p irica l v a lid a t io n  i t  can be found th a t the  model behaves th e  way 

in  which we cou ld  conceive i t  to  behaving and matches the observed data 

obtained from independent experim ents.

The most im p o rta n t c o n tr ib u t io n  made in  th is  chapter to  the  

m odelling o f  in s e c t p o pu la tio n s  is  the development o f  a f iv e  s ta g e - 

c lass one-species model. The model has two fe a tu re s :

(1) I t  is  an a g e -s p e c if ic  and density-dependent model and can p rov ide

d e ta ile d  in fo rm a tio n  o f  stage s tru c tu re d  p o p u la tio n s .

(2) I t  may be used to  analyse popu la tions w ith  continuous re c ru itm e n t

and o ve rla p p in g  gene ra tio n s .

Furthermore, the  model system can be e a s ily  extended to  in c lu d e  o th e r 

in te ra c t in g  sp e c ie s , i . e .  p a ra s ito id  or p re da to r, and i t  is  in tended  

to  pursue th is  problem in  the  next chapter by in c o rp o ra tin g  a para­

s i to id ,  D ia e r e t ie l la  rapae (M cIn tosh).
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Chapter S ix

P a ra s itism
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6.1 In tro d u c tio n

In  p rev ious chapters popu la tions were tre a te d  as is o la te d  or 

c losed. There was no co n s id e ra tio n  o f the p o s s ib i l i t y  th a t some 

e x te rn a l fa c to rs ,  such as n a tu ra l resources (e .g . food, h a b ita t ,  e tc . )  

and n a tu ra l enemies (e .g . p reda to rs , p a ra s ito id s , e tc . )  m ight a lso  a f fe c t  

the p o p u la tio n  dynamics. A l l  o f  these fa c to rs  are c lo s e ly  and dyna­

m ic a lly  re la te d  to  the po pu la tio n  f lu c tu a t io n s . As we can see, the 

po pu la tio n  model fo r  B revicoryne brassicae developed in  previous 

chapters is  fa r  from com plete ly in  d e ta i l ,  and a ttem pts to  in co rp o ra te  

re a lism  in  a l l  fa c to rs  would lead to  fearsom ely in tra c ta b le  mathematics. 

I t  is  fe a s ib le , however, to  in c lud e  one or two a d d it io n a l fa c to rs  in  

the model.

In  th is  s tu d y , the q u a n tity  o f  fo lia g e  is  not l im i t in g  fo r  the 

cabbage aphids l iv in g  on Brussels sprouts in  the  f ie ld ,  but the aphids 

have a cons ide rab le  number o f  n a tu ra l enemies, i . e .  a p h id -s p e c if ic  

p re da to rs , polyphagous p re da to rs , p a ra s ito id s  and funga l pathogens. 

D ia e re t ie l la  rapae (M cIntosh) is  u su a lly  recorded as the most im portan t 

prim ary p a ra s ito id  o f  the  aphid in  the f ie ld  (George, 1957; Sedlag,

1958, 1964; Hafez, 1961; Hagen and van den Bosch, 1968; A lk in lo s o tu ,

1973; Chua, 1975; and Jusoh, 1984). The p a ra s ito id , J). rapae, is ,  

th e re fo re , chosen to  in v e s tig a te  the e f fe c t  o f  p a ra s itism  on E3. brassicae 

p o p u la tio n s .

A d e ta ile d  review  o f  the re la t io n s h ip s  between a host and i t s  para­

s i to id  has shown the general importance o f  these re la t io n s h ip s  in  

developing p o p u la tio n  models (H a sse ll, 1978). P opula tion  models o f 

aphids w ith  p a ra s ito id s , which have been cons tru c te d  fo r  a p a r t ic u la r  

system, however, such as those fo r  the w in te r moth (e .g . Varley and
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Gradwell, 1968; H a sse ll, 1977) or fo r  some o ther species in  la b o ra to ry  

systems (e .g . H asse ll and H uffake r, 1969; Benson, 1974; P odoler,

1974; and B e llow , 1980), are r e la t iv e ly  few (e .g . Crawley, 1973; Chua, 

1975; Barlow and D ixon, 1980; C arte r e t  a l . ,  1982).

In  th is  chapter a s im u la tio n  model fo r  b rassicae w ith  the 

p a ra s ito id , JX rapae, w i l l  be developed. F i r s t ly ,  a b r ie f  review  o f 

the b io lo g y  o f  JD. rapae w i l l  be presented. Special a tte n t io n  w i l l  be 

given to  the e f fe c ts  o f  host age and stage p a ra s it iz e d  on the  host su r­

v iv a l and fe c u n d ity . Secondly, th e  fu n c tio n a l responses o f  l). rapae 

to  fo u r developm ental stages o f  B. b rass icae  ( i . e . ,  f i r s t ,  t h i r d ,  

and fo u r th  in s ta r ,  and a d u lt stage) have been examined in  o rder to  

q u a n tify  the dynamic re la t io n s h ip  between the aphid and the  p a ra s ito id . 

F in a lly ,  th is  in fo rm a tio n  w i l l  be in co rp o ra te d  in to  the model o f  JB. 

brassicae developed in  previous chapters  and the s im u la tio n  re s u lts  w i l l  

be d iscussed.

6.2 The B io lo g y  o f  D ia e re t ie l la  rapae (M cIntosh)

D. rapae is  an a p h id iid  p a ra s ito id  and has fre q u e n tly  been recorded 

as being the  o n ly  p a ra s ito id  o f  the  cabbage aphid ( c . f .  Hafez, 1961).

This does no t im p ly  th a t the wasp's host range is  l im ite d  to  a s in g le  

host species, ( i . e . , monophagous). S ta ry  (1964) suggests i t s  host 

s p e c if ic i t y  is  r e s t r ic te d  to  two o r more genera o f  the  same group o f  

more or le ss  c lo s e ly  re la te d  hosts and o ther hosts are ra re ly  para­

s it iz e d  ( i . e . ,  between oligophagous and polyphagous). F o llow ing  the 

w orld-w ide spread o f  i t s  main h o s t, j3. b ra ss ica e , the p a ra s ito id ,

D. rapae, is  alm ost cosm opolitan in  i t s  geographical d is t r ib u t io n  (e .g . ,  

S tary and S c h lin g e r, 1967; Star>/, 1970). Since 1960, th e re  has app­

a re n tly  been l i t t l e  confusion over i t s  taxonomic p o s it io n  and nomenclature
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i t s  e a r ly  synonyms are reviewed by S ta r^  (1961).

£ . rapae is  an in te r n a l p a ra s ito id  which a tta cks  aphids and 

depos its  i t s  eggs in to  the  body o f  i t s  h o s t. There are f iv e  la r v a l  

in s ta rs .  F i r s t  in s ta r  la rva e  are caudate, the cauda and d o rsa l 

reg ions having sp ine s . They are m andibulate and have a number o f  o ra l 

sense organs. Second and th i r d  in s ta r  la rvae  are hym enopteriform  and 

am andibulate, a lso  la c k in g  spines and o ra l sense organs. Larvae o f 

the  fo u r th  in s ta r  are hym enopteriform , and have mandibles and sense 

organs. The presence o f  mandibles and sense organs in  the f i r s t  and fo u rth  

in s ta r  la rva e  is  re la te d  to  th e i r  d ie t  and behaviour. Both these in -  

s ta rs  feed on lo c a lis e d  s o lid  tis s u e s  and are q u ite  a c tiv e  w ith in  the 

h o s t; but du rin g  the  second and th i r d  in s ta r  are qu iescen t, feed ing  on 

surrounding l iq u id  o r s e m i- liq u id  n u tr ie n ts  in  the haemocoel (Couchman 

and King, 1977). The m andibulate la rvae  thus have a d is ru p t iv e  e f fe c t  

on the tis s u e s  o f  th e  host (Mackauer, 1959) and hormone balance (Johnson, 

1959, 1965), these p h y s io lo g ic a l e f fe c ts  a lso  causing e x te rn a l morpho­

lo g ic a l a lte rn a t io n s  in  p a ra s it iz e d  aphids (Bonnemaison, 1970). I t  

is  probable th a t the  se c re tio n s  o f  the la rv a , to g e th e r w ith  i t s  feed ing  

a c t iv i t y ,  a f fe c t  the  host and i t s  feed ing  in ta k e . The am andibulate l a r ­

vae, however, do no t a f fe c t  the host in  a s im ila r  manner, and host 

feeding in ta k e  in  the  e a r ly  stages o f  the  p a ra s itism  resembles the 

n o n -p a ra s itiz e d  aph ids. During the th i r d  in s ta r  stage, the p a ra s ito id  

la rv a  f i l l s  the  abdomen o f  i t s  host which becomes very s lu g g is h , re ­

lu c ta n t to  respond to  p h ys ica l s t im u l i ,  and which d ies in  24 hours.

F in a l ly ,  the m andibulate fo u r th  and f i f t h  in s ta r  la rvae  consume the 

d ig e s tiv e  organs and o th e r rem aining tis s u e s  o f  the host (Couchman and 

K ing, 1977). By th is  tim e a l l  the  in te rn a l con ten ts o f  the aphid are
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consumed and the th in  integument rem aining tu rn s  in to  a hardened, 

brownish mummy. The f in a l  in s ta r  la rv a  o f the p a ra s ito id  cu ts  

a s l i t  in  the v e n tra l surface  o f  the mummy and fix e s  i t  onto  the 

p la n t w ith  the th re a ds  o f  the  cocoon which is  spun to  l in e  the  in s id e  

o f  the  host integum ent (Hafez, 1961). Couchman and King (1979) in ­

ve s tig a te d  the  e f fe c ts  o f  p a ra s itism  on the aphid food in ta k e . Aphids 

th a t were p a ra s it iz e d  du rin g  the f i r s t ,  second, or th i r d  in s ta r  d ie d , 

g e n e ra lly  in  the  fo u r th  in s ta r ,  w ith o u t reproducing. Some o ld  

th ir d  in s ta r  aphids ( i . e . ,  o ld e r than five -d a y  o ld ) i f  p a ra s it iz e d  

can su rv ive  to  the  a d u lt stage. Most o f  the aphids th a t were para­

s it iz e d  when they were s ix  days o ld  o r o ld e r produced some o f fs p r in g ,  

although re p ro d u c tio n  depended more on the aph id ’ s developm ental 

stage than on i t s  p re c is e  ch ro n o lo g ica l age a t the tim e o f  p a ra s it is m  

(Mackauer and Kambhampati, 1984). Only aphids p a ra s it iz e d  d u rin g  

the fo u rth  in s ta r  o r the  a d u lt stage can, thus, produce o f fs p r in g .

The fe cu n d ity  o f  th e  p a ra s it iz e d  aphids va rie s  w ith  aphid age a t 

the beginning o f  p a ra s it is m , which determines gonadal development 

(5oldan and S ta ry , 1981) and the number o f  embryos present th a t  

p o te n t ia lly  could  be consumed by the la rv a  o f  J). rapae (Couchman and 

K ing, 1977).

The developmental pe riods o f  the p a ra s ito id  reared a t va rio u s  tem­

peratures are d i f fe r e n t .  I t  takes 20.2 days from egg d e p o s itio n  to  

a d u lt emergence a t 15°C, 14.7 days a t 20°C, and 10.4 days a t 25°C 

(Sedlag, 1958). The developmental ra te  o f  I), rapae increased w ith  

an increase in  tem perature w ith in  the  range 6.5°C to  25°C. A fu r th e r  

decrease o r increase  in  tem perature beyond th is  in te rv a l cou ld  te rm in a te  

the development and k i l l  the  la rva e  o f  the p a ra s ito id . Hafez (1961)
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has a s im ila r  approxim ation  as Sedlag’ s re s u lt  fo r  the developm ental 

tim e  a t average tem perature 25°C, i . e .  ten  days. G enera lly  the  host 

w i l l  be k i l le d  two o r th re e  days be fore  the a d u lt p a ra s ito id  emerges.

The p a ra s ito id  emerges through a sm all c ir c u la r  hole cu t d o rs a lly  on the 

mummy’ s abdomen, and m ating and o v ip o s it in g  may take p lace im m edia te ly . 

This species is  arrhenotokous so a v i r g in  female w i l l  have a ll-m a le  

o ffs p r in g .  The to t a l  number o f  eggs deposited by a D. rapae d u rin g  i t s  

l i f e  is  about 83 and the  average lo n g e v ity  o f  a female a d u lt i s  app­

ro x im a te ly  one week in  mid-summer (Hafez, 1961). The female p a ra s i­

to id  deposits  more than 50?o o f  i t s  t o t a l  egg complement u n ifo rm ly  

du rin g  the f i r s t  fo u r days a f te r  emergence (Hafez, 1961). I t  d e po s its  

in d is c r im in a te ly  in  p a ra s it iz e d  or u n -p a ra s itiz e d  cabbage aphids but 

p re fe rs  o ld  nymphs ( i . e . ,  t h i r d  and fo u r th  in s ta rs )  and young a d u lts  

to  o ld  a d u lts  which are covered w ith  th ic k  m ilky  wax. A lthough two 

or more eggs may be deposited in  a h o s t, on ly  one a d u lt p a ra s ito id  can 

emerge. A d u lt p a ra s ito id s  fed honeydew from EL brassicae  l iv e d  as 

long or lo ng e r than those fed honey o n ly  (Hagen and van den Bosch, 1968).

The female p a ra s ito id  is  i n i t i a l l y  a ttra c te d  to  the  p la n ts  by a 

component o f  the  mustard o i l  g lucosides ( iso th io cya n a te s ) (Read e t a l . ,  

1970). Once on the p la n t ,  the p a ra s ito id s  tend to  search fo r  lo ng e r " 

periods on leaves o f  h igh  host d e n s ity  than on those w ith  few h o s ts , 

im p ly in g  th a t a non-random search m ight occur (A k in lo s o tu , 1973). This 

is  probably due to  the  response o f  the  p a ra s ito id  to  the  aggrega tion  

behaviour o f  the  aphid .

In  some p la ce s , such as England (George, 1937; van Emden, 1963), 

Germany (Sedlag, 1938), the  Netherlands (Hafez, 1961), A u s tra lia  (Hughes, 

1963), and Taiwan (Tao and Chiu, 1971), D. rapae has o n ly  m inor
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importance as a n a tu ra l enemy o f  JB. b ra ss ica e . Sedlag suggests th a t 

in s u f f ic ie n t  aphids to  sus ta in  the v igorous re p ro d u ctive  momentum o f 

the  p a ra s ito id  e a r ly  in  the season, su p erp a ra s itism , hyperpa ras itism , 

and the long developmental tim e o f  the  p a ra s ito id  compared to  th a t o f 

the aphid are the  main fa c to rs  which reduce the impact o f  D. rapae.

I f  the ra te  o f increase o f  the aphid f a l l s  below a c e r ta in  le v e l,  how­

ever, the p a ra s ito id  becomes e f fe c t iv e  (Sedlag, 1964). Hafez (1961) 

re p o rts  th a t the  l im ite d  fe cu n d ity  o f  the  p a ra s ito id  and hyperparas itism  

are probably respons ib le  fo r  the poor a b i l i t y  o f the p a ra s ito id  a t 

h igh  host d e n s it ie s . Comparing the  p o te n t ia l ra te  o f  in c rea se , the 

o v e ra ll m o r ta l i ty  ra te , and the re p ro d u c tive  ra te  o f  the aphid popu­

la t io n s  in  the f ie ld  w ith  those parameters o f  the p a ra s ito id , Hughes 

(1962, 1963) concluded th a t the p a ra s ito id  could not increase in  numbers 

comparable to  those o f  i t s  host in  the  f ie ld  in  A u s tra lia .  Using a 

te s t  o f  syn ch ron isa tio n  in  the la b o ra to ry , Chua (1973) suggests th a t 

th e re  is  a c r i t i c a l  E3. brassicae d e n s ity  which is  id e a l fo r  the imm­

e d ia te  estab lishm ent o f j l .  rapae, a s i tu a t io n  in  which the wasp can 

la y  the f u l l  complement o f eggs, and ye t not leave so many aphids th a t 

the  popu la tion  increases to  a le v e l which is  u n c o n tro lla b le  by success­

iv e  generations o f  p a ra s ito id s . The experim ent in d ic a te d  th a t to  e l i ­

m inate a b rassicae popu la tion  in  the  s h o rte s t tim e , j) .  rapae must 

be in troduced  to  the aphid p o p u la tio n  in  the p a ra s ito id  to  aphid r a t io  

o f  1:80 and in  the  second or th i r d  in s ta r  popu la tions o f  the aphids 

(Chua, 1975).

G enerally the  aphids l iv e  in  co lo n ie s  and a l l  the stages are ex­

posed s im u ltaneously  to  the p a ra s ito id  in  the f ie ld  throughout the 

growth period  o f  the aphid p o p u la tio n . An experiment was th e re fo re  

conducted to  examine the pre ference o f  the  p a ra s ito id  in  a tta c k in g
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the  s ta g e -s tru c tu re d  p o pu la tion  o f  the  aph ids. The to ta l  p o p u la tio n  

was 50, in  which each stage had 10 in d iv id u a ls  obtained from the 

standard cohort c u ltu re s  ( c . f .  Chapter tw o ). Before the 50 aphids 

were placed onto the le a f  o f the p o tte d  Brussels sprouts seed ling  

( c . f .  Chapter tw o), the  s ta g e -s tru c tu re d  p o pu la tio n  was kept in  an 

empty p e t r i  d ish  fo r  h a lf  an hour. A f te r  being tra n s fe rre d  onto the 

p la n t and covered w ith  a le a f  cage, the  aphids s e tt le d  down and formed 

a colony in  approxim ate ly h a lf  an hour. The le a f  cage was removed from 

the p la n t before  i t  was placed in  a c y l in d r ic a l  in s e c t cage ( c . f .  Chapter 

tw o ). A two-day o ld  female p a ra s ito id  ob ta ined from c u ltu re s  ( c . f .  

Section  6 .3 ) was in troduced  to  the in s e c t cage and the aphid colony was 

exposed to  the p a ra s ito id  fo r  24 hours. A fte r  a fu r th e r  24 hours the 

aphids were d issected  and the number o f  the  aphids in  each stage which 

had been p a ra s it iz e d  was recorded. The p a ra s itism  fo r  each stage was 

c a lc u la te d . The experiment has ten  re p lic a te s .  The age fo r  each stage 

o f  the aphid in  th is  experiment was one, two, fo u r , s ix  and e ig h t days 

o ld , fo r  the f i r s t ,  second, th i r d ,  fo u r th  in s ta r ,  and a d u lt re s p e c tiv e ly .

The re s u lts  are shown in  Table 6 .1 . The f i r s t  p o in t to  be cons i­

dered is  the d iffe re n c e  between the means fo r  the aphids p a ra s it iz e d  

a t v a r io u s 's ta g e s , showing the a d u lts  and the fo u rth  in s ta r  nymphs to  

be p re fe ra b le  to  the o th e rs . Furtherm ore, in  the presence o f  these 

o ld e r stages, p a ra s itism  o f  any younger stage present w i l l  be low er.

The most pronounced d iffe re n c e  was observed between th a t o f  the  th ir d  

and fo u r th  in s ta rs .  Hafez (1961) suggests th a t the d iffe re n c e  o f  the 

p a ra s itis m  between stages is  due to  the  v a r ia t io n  o f body s iz e  fo r  

the aphid hos t.

Secondly, the  re s u lts  o f th is  experim ent are d i f fe r e n t  from a p re -
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Table 6.1 Preference o f  the  p a ra s ito id , D ia e re t ie lla  rapae, fo r  

d i f fe r e n t  stages o f  E3. b rass icae  *

No. o f Colony No. o f  Aphid P a ra s itize d  a t Various Stages

I I I I I I IV A du lt

1 2 2 4 8 9

2 0 2 5 7 8

3 1 1 4 7 7

4 0 1 3 8 8

5 1 0 2 7 8

6 0 1 4 6 7

7 0 0 3 6 6

8 0 0 2 7 8

9 1 3 6 6 7

10 0 3 5 5 6

T o ta l 5 13 38 67 74

Mean 0.5a 1.3a 3.8b 6.7c 7.4c

5.D. 0.71 1.16 1.32 0.95 0.97

Average

P aras itism  

( %)

1.0 2.6 7.6 13.4 14.8

Preference

Index 0.13 0.34 1.00 1.76 1.95

(Q)

* :  The means o f  the number o f  aphid p a ra s it iz e d a t va riou s  stages were

compared by Tukey 's  w - procedure (S te e l and T o rr ie , 1960). The

same le t t e r  in d ic a te s  no s ig n if ic a n t  d iffe re n c e  between stages 

(P < 0 .0 5 ).
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v ious one (Hafez, 1961) in  which rapae p re fe rs  the ’’ha lf-g row n 

nymphs” to  the "a d u lts "  o f  E3. b ra s s ic a e . As the age o f  the aphids 

used by Hafez has not been s p e c if ie d  a comparison w ith  the re s u lts  

o f  th is  experiment is  d i f f i c u l t . .  The pre ference  is  probably due to  

the  fa c t th a t an o ld  a d u lt is  covered by a th ic k  wax se c re tio n  which 

m ight p ro te c t the aphid and reduce the  chance o f  the p a ra s ito id  de­

p o s it in g  i t s  egg in to  the  aphid s u c c e s s fu lly . Since the o v ip o s it io n  

attem pts o f  D. rapae to  the  a d u lt aphids are apparen tly  h igher than 

th a t o f  the nymphs and the number o f  p a ra s it iz e d  a d u lts  are lower than 

th a t o f  p a ra s it iz e d  nymphs (Hafez, 1961), i t  m ight be th a t f u l l  s ize  

a d u lts  are p re fe rre d  by the  p a ra s ito id  bu t the chance o f  successfu l 

p a ra s itism  is  reduced by the  wax. By comparing the average p a ra s itis m  

o f  the th i r d  in s ta r  aphids w ith  the o th e rs  in  Table 6 .1 , i t  i s  easy 

to  c a lc u la te  the index o f  the  com parative number o f  hosts p a ra s it iz e d  

in  each o f the f iv e  aphid stages. The index denotes the pre ference  o f  

the  p a ra s ito id  a tta c k in g  the  aphids and is ,  th e re fo re , c a lle d  the p re ­

ference index, JQ, as shown in  Table 6 .1 .

6.3  The F u n ctio n a l Responses o f  D. rapae to  J3. brassicae

Although a cons iderab le  amount o f  work has been done on the pop­

u la t io n  ecology o f  b ra ss ica e , r e la t iv e ly  l i t t l e  o f th is  has looked 

a t the e f fe c t  o f p a ra s itis m  on the p o p u la tio n  growth o f  the aphid (e .g . 

Hafez, 1961; A k in lo so tu , 1973; Chua, 1975). Previous work has a lso  

fa i le d  to  look a t the f u l l  a g e -s tru c tu re  o f the aphid p o p u la tio n , and 

is  thus u n su ita b le  fo r  the  in te r p re ta t io n  o f  the  dynamic re la t io n s h ip  

o f  the p a ra s ito id  in  a s ta g e -s tru c tu re d  p o pu la tio n  o f J3. b ra ss ica e . In  

th is  se c tio n  the searching tim e o f  the  p a ra s ito id  a t d i f fe r e n t  d e n s it ie s  

o f  B. brassicae per cabbage le a f  w i l l  be re-ana lysed to  in v e s t ig a te  the
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searching s tra te g y  o f  the p a ra s ito id , i . e . ,  random or non-random 

search. This is  fo llo w e d  by experim ents dea ling  w ith  the fu n c tio n a l 

responses o f  £ . rapae to  va riou s  stages o f  b ra ss ica e . The ex­

perim enta l re s u lts  w i l l  be q u a n t if ie d  and described by some s u ita b le  

models.

Cabbage aphids have a s tro n g  tendency to  form compact co lo n ie s  

(Hayamizu, 1982), making i t  l i k e ly  th a t the aphid popu la tions under 

n a tu ra l c o n d it io n  w i l l  e x h ib it  a clumped d is t r ib u t io n  among u n its  o f  

th e ir  h a b ita t .  A k in lo so tu  (1973) has conducted an experiment to  in ­

v e s tig a te  the  re la t io n s h ip  between aphid d e n s ity  and searching tim e o f  

the p a ra s ito id . A lthough the re s u lts  showed th a t the tim e spent may 

increase e x p o n e n tia lly  w ith  in c re a s in g  host d e n s ity , the variances 

in  treatm ents are r e la t iv e ly  h igh as fo u r out o f  the s ix  trea tm ents  

had c o e f f ic ie n ts  o f  v a r ia t io n  g re a te r than 100 (Table 6 .2 ) .  I t  is ,  

th e re fo re , necessary to  re -an a lyse  the data s t a t i s t i c a l l y .  As con­

firm ed in  h is  co n c lu s io n , the  a n a lys is  o f  variance o f  the re g re ss io n  

shows th a t the slope o f  the graph o f  tim e (M in .) a ga inst d e n s ity  (as 

log^g) has a slope which is  s ig n i f ic a n t ly  g re a te r than zero (P < 0.03) 

(F igure  6 .1 ) .  I t  im p lie s  th a t the  p a ra s ito id  w i l l  tend to  spend more 

o f  i t s  searching tim e where the aphids are abundant ra th e r than scarce, 

though the experim enta l e r ro r  is  r e la t iv e ly  h igh in  th is  experim ent. 

A d d it io n a lly ,  the a n a ly s is  shows th a t the re la t io n s h ip  does no t depart 

s ig n i f ic a n t ly  from the l in e a r  re la t io n s h ip  (P < 0 .0 5 ).

T = -19.7886 + 46.5355 * lo g ^ N ,

(y  = 0.4202)

where T is  the search ing tim e in  m inutes and N is  the aphid d e n s ity
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Table 6 .2  Searching tim e o f  [). rapae a t va rious d e n s it ie s  o f  

EJ. b rass icae  per cabbage le a f  (data from A k in lo so tu  

(1 9 73 )).

Host d e n s ity  

le v e l

No. o f  

re p lic a te
Mean

Standard

d e v ia tio n

C o e ffic ie n t o f  

v a r ia t io n

4 10 5.0 6.99 139.84

8 10 21.7 24.88 114.64

16 10 36.8 57.37 155.89

32 10 59.4 46.46 78.22

64 10 62.6 80.19 128.10

128 10 74.0 71.37 96.72



Figure 6,1

Searching tim e ( in  m inutes) o f  C). rapae a t va riou s  d e n s it ie s  o f  i t s  

aphid h o s t, b ra ss ica e , per cabbage le a f  ( lo g (N ))  (analysed from

data in  A k in lo so tu , 1973).
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per le a f .  However, to  re ta in  s im p lic i t y  in  the aphid p o pu la tio n  model, 

random search w i l l  be assumed in  th is  experim ent.

The cabbage aphid norm ally  occurs in  s ta g e -s tru c tu re d  popu la tions 

which vary cons iderab ly  in  th e i r  stage s tru c tu re  and s ize  from p la n t 

to  p la n t in  the f ie ld .  In  some p rev ious s tu d ie s  the fu n c tio n a l re s ­

ponses o f  l). rapae to  the aphid p o p u la tio n , which is  tre a te d  as a 

c o h o rt, have been considered. However, the fu n c tio n a l responses o f 

]D. rapae to  va riou s  stages o f  b rass icae  are s t i l l  la c k in g . Exper­

im ents were, th e re fo re , performed to  in v e s t ig a te  these responses.

Laboratory co lon ie s  o f  I). rapae were e s ta b lish e d  from specimens 

th a t had been c o lle c te d  on B russe ls sp rou ts  in  the f ie ld ,  Silwood 

Bottom, in  June 1982. To o b ta in  aphids o f  known age, the aphids were 

tra n s fe rre d  from the standard co h ort c u ltu re s  ( c . f .  Chapter tw o ). The 

aphids were tra n s fe rre d  onto a le a f  o f  B russels sprouts grown to  the

5-7 le a f  stage in  10-cm diam eter po ts  in  a constant tem perature room 

a t 25 ± 1°C w ith  a 16-hour photoperiod  and 60-70?o R.H. As ID. rapae 

p re fe rs  o ld  nymphs and young a d u lts  o f  EL b ra ss ica e , a t o ta l  o f  fo u r 

tre a tm e n ts , th e  f i r s t ,  t h i r d ,  fo u r th  in s ta r ,  and a d u lt ,  were exposed 

to  a one-to-tw o  day o ld  mated female o f  JD. rapae fo r  24 hours. Various 

numbers o f  aphids (1 , 5, 10, 20, 50, and 100) were placed on the exper- 

mental p la n ts  which were covered in  the polythene c y l in d r ic a l  in s e c t 

cages used in  the  previous experim ents ( c . f .  Chapter tw o), each d e n s ity  

being re p lic a te d  ten  tim es. A fte r  the experiment the p a ra s ito id  was 

removed from the in s e c t cage. A l l  the  aphids exposed to  the  p a ra s ito id  

were reared under the same c o n d itio n s  fo r  th re e  days, and then d issected  

under the microscope to  in v e s t ig a te  the  number o f aphids p a ra s it iz e d .

In  th is  experim ent, i t  has been assumed th a t the fu n c tio n a l responses
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fo r  the p a ra s ito id  to  th e  f i r s t  and second in s ta r  nymphs o f  the  aphid 

are s im ila r .  For convenience, the re s u lts  o f  the experim ent o f  the 

f i r s t  in s ta r  nymphs w i l l  be a p p lie d  to  the  second in s ta r  nymph o f  the 

aphid. The re s u lts  o f  these fu n c tio n a l response experim ents are shown 

in  F igures 6 .3 (a ) to  (d ) .

In  o rder to  q u a n t ify  these re s u lts  i t  was necessary to  s p e c ify  a 

form ula fo r  the  p ro p o rtio n  o f  hosts p a ra s it iz e d  o r a tta cke d . Since 

the forms o f  the  re s u lts  in d ic a te d  type I I  fu n c tio n a l responses fo r  the  

fo u rth  in s ta r  and a d u lt h o s ts , the form ula given by Rogers (1972) could  

be used, namely:

Na = N .[1 -  Exp ( -  - -- ^  ) ] (6 .1 )
h

where is  the  number o f  hos ts , Na is  the  number o f  host a tta cke d  by 

p a ra s ito id s , _T is  the  to t a l  tim e o f  the  in te ra c t io n ,  i s  the  hand­

l in g  tim e per host a tta cke d , and a^ is  the instantaneous measure o f  

searching e f f ic ie n c y .  Each se t o f  data in  the  experim ents has been 

described by the  model, and the estim ates o f  a_̂  and have come from 

a standard n o n - lin e a r  le a s t  squares technique a p p lie d  d i r e c t ly  to  the 

untransformed data (Table 6 .3 a ).

For the sigm oid fu n c t io n a l responses o f  the f i r s t  and th i r d  in -  

s ta rs , a s p e c if ic  assumption in  the  model is  th a t the instan taneous 

search ra te  jaJ_ depends upon the host p o p u la tio n  d e n s ity :

a ' = b-N, (6 .2 )

where b is  a constan t ( c . f .  H a sse ll, Lawton, and Beddington (1977) who 

assumed a' = b*N /(1 + c»N), i . e . ,  search ra te  a ' increases ra p id ly  a t
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F ig u re  6 .2

F u n ctio n a l responses fo r  [). rapae to  va rious development stages o f  

E3. brassicae in  la b o ra to ry . The mean and 95?o confidence in te r v a ls  

are shown. Curves are f i t t e d  by the  m od ified  type I I I  ( (a )  and (b ))  

and type I I  ( (c )  and (d ) )  models. See te x t  fo r  d iscuss ion .
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Table 6.3 Estim ated parameters (±95?o confidence l im i t s )  ob ta ined by 

f i t t i n g  the models o f  type I I  and m od ified  type I I I  to  

the fu n c tio n a l responses in  F igure  6.2  using a n o n - lin e a r 

le a s t squares procedure, and th e i r  sums o f  squared re s id u a ls  

(SSR).

(a) Type I I  Model

Aphid developmental Parameter SSR

stage Th a ' •

F i r s t  In s ta r 0.0324 ± 0.0088 0.5243 ± 0.1791 328.06

T h ird  In s ta r
/

0.0419 ± 0.0038 2.2239 ± 1.3673 429.51

Fourth In s ta r 0.0363 ± 0.0030 1.9170 ± 0.5803 148.21

A d u lt 0.0292 ± 0.0043 1.2916 ± 0.4719 395.17

(b) M o d ified  Type I I I Model

Aphid developm ental Parameter SSR

stage Th b

F ir s t  In s ta r 0.0492 ± 0.0042 0.0297 ± 0.0094 213.89

T h ird  In s ta r 0.0466 ± 0.0038 0.1740 ± 0.0992 392.88

Fourth In s ta r 0.0422 ± 0.0020 0.1714 ± 0.0576 155.76

A d u lt 0.0363 ± 0.0028 0.0803 + 0.0317 404.01
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the low est host d e n s ity  towards a maximum as host d e n s ity  in c re a s e s ). 

Applying Eq. 6 .2  to  Eq. 6 .1 , now g ives us a m od ified  type I I I  equation 

which is  a s p e c ia l case o f  the  H asse ll e t a l . model (1977):

Na = N-[1 -  Exp ( -  1b; V ; P. N!. ) ]  (6 -3 )
h

The m od ified  type I I I  model has been adopted to  avo id  the problem o f 

negative  search ra te  which occur in  the H asse ll e t a l .  model. The 

same assumption was made by ana lys ing  the fu n c tio n a l responses o f  

T ryb liographa  rapae (Westw.) p a ra s it iz in g  the cabbage ro o t f l y ,  D e lia  

radicum ( L . )  (T .H . Jones, personal communication). The m o d ifie d  type 

I I I  equation has been f i t t e d  to  each se t o f  data shown in  Table 6 .3b, 

which a lso  g ives  the  estim ated parameter values ob ta ined  from the  non­

l in e a r  le a s t  squares procedure.

By comparing the f i t t e d  re s u lts  o f  the two models l is te d  in  Table

6 .3 , the m o d ified  type I I I  model was chosen to  describe  the  fu n c tio n a l 

responses o f  the  p a ra s ito id  to  the  f i r s t  and th i r d  in s ta r  aphids and 

the type I I  model to  those o f  the  fo u rth  in s ta r  and a d u lt aphids as 

th e i r  sums o f  squared re s id u a ls  are le ss  than the o th e rs . H asse ll (1978) 

suggests th a t  by p ro v id in g  a p re fe rre d  host species, by making the 

c o n d itio n s  somewhat more fa vo u rab le , or by p ro v id in g  la rg e r  hosts  or 

prey the sigm oid fu n c tio n a l responses fo r  some species o f  p re d a to r or 

p a ra s ito id  m ight be converted to  the ty p ic a l type I I  responses. This 

is  probably due to  the p reda to r o r p a ra s ito id  m a in ta in in g  a constan t 

search ra te  under those favourab le  co n d itio n s  which re s u lt  in  a type 

I I  response. From th is  we have fu r th e r  evidence th a t [). rapae p re fe rs  

to  a tta ck  the  o ld e r stages ( i . e . ,  the fo u r th  in s ta r  and a d u lt aphids) 

ra th e r than the  younger stages o f  B̂. b rass icae .
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.6.4 A Simulation Model of Brevicoryne brassicae with its  Parasitoid,

D. rapae

The general framework fo r  the a p h id -p a ra s ito id  s im u la tio n  model 

is  s im ila r  to  th a t used p re v io u s ly  fo r  the  aphid p o pu la tio n  alone 

(Chapter f iv e ) .  Here, i t  is  assumed th a t the  in tro d u c t io n  o f  l). rapae 

to  a p o p u la tio n  w i l l  a f fe c t  the s u rv iv a l and fe c u n d ity  o f  the aphids.

In  o th e r words, the two demographic processes are in flu e n ce d  by para­

s it is m , and th is  p a ra s itism  w i l l  be in co rp o ra te d  in to  the  two demo­

g ra p h ic  fu n c tio n s . The in flu e n c e  o f  the  p a ra s it is m  on the development 

o f  the  aphid is  not in c lu d e d , though i t  m ight be im p o rta n t.

In  the  previous s e c tio n , the fu n c t io n a l responses fo r  the p a ra s ito id  

to  va rio u s  stages o f  the  aphid have p rov ided  a m o r ta l i ty  fu n c tio n  fo r  

each stage o f  the aphid caused by the  p a ra s ito id ,  depending upon the 

aphid p o pu la tio n  d e n s ity . As the p re fe rence  o f  the  p a ra s ito id  fo r  

va rio u s  stages ofJB. brassicae in  a co lony is  known (see Table 6 .1 ) ,  

in  terms o f  the pre ference  index fo r  the  stage Q i, i t  is  reasonable 

to  assume th a t the p a ra s itism  o f the  s ta g e -s tru c tu re d  aphid p o pu la tio n  

depends on the number o f  aphids a v a ila b le  and the p a ra s ito id 's  p re fe r ­

ence fo r  them. The re la t io n s h ip  o f  the  aphid co lony and the p a ra s ito id  

can be represented by:

D = Qi D .si FRi (N ), (6 .3 )

where Dpg^(N) is  the number o f  the aphids p a ra s it iz e d  a t stage i^,

FR^(N) is  the fu n c tio n a l response fo r  the  p a ra s ito id  to  the aphids 

a t stage i  ̂ w ith  t o ta l  po pu la tio n  and Dg^ , the  p ro p o rtio n  o f  the  

stage i^ cohort in  the  to ta l  p o p u la tio n . I t  is  assumed, fo r  s im p lic i t y ,  

th a t  a female p a ra s ito id  remains on the  co lony fo r  o n ly  24 hours and 

d is c r im in a te s  between p a ra s it iz e d  and u n p a ra s itiz e d  h o s ts , s ince  a
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re -a n a ly s is  o f  H a fez 's  work (Rogers, 1975) suggests th a t some d is c r im ­

in a t io n  does occu r. As the  p a ra s ito id  takes 7.8 days to  develop from 

egg to  pupae and k i l l  i t s  host (Hafez, 1961; Mackauer and Kambhampati, 

1984), i t  is  reasonable to  assume th a t the re  is  a tim e la g  e x is t in g  

between p a ra s itism  and the  death o f  the  host. Equation 6 .5  can th e re ­

fo re  be re w r it te n  as:

D . (N,T + 8) = Qi • D . (T + 8) • FR. (N ,T ), (6 .6 )pa i S i i  7 7

where 7̂ is  the tim e in  days a t  which p a ra s itism  occurs.

As mentioned e a r l ie r ,  the  number o f  aphid o ffs p r in g  produced by 

p a ra s it iz e d  aphids b e fo re  death (o r m um m ification) depends on the  stage 

a t which the aphids are p a ra s it iz e d  ra th e r than th e ir  age (Mackauer 

and Kambhampati, 1984). I t  has been found th a t p a ra s it iz e d  a d u lts  

and about 70 %  o f  p a ra s it iz e d  fo u r th  in s ta r  e ve n tu a lly  produced some 

o ffs p r in g , whereas the  id e n t ic a l ly  aged th i r d  in s ta rs  d id  n o t (Mackauer 

and Kambhampati, 1984). The e va lu a tio n  o f  p a ra s ito id  im pact on cabbage 

aphid fe cu n d ity  was com plica ted  by the  observed v a r ia b i l i t y  in  the  a p h id 's  

ra te  o f  development. A d e ta ile d  a n a lys is  o f  the re la t io n s h ip s  between 

p la n ts , aphids and p a ra s ito id s , a lthough p o ss ib le , would be la b o rio u s  

to  conduct due to  th e i r  co m p lex ity  and the v a r ia b i l i t y  in  the  develop­

mental ra te  o f  the  p a ra s ito id s .  Such an a n a lys is  m ight not be ju s t i f i e d  

in  most cases in  which th is  h o s t- re la te d  v a r ia b i l i t y  is  suspected. 

Therefore, some sim ple  and convenient a lte rn a t iv e s  have been used p re ­

v io u s ly , fo r  example, a f ix e d  fe c u n d ity  o f  a two nymphs per aphid para­

s i t iz e d  in  the  th i r d  in s ta r  (A k in lo s o tu , 1973; Chua, 1975), and a l in e a r  

regress ion  model dependent on the a p h id 's  age a t the beginn ing o f  para­

s it is m  and the le n g th  o f  the  a p h id 's  p re -re p ro d u c tive  p e rio d  (Mackauer and 

Kambhampati, 1984). Accord ing to  th is  previous in fo rm a tio n , we assume
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th a t the a g e -s p e c ific  fe c u n d ity  o f the p a ra s it iz e d  aphid is  reduced 

com plete ly fo r  aphids younger than (and in c lu d in g )  the  th i r d  in s ta r  a t 

the tim e o f  p a ra s it is m , and is  reduced 50% and 30% fo r  the fo u r th  

in s ta rs  and a d u lts , re s p e c tiv e ly .

The model employs a d is c re te  tim e step o f  one day and c o n s is ts  

o f  a se t o f  re c u rs iv e  re la t io n s h ip s  d e fin in g  the  s ize  and s ta g e -s tru c tu re  

o f  the aphid p o p u la tio n  a t tim e t  as a fu n c tio n  o f  th a t a t tim e  t - 1 .

Thus the tim e la g  between p a ra s itis m  and the  death o f  the host is  

se t a t e ig h t days. The in p u t in fo rm a tio n  is  s im ila r  to  the programme 

used in  the p rev ious chapter (see Appendix I I ) ,  the  on ly a d d it io n  being 

the tim e and the number o f  the p a ra s ito id  a tta c k in g  the aphid p o p u la tio n . 

A f u l l  l i s t in g  o f  the  computer programme is  g iven in  Appendix I I I .

6.5 Simulation Results

The i n i t i a l  p o p u la tio n  and the tim e la g  o f  the  d e n s ity  dependence 

a p p lie d  in  the s im u la tio n  were se t as 10 f i r s t  in s ta r  nymphs and 10 days, 

re s p e c tiv e ly , to  be c o n s is te n t w ith  the  p rev ious s im u la tio n s  in  Chapter 

f iv e .  Also in  keeping w ith  Chapter f iv e ,  the  model s im u la tio n s  run from 

day 1 to  35. According to  the  shape o f  the  cu rve , the d u ra tio n  o f  the  

s im u la tio n  can be d iv id e d  in to  th re e  p e rio d s , i . e .  day 1 to  10, day 11 to  

20, and day 21 to  35. In  a d d it io n , the  tim in g  o f  p a ra s itism  can be 

considered under two headings: concentra ted o r un ifo rm . F i r s t l y ,  con­

s id e r in g  a s e rie s  o f  the  p a ra s ito id  a tta c k s  concentra ted in  a c e r ta in  

p e rio d , i t  is  c le a r  th a t th e re  are d i f fe r e n t  responses fo r  va rio u s  

periods a tta cke d , a lthough the basic  p a tte rn  o f  the  p o p u la tio n  t r a je c to r y  

is  s im ila r  (F ig u re  6 .3b , c , and d ) . I f  the  p a ra s ito id  a tta c k s  in  the  

f i r s t  pe riod  the  p o p u la tio n  s ize  w i l l  be reduced in  the second p e rio d , 

compared w ith  the  c o n tro l (F ig u re  6 .3 a ), bu t p o p u la tio n  growth increases
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F ig u re  6 .3

The p re d ic te d  popu la tions o f  b rass icae  a ttacked  by l). rapae on 

va rio u s  dates ( in d ic a te d  by a rrow s), w ith  a s ta r t in g  aphid d e n s ity  o f  

10 nymphs o f  in s ta r  one.

(a) C o n tro l;

(b) JD. rapae a ttacked on day 1, 3, 5, 7 and 9;

(c ) on day 11, 13, 13, 17 and 19;

(d) on day 21, 23, 25, 27 and 29;

(e) on day 5, 10, 15, 20 and 25.
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ra p id ly  over the  next p e rio d , reaching an even h ighe r le v e l than the  

c o n tro l in  the  th i r d  p e rio d . The concentrated p a ra s it is m  o c c u rrin g  

in  the second p e rio d  suppressed p o p u la tio n  growth to  around 9D aphids 

per p la n t d u rin g  th is  p e rio d  and reduced the p o p u la tio n  in  th e  th i r d  

p e rio d . P a ra s itism  occurred in  the  th i r d  pe riod  reduces the  p o p u la tio n  

s ize  s u b s ta n t ia lly ,  compared w ith  the  c o n tro l,  on ly  d u rin g  the  f in a l  

p e rio d .

Secondly, i f  the a tta c k s  occurred u n ifo rm ly  in  a l l  p e rio d s  (F igu re  

6 .3 e ), the p o p u la tio n  in  each p e rio d  is  lower than the  c o n tro l bu t w ith  

a s im ila r  p a tte rn  o f  p o p u la tio n  grow th. The s im ila r  p a tte rn  o f  the  

p o pu la tio n  t r a je c to r ie s  and the l im ite d  d iffe re n c e  between the  aphid 

p o pu la tions a ttacked  a t va riou s  tim es and the c o n tro l im p lie s  th a t  the 

p a ra s ito id  can not re g u la te  the aphid po pu la tio n  e f f i c ie n t l y  in  th is  

s im u la tio n  model.

This model is  a s in g le -s p e c ie s  p o p u la tio n  model, no t a p a ra s ito id -  

host model, and the  p a ra s itis m  is  on ly  considered as one m o r ta l i ty  

fa c to r  in  the  aphid p o p u la tio n . Basic b io lo g ic a l assum ptions, such 

as a p a ra s ito id  a tta c k in g  an aphid p o p u la tio n  fo r  o n ly  24 hours, the  

new-born p a ra s ito id  d is p e rs in g  w ith o u t p a ra s it is m , on ly  one p a ra s ito id  

a tta c k in g  aphids a t any one tim e , a un ifo rm  re d u c tio n  o f  fe c u n d ity  o f 

p a ra s it iz e d  aphids be fore  m um m ification, and un ifo rm  developm ental tim e 

o f  p a ra s ito id s , a l l  m ight in flu e n c e  the a b i l i t y  o f  the  p a ra s ito id  to  

c o n tro l the  aphid p o p u la tio n . Other fa c to rs , such as h yp erp a ra s itism  

and mutual in te r fe re n c e  o f  the p a ra s ito id s , have a lso  not been inc luded  

and would a f fe c t  the  accuracy o f  the  model. I t  i s  c le a r ly  im p o rta n t 

th a t the dynamics o f  the  l). rapae p o p u la tio n  is  a lso  considered to g e th e r 

w ith  th a t o f  the  s ta g e -s tru c tu re d  p o p u la tio n  o f  B. b ra ss ica e . This has
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not been attem pted in  the  present study and must aw a it fu r th e r  work.

6.6  Conclusions

The prim ary o b je c t o f  th is  chapter was to  extend the s im u la tio n  model 

o f  Chapter f iv e  to  in c lu d e  p a ra s itism  caused by the  p a ra s ito id  [). rapae. 

The s tru c tu re  o f  the aphid p o pu la tion  model p e rm itte d  the  sim ple in ­

c lu s io n  o f  the  fu n c tio n s  s p e c ify in g  the p ro p o rtio n  o f  aphids p a ra s it iz e d  

on the  b a s is  o f  in s ta r .  There are no a ttem pts to  s im u la te  the  dynamic 

behaviour o f  the  p a ra s ito id  p o pu la tio n  in  th is  model (see Chapter seven).

The e va lu a tio n  o f  the  p a ra s ito id  im pact on a s ta g e -s tru c tu re d  pop­

u la t io n  o f  J3. brassicae is  com plicated. In  th is  experim ent a se t o f  

p re fe rence  in d ice s  o f  the  p a ra s ito id  to  va rio u s  stages o f  the aphid has 

been c a lc u la te d , which are comparable to  these in d ic e s  g iven by Hafez 

(1961). The fu n c tio n a l responses o f  the  p a ra s ito id  to  va rio u s  stages 

o f  the  aphid have been q u a n tif ie d  and m odelled. Since th e  e f fe c t  o f  

d i f fe r e n t  host stages on the p a ra s ito id  and the  e f fe c t  o f  the age o f  

the a d u lt female p a ra s ito id  on p a ra s itis m  have not been c la r i f ie d  

q u a n t ita t iv e ly  ( c . f .  Hafez, 1961), a d e ta ile d  h o s t-p a ra s ito id  p o pu la tio n  

model fo r  j3. b rassicae and D. rapae needs fu r th e r  work. However, the 

aphid p o p u la tio n  model w ith  the p a ra s ito id  developed in  th is  chapter 

p rov ides a bas ic  framework which can be e a s ily  extended to  in c lu d e  these 

a d d it io n a l components when they are a v a ila b le .



Chapter Seven

General D iscussion
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Although experim enta l evidence o f  density-dependent demographic 

processes in  a g e -s tru c tu re d  popu la tions is  widespread in  the study o f 

aph ids, th e  study o f  s im u la tio n  models fo r  such popu la tions is  as ye t 

l im ite d .  The aims o f  th is  work have been, th e re fo re , to  c o n s tru c t a 

s im u la tio n  model fo r  an a g e-s truc tu re d  p o p u la tio n  w ith  d e n s ity  depend­

ence and to  e xp la in  the po pu la tio n  development o f  b rassicae on 

B russe ls sp ro u ts . To achieve th is ,  comprehensive models are developed 

to  describ e  the a g e -s p e c ific  and density-dependent demographic processes 

fo r  va rio u s  in s ta rs  and these are in co rp o ra te d  to  describe the  o v e ra ll 

p o p u la tio n  growth. A l l  experim enta tion  in  th is  work was conducted 

under c o n tro lle d  c o n d it io n s , and thus the  e f fe c ts  o f  changes in  each 

v a r ia b le  could be examined. From such an approach, the model is  ex­

pected to  perm it some g e n e ra liz a tio n s  on the  p o pu la tion  dynamics o f 

any a g e -s tru c tu re d  species. The genera l framework cou ld , th e re fo re , be 

a u s e fu l to o l fo r  the  improvement o f  in te g ra te d  pest management in  t r o ­

p ic a l and s u b tro p ic a l areas where pest po pu la tio n s  such as, Tetranychus 

sp p ., N e p h o te tt ix , sp p ., P lu te l la  x y lo s te l la , and N ila p a rva ta  lugens, 

are a g e -s tru c tu re d  and breed co n tin u o u s ly .

The concept o f  a s ta b le  age d is t r ib u t io n ,  developed p r im a r i ly  by 

A .J . Lotka (1922), has been a basic assumption in  ecology and gene tics  

fo r  many years. In  ecology some o f the  recen t in te re s t  has been d ire c te d  

towards the  more p ra c t ic a l aspects o f  a p p ly in g  th is  theory  (e .g . Carey, 

1982a, 1982b, 1983, 1984), though more in te r e s t  has concentra ted on the 

th e o re t ic a l aspects (e .g . May, 1981). In  a l l  o f  these d iscuss ions 

l i t t l e  a tte n t io n  has been given to  a n a lys in g  the process o f  convergence 

from a r b it r a r y  i n i t i a l  circum stances to  the  s ta b le  form (T a y lo r, 1979) 

o r to  in v e s t ig a t in g  the stage s t a b i l i t y  o f  f ie ld  po pu la tio n s  (Hughes,
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1963; C arte r a t j d . , 1978). O bviously the  process o f  convergence is  

an im portan t aspect o f  the th e o ry  o f  s ta b le  po pu la tio n s . I f  the s ta b le  

forms are c lo s e ly  approached o n ly  a f te r  an u n p ra c tic a l le ng th  o f  tim e , 

the s ta b le  popu la tion  would indeed be an a b s tra c t concept. In  Chapter 

Two, by app ly ing  the method o f  a n a ly s is  o f  C arter e t a l .  (1978), i t  was 

found th a t the assumption o f  a s ta b le  stage d is t r ib u t io n  fo r  p o p u la tio n s  

o f  B. brassicae could not be confirm ed s t a t i s t i c a l l y  in  the la b o ra to ry  

o r in  the  f ie ld  as the stage d is t r ib u t io n  va rie s  w ith  tim e . The re s u lts  

o f  th is  in v e s t ig a t io n  agree w ith  the  f in d in g s  o f C arte r e t a l .  (1978) 

in  th a t the  stage d is t r ib u t io n  o f  the  aphid po pu la tio n  f a i l s  to  become 

s ta b le  p r im a r ily  due to  the s h o rt tim e a v a ila b le  fo r  the aphid p o p u la tio n  

to  develop on a ra th e r ephemeral host p la n t.

Laboratory experim ents showed th a t the v a r ia t io n  o f  tem perature 

expected in  summer does not a f fe c t  the  p a tte rn  o f  the stage d is t r ib u t io n .  

This is  probably due to  the change in  the demographic processes a ffe c te d  

by tem perature having a s im ila r  e f fe c t  on each developmental s tage.

That is  a t h igher tem peratures the  mean ch ro n o lo g ica l age o f  a popu­

la t io n  may be younger than a t low er tem perature, bu t the stage d i s t r i ­

b u tio n  w i l l  remain approxim ate ly the  same (Carey, 1983). A s l ig h t  

tendency o f  the stage d is t r ib u t io n  to  approach a c e r ta in  le v e l,  is  

revealed when the p o pu la tio n  d e n s ity  is  h ighe r than 40 aphids per p la n t ,  

though a s ta b le  form is  not achieved. This im p lie s  th a t p o p u la tio n  

d e n s ity  m ight be a c ru c ia l fa c to r  a f fe c t in g  the stage d is t r ib u t io n  o f  

the aphid p o pu la tio n .

The e f fe c t  o f  in t r a s p e c if ic  co m p e titio n  can always be measured as 

some forms o f de ns ity  dependent process. Thus, com petition  fo r  an 

e s s e n tia l resource may r e s u lt  in  d e n s ity  dependent m o r ta l i ty ,  re d u c tio n
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in  fe cu n d ity  or delay in  developm ental tim e . The experiments described 

in  Chapter Three showed th a t a d e n s ity  dependent process acts  on the 

aphid p o p u la tio n , though the form o f  co m p e titio n  ( i . e .  con test or 

scramble com petition  (N icho lson , 1934)) could  not be recognized from 

th is  p a r t ic u la r  experim ent, p robably because the experim ental p o p u la tio n  

d e n s it ie s  were too low.

Models to  describe  the  experim enta l data on the d e n s ity -re la te d  

demographic processes ( i . e .  development o f  each in s ta r ,  fe cu n d ity  o f  

a d u lts  and s u rv iv o rs h ip )  have been developed. These models are then 

used as the  basic  component in  the  c o n s tru c tio n  o f  an o v e ra ll model. 

Using a more mathem atical approach, an a g e -s p e c ific  p o pu la tio n  model, 

in v o lv in g  d e n s ity  dependence, based on von F o e rs te r 's  f i r s t - o r d e r  

q u a s i- lin e a r  equation was developed. An a lte rn a t iv e  compartmental 

approach gave broad ly  the  .same r e s u lts .  In  th is  case the aphids are 

assumed to  be d is tr ib u te d  between a number o f  separate compartments 

( i . e .  a stage c o h o rt) . The ra te  o f  " t r a n s fe r 1' o f  an aphid out o f  a 

g iven compartment is  p ro p o rtio n a l to  the  number o f  aphids w ith in  the 

system. The system can thus be s im p ly  described by a se t o f  q u as i- 

l in e a r  equations which then c o n s titu te s  the  model. This model can 

p rov ide  d e ta ile d  in fo rm a tio n  on stage s tru c tu re d  popu la tions and may 

be used to  analyse po pu la tio n s  w ith  continuous re c ru itm e n t and over­

la pp in g  genera tions.

To complete a model s im u la tin g  p o pu la tio n  dynamics, i t  i s  necessary 

to  consider the ro le  o f  n a tu ra l enemies. For th is  an e x p lic a t iv e  

approach was adopted. The re la t io n s h ip s  o f  the number o f  hosts p a ra s i­

t iz e d  to  the  host d e n s ity  are m odelled as the n o n -lin e a r H o llin g  T y p e -II 

and the m od ified  T y p e - III  fu n c tio n a l response equations fo r  va riou s



224

stage cohorts  o f  the aph id . The p a ra s ito id , rapae shows a p re fe r ­

ence fo r  the fo u r th  in s ta r  and a d u lt stages o f  the aphid, though the  

th ic k  wax secre ted by the  o ld  a d u lts  may reduce the chance o f  success­

f u l  p a r a s it iz a t io n .  The d e ta ile d  in v e s t ig a t io n  o f  the fu n c tio n a l 

responses o f  the  p a ra s ito id  to  va rio u s  stages o f the aphid p rov ides 

c ru c ia l in fo rm a tio n  fo r  the  m o r ta l i ty  and fe cu n d ity  fu n c tio n s  and fo r  

com pleting the  p o p u la tio n  dynamics model o f  the  aphid. However, th e re  

are some o th e r aspects, such as m ig ra tio n , a p h id -p la n t re la t io n s h ip ,  

polymorphism o f  aph id , and weather e tc . ,  which have not been considered. 

More im p o rta n t, v a lid a t io n  o f  the  p re d ic t io n s  must aw ait fu r th e r  s tu d y .

In  th is  work, th re e  te s ts  were a p p lie d  to  v a lid a te  o r compare the  

models developed: the Kolmogorov-Smirnov s t a t i s t i c ,  the  two-sample 

Kolmogorov-Smirnov te s t  and a re s id u a l a n a ly s is  te s t .  F i r s t l y ,  in  

comparing an assumed d is t r ib u t io n  fu n c tio n  w ith  da ta , the Kolmogorov- 

Smirnov s t a t i s t i c  (o r the  K-S s t a t i s t i c )  is  app lied  to  te s t  the  d i f f ­

erence between the  p re d ic t io n  and the observed data. The d iffe re n c e  

between the assumed d is t r ib u t io n  fu n c tio n s  and the v a lid a t in g  data 

should be a u s e fu l s t a t i s t i c  in  de te rm in ing  whether the  form er is  

c o rre c t. The s t a t i s t i c  has a d is t r ib u t io n  which is  independent o f  

the d is t r ib u t io n  fu n c tio n  ( i . e .  d is t r ib u t io n - f r e e  (L indgren , 1 9 68 )). 

Secondly, the two-sample Kolmogorov-Smirnov te s t  (o r the Smirnov te s t )  

was app lied  to  compare d i f fe r e n t  d is t r ib u t io n  fu n c tio n s  which :have 

been developed in  th is  work and which described the same demographic 

process. The te s t  is  te s te d  on the  s t a t i s t i c  which is  d e fined  as 

the  d iffe re n c e s  between the corresponding p re d ic t io n s  o f  the  two fu n c tio n s . 

The K-S s t a t i s t i c  and the  Smirnov Test share the same fundamental 

p r in c ip le .  In  the  K-S s t a t i s t i c ,  the sample s izes o f  an assumed d is ­

t r ib u t io n  fu n c tio n  and i t s  v a lid a t in g  data must be equal, bu t t h is  is
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not necessary in  the  Smirnov te s t .  F in a l ly  conside ring  the v a l id i t y

o f  the  aphid p o p u la tio n  model, a s im ple re s id u a l a n a lys is  has been

a p p lie d  to  te s t  the  q u a s i- lin e a r  model and i t s  v a lid a t in g  da ta . As

the  s im u la tio n  model and the v a lid a t io n  data are independent, the

re s id u a ls  between the s im u la tio n  re s u lts  and the data are the  tru e

model e rro rs  i f  the  model is  c o r re c t.  Thus the re s id u a ls  a c tu a lly

equal the  e rro rs  which are an independent normal d is t r ib u t io n  under

the s im u la tio n  model. The sequence o f  re s id u a ls  have the p ro p e rty

o f  zero mean and independence and consequently can be co n ve n ie n tly

used to  te s t  model v a l id i t y .•

M odelling  the  cabbage aphid has shown th a t fu r th e r  experim enta tion  

is  needed in  se ve ra l areas th ree  o f  which are discussed below, and 

a lso  th a t th e re  is  considerab le  scope fo r  fu r th e r  development o f  the 

model.

(1 ) The e f fe c t  o f  polymorphism on p o p u la tio n  growth.

The s ig n if ic a n c e  o f  polymorphism is  h ig h lig h te d , f i r s t l y ,  by the 

d iscrep e n c ies  between observed p o p u la tio n  trends in c lu d in g  a la ta e  and 

the s im u la tio n  re s u lts  o f  the model which assume th a t a l l  a la ta e  emi­

g ra te  as soon as they mature, and secondly, by the s im u la tio n  re s u lts  

o f  the  model agreeing w ith  the observed po pu la tio n  trends exc lud ing  

a la ta e . Furtherm ore, in  co n s id e rin g  n a tu ra l aphid p o p u la tio n s , i t  is  

c le a r  th a t  winged and w ingless morphs are p la y in g  ra th e r d i f fe r e n t  

ro le s  in  the  p o p u la tio n  dynamics o f  the  aphid in  terms o f  demographic 

processes and m ig ra tio n .

Future work could  commence w ith  the  study o f morph d e te rm in a tio n  

o f  the aph id . P ro p ortion s  o f  a la ta e  and apterae would be assessed in  

the  f ie ld  from m o n ito rin g  experim ents. A lthough experim ents a lready 

conducted suggest th a t p o pu la tio n  d e n s ity  (Bonnemaison, 1951; C lark
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e t a l . ,  1967) and food q u a li ty  (Bonnemaison, 1951) o f  the aphid  are 

two im p ortan t fa c to rs  a f fe c t in g  the p ro du ctio n  ra te  o f  a la ta e , i t  

seems th a t o th e r fa c to rs  m ight be in v o lv e d , such as tem perature , day- 

le n g th , age o f  host p la n t ,  e tc .  By responsing to  a number o f  s t im u li  

ra th e r than ju s t  one, aphids m ight achieve a c lo se r and more r e l ia b le  

tra c k in g  o f  environm enta l c o n d itio n s  (D ixon, 1985). However, du ring  

the summer the  v a r ia t io n s  o f  tem perature and day-length  are r e la t iv e ly  

l im ite d ,  and th u s , fo r  convenience, they could  be ignored . By in ­

v e s tig a tin g  the  e f fe c ts  o f  these s t im u li  on morph d e te rm in a tio n  in  the 

la b o ra to ry  and re co rd in g  the in te n s ity  o f  these s t im u li in  the  f ie ld ,  

i t  i s  fe a s ib le  to  c o n s tru c t a fu n c tio n  th a t p re d ic ts  the fo rm a tio n  ra te s  

o f the aphid morphs.

The demographic processes o f  a la ta e  and apterae could then be 

q u a n tif ie d  and m odelled in  the  la b o ra to ry  in  a manner s im ila r  to  the 

experim ents described in  Chapters th re e  and fo u r. M ig ra tio n  o f  the 

aphid should a lso  be considered in  the  f ie ld  by m on ito ring  the  numbers 

o f  e m ig ra ting  and im m ig ra tin g  aphids. The e ffe c ts  o f  p o p u la tio n  d e n s ity , 

age o f the host p la n t ,  tim e o f  day, l i g h t  in te n s ity ,  wind speed and 

r a in f a l l  on the  aphid m ig ra tio n  should a lso  be examined. Th is task 

is  la rg e , but w ith o u t i t  p o p u la tio n  growth models o f  the aphid cannot 

be te s te d  p ro p e r ly , nor can the a la te  p roduction  responses be confirm ed. 

Growth models have l im ite d  a b i l i t y  fo r  se lf-im provem ent w ith o u t these 

p ro p e rtie s . E s p e c ia lly , the te rm in a tio n  o f  growth cycles depends on 

the p ro du ctio n  and behaviour o f  a la ta e . With th is  in fo rm a tio n  p re ­

d ic t iv e  equations re la t in g  d a ily  morph fo rm ation  and m ig ra tio n  to  the 

aphid p o p u la tio n , the  age o f  host p la n t ,  and the environm enta l con­

d it io n s  can be de rive d  so th a t the  extended model s im u la tes the  dy­

namic behaviour o f  the  aphid p o p u la tio n  in  summer more a c c u ra te ly .
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(2 ) The e f fe c t  o f  d i f fe r e n t  host in s ta rs  on the demographic processes 

o f  the p a ra s ito id  and the  e f fe c t  o f  the  age o f  a d u lt female p a ra s ito id s  

on p a ra s itis m .

B r ie f  la b o ra to ry  experim ents have confirm ed the ex is tence  o f  such 

e ffe c ts  on the p a ra s ito id  and p a ra s itis m  (Hafez, 1961). B ut, u n fo r tu n a te ly , 

the re s u lts  o f  H afez 's  experim ents have not provided enough in fo rm a tio n  

to  q u a n tify  these e f fe c ts .  The next step is ,  th e re fo re , to  in v e s t ig a te  

these e ffe c ts  com prehensively in  the  la b o ra to ry  by examining the  demo­

graph ic  ra te s  o f  the p a ra s ito id  a ffe c te d  by host in s ta rs  when hosts are 

p a ra s it iz e d  and the a g e -s p e c if ic  fe c u n d ity  ra te  o f  the p a ra s ito id . The 

re s u lts  could be q u a n t if ie d  and modelled in  terms o f  the developm ental 

stages o f  the host and the  age o f  the  p a ra s ito id , a cco rd in g ly . As 

mentioned p re v io u s ly , demographic processes which in c lude  the  ra te s  o f  

development, m o r ta l i ty  and re p ro d u c tio n  are the th re e  basic components o f  

a p o pu la tion  model. The aim o f  th is  work would be to  co n s tru c t a popula­

t io n  model fo r  the p a ra s ito id s  on the basis  o f  age s p e c i f ic i t y ,  s im ila r  

to  the  procedure described in  chapter f iv e .

(3) The e ffe c ts  o f  mutual in te r fe re n c e  and s p a t ia l he te rog e n e ity  on 

p a ra s itis m .

Mutual in te r fe re n c e  among searching p a ra s ito id s  is  widespread and 

com plica ted, but some aspects o f  th is  phenomenon (e .g . v a r ia t io n s  in  

a v a ila b le  searching tim e and e m ig ra tio n  ra te s  and s h i f t s  in  sex r a t io )  

may a f fe c t  h o s t-p a ra s ito id  p o p u la tio n  dynamics and should be in v e s t ig a te d . 

W ith in  the con fines o f  la b o ra to ry  cages, p a ra s ito id s  have been observed 

to  re a c t markedly to  the  presence o f  o the r searching in d iv id u a ls  nearby 

and show an in c re a s in g  tendency to  f l y - o f f  the host fo o d -p la n t (A k in lo s o tu , 

1973). These e ffe c ts  need to  be in v e s tig a te d  q u a n t ita t iv e ly .  As
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described e a r l ie r ,  the cabbage aphid has a s trong  tendency to  aggregate 

in  patches (Hayamizu, 1982) and D .rapae to  spend more tim e in  patches 

o f  h igh  aphid d e n s ity  (see S ection  6 .3 ) .  Thus the s p a tia l he te rogene ity  

in  the  h o s t ’ s d is t r ib u t io n  m ight be c ru c ia l to  the o v e ra ll le v e l o f  

p a ra s it is m . Experiments should thus be c a rr ie d  out both in  the la b ­

o ra to ry  and f ie ld  to  determ ine the  s p a t ia l p a tte rn s  o f  p a ra s ito id  in  

r e la t io n  to  host d is t r ib u t io n  and these evaluated w ith in  an extended 

model framework.

These represent the main areas o f  u n c e rta in ty  in  the model. With 

t h is  in fo rm a tio n  the s in g le  species model cou ld  be extended towards a 

h o s t-p a ra s ito id  model th a t p rov ides a more r e a l is t ic  d e s c r ip t io n  o f 

the  p o p u la tio n  dynamics o f  the two in te ra c t in g  species.
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SUMMARY

1. The stage d is t r ib u t io n s  and s tru c tu re s  o f  cabbage aphid popula­

t io n s  are in v e s tig a te d  in  the  la b o ra to ry , f ie ld  cages and the f ie ld ,  

and severa l methods are a p p lie d  to  te s t  the s t a b i l i t y  o f  the stage 

d is t r ib u t io n .  Although the s ta b le  stage d is t r ib u t io n  has not been 

s t a t i s t i c a l l y  confirm ed in  the  s tu d y , th e re  is  a s trong  suggestion

o f  a re la t io n s h ip  between the  la t t e r  and the aphid po pu la tio n  d e n s ity . 

When the p o pu la tion  d e n s ity  o f  the  aphid increases to  above 40 aphids 

per p la n t, i t s  stage d is t r ib u t io n s  tend to  approach a steady s ta te .

This convergent process is  very s e n s it iv e  to  p o pu la tio n  d e n s ity .

2. A s e rie s  o f  experim ents is  described to  determ ine the e f fe c t  o f  

age dependence on the demographic processes o f  the aphid p o p u la tio n , and 

a sim ple in v e s t ig a t io n  is  conducted to  d e te c t the s e v e r ity  o f  d e n s ity  

dependence. By app ly ing  Maynard Smith and S la tk in 's  model (1973), i t

is  shown th a t a d e n s ity  dependent process acts on the aphid p o p u la tio n , 

though the form o f co m p e titio n  cou ld  not be recognized. Several types 

o f  s u rv iv o rs h ip  curves considered by Pearl and Miner (1933), Deevey 

(1947) and Slobodkin (1962) have been found in  the  aphid p o p u la tio n s , 

merely by changing d e n s ity . Models o f  a g e -s p e c ific  s u rv iv a l,  develop­

ment and fe cu n d ity  are developed in  severa l n o n -lin e a r equations. The 

importance o f  these demographic ra te s  in  re la t io n  to  the aphid popu­

la t io n  d e n s ity  is  considered, and an "A lle e  type" d e n s ity  e f fe c t  which 

m ight in flu e n c e  these demographic ra te s  is  suggested.

3. A g e -sp e c ific  demographic models w ith  d e n s ity  dependence are con­

s id ere d , models being co n s tru c te d  to  describe  the re la t io n s h ip s  between 

parameters values and p o p u la tio n  d e n s ity . As the e f fe c t  o f stage 

s tru c tu re s  o f  the aphid p o p u la tio n  on the  demographic ra te s  is  not
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s ig n if ic a n t  in  th is  p a r t ic u la r  experim ent, stage classes are thus not 

incorpora ted  in to  the  demographic fu n c tio n s .

4. A model o f  the  growth o f  the cabbage aphid p o pu la tio n  can be 

developed by a m athem atical o r compartment approach. The model based 

on von F o e rs te r 's  f i r s t - o r d e r  q u a s i- lin e a r  equation and c o n s is t in g  

o f  the n o n -lin e a r demographic fu n c tio n s , is  an a g e -s p e c ific  and d e n s ity -  

dependent model. The model can provide  d e ta ile d  in fo rm a tio n  o f  stage 

s tru c tu re d  p o p u la tio n s  and may be used to  analyse p o pu la tio n s  w ith  

continuous re c ru itm e n t and overlapp ing  generations.

3. Experiments to  determ ine the preference o f  J). rapae a tta c k in g  

various stages o f  j3. b rass icae  and the corresponding fu n c tio n a l re ­

sponses o f  I), rapae are described, and a b r ie f  review  o f  the b io lo g y  

o f  J). rapae is  presented. The dynamic re la t io n s h ip s  between the aphid 

and ID. rapae are q u a n t if ie d  and then incorpora ted  in to  the  p o p u la tio n  

model o f the aph id , and a s in g le  species model o f  the cabbage aphid 

popu la tion  w ith  the  p a ra s ito id  is  co nstruc ted .
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Appendix I

The Equivalence o f  S u rv iv o rs h ip , A g e -S p e c ific  S u rv iv a l and A g e-S pec ific  

M o r ta l i ty  Functions.
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Appendix I

The general form o f  a s u rv iv o rs h ip  fu n c tio n  can be w r it te n

S (t)  = Py ( t  « T), (A I.1 )

where is  the  maximum l i f e  span o f  the organism, S ( t)  is  the  p ro ­

b a b i l i t y  a t b i r th  o f  an in d iv id u a l s u rv iv in g  to  age t .  The a g e -s p e c if ic  

s u rv iv a l fu n c tio n  o f  the continuous d is t r ib u t io n  is

f ( t )  = lim  
Atr*-o+

P y(t ^ T < t  + A t)
At j

so th a t

S (t)  = f  f ( u )  du.

(A I.2 )

(A I.3 )

The fu n c tio n s  _f and p ro v id e  two m athem atically  e q u iva le n t ways 

o f  s p e c ify in g  the d is t r ib u t io n  o f  a continuous non-negative random 

v a r ia b le , and there  are o f  course many o th e r e q u iva le n t fu n c tio n s . The 

a g e -s p e c ific  m o r ta lity  fu n c tio n , is  one o f  them, de fined  by:

H (t)  = lim  
At*o+

namely,

H ( t ) = f ( t )  /  S ( t ) .

From (A I.2 )  and (A I.5 )

d ( S ( t ) )

P y (t < T < t  + At | t ^ T )
St

H (t)  = d t /  S ( t)

d(&n 5 ( t ))  
d t

(A I.A )

(A I.5 )

(A I.6 )

Since S(0) = 1, by (A I.6 ) ,

S ( t)  = Exp ( -  J ^ H(u)du) 
o

= Exp ( -  H ( t ) ) ,  c

where Hc is  c a lle d  the cum ula tive  m o r ta l i ty  ra te . 

f ( t )  = H (t)  • Exp (-H c ( t ) ) .

(A I.7 )

From (A I .5 ) ,

(A I.8 )
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A S im u la tion  Model o f  the Cabbage Aphid w ith o u t P a ra s ito id .
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Appendix II

The programme is  w r it te n  in  BASIC. I t  inc ludes  a main programme 

and severa l su b rou tin e s . The main programme c o n tro ls  the programme 

flo w , re q u ir in g  i n i t i a l  c o n d it io n , c a l l in g  subroutines in  a s p e c if ie d  

o rd e r, c a lc u la t in g  p o pu la tio n  s ize  fo r  each stage, and p lo t t in g  gra­

p h ics . The subrou tines Fecundity , M o r ta l i ty ,  Development 1, Development 2, 

Development 3, and Development 4 are concerned w ith  the demographic pro­

cesses o f  the  aphid p o p u la tio n , w h ile  Simpson 1 and Simpson 2 are 

concerned w ith  the c a lc u la t io n  o f  development ra te s . The r e s u lt  o f  

the programme can be p lo t te d  by the  sub rou tin e  Graphics.

This programme re q u ire s  an i n i t i a l  c o n d it io n , in c lu d in g :

(a) i n i t i a l  p o pu la tio n  d e n s ity  fo r  each stage, S1(A1), S2(A2), S3(A3), 

S4(A4), and Sa(Aa);

(b) the age o f  the  i n i t i a l  p o p u la tio n  fo r  each stage, A1, A2, A3, A4, 

and Aa;

(c ) d u ra tio n  o f  the  experim ent, Tmax; and

(d) a tim e delay o f  d e n s ity  dependent re g u la to ry  e f fe c t ,  Td.

I f  the ages o f  the i n i t i a l  p o p u la tio n  are unknown or u n c e rta in , 

a sub rou tine  Random-age w i l l  be executed and c e r ta in  random ages between 

the age in te rv a ls  o f  va riou s  stages (see Chapter 3) w i l l  be assigned to  

the  i n i t i a l  p o pu la tions fo r  va rious s tages.
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10
20
30
40
###*11 
50
60
70
80
90

! THE FILE NAME IS THES6 
OPTION BASE 1 
PRINTER IS 16
PRINT "***##**#**#*#£***********#*********iir****££*£****#*4'r*»*iir*£******£**'jr 
PRINT "*
PRINT "* POPULATION DYNAMICS OF CABBAGE APHID,
PRINT "* Brevicoryne brassicae <L.)
PRINT "*
PRINT " G * * * # * * * # # # # * * * * * * * * * * * * * * * * * * * * * * * * * * * ? : * * * * * * * * * 2* * * * * * * : * * ! : ? : * * * * * * *

100 
110 
,D3< 
120 
130 
140 
2, A3 
150 
160 
170 
180 
190 
288 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520

DIM SI<100>,S2<100>,S3<100>,S4<100>,Sa<100>,S<100>,A$C30D,B»C303,Age<5,40) 
DIM N1<100,40),N2<100,40),N3<100,40),N4<100,40) , Na<100,40),D1<106) , D2<100) 

100),D4(100),Da(100)
INPUT "Do you know the ages of the initial staqe groups ?<Press: Y/N)",T$ 
IF T$= " N" THEN GOTO 200
INPUT "INITIAL AGES OF THE INITIAL STAGE GROUPS,<seperated by comma)",A1,A. 

,A4,A a 
GOTO 550

Random_age: !
FOR 1=1 TO 1 

11 = 1 NT <RND 
RANDOMIZE 

NEXT I
IF 11<1 THEN 
A1 = 11
FOR 1=1 TO 1 

12=1 NT < RND 
RANDOMIZE 

NEXT I
IF 12<2 THEN 
A2= 12
FOR 1=1 TO 1 

I3=INT<RND 
RANDOMIZE 

NEXT I
IF 13<4 THEN 
A3= 13
FOR 1=1 TO 1 

14=I NT<RND 
RANDOMIZE 

NEXT I
IF 14<6 THEN 
A4= 14
FOR 1=1 TO 1 

Ia=I NT < RND 
RANDOMIZE 

NEXT I

**#****■■*■*•■£*■£■: 
00
*10) MOD 9

GOTO 200 
00
*10) MOD 10

GOTO 270 
00
*100) MOD 11

GOTO 330 
00
*100) MOD 13

GOTO 390 
00
*1000) MOD 40

* 
■fc
#

THIS SUBROUTINE ASSIGNS RANDOM AGE * 
TO THE INITIAL STAGE POPULATION WHOSE * 
AGES ARE UNKNOWN OR UNCERTAIN. *

IF 14<7 THEN GOTO 450
A a— I a ! £ # £ * * $ £ * * £ # * ,$ * 'f c £ * $ ^ $ * ,& $* 9r$* * * £ '* * * * * * * 'S ''5 |r'*,'& * * * * * * * * * * * * * * *
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530 !
540 !
550 INPUT 
>,Sa<1>
560 !
570 !
580 !
590 !

"INITIAL POPULATION DENSITY FOR EACH STAGE ?",S1<1>,S2<1>

600 INPUT "HARD-COPY OPTIONS <CRT or PRINTER, Press C/P>",A$ 
610 IF A$="P" THEN PRINTER IS 0 
620 T=1
630 S<T)=S1<T)+S2<T>+S3<T>+S4<T>+Sa<T> ! TOTAL POPULATION

< 1 > S4C 1

640 U = S < T >
650 PRINT "INITIAL TOTAL POPULATION =";W 
660 PRINT 
670 PRINT
680 Arnax=39 ! MAXIMUM LIFE-SPAN
690 INPUT "How long does the experiment last ? <day>",Trnax
700 R E DIM N1 ( T rn ax +1 , A m ax +1 ) , N 2 (. T m ax +1 , A m ax +1 ) , N3 (. T m ax +1, A rn ax +1 ) , N 4 (. T m ax +1 , A m ax
+1 ) , N a < T rn ax +1, A rn ax +1 )
710 R E DIM B1 < T rn ax +1 ) , D 2 (T rn ax +1 ) , D 3 (. T m ax +1 ) , D 4 { T rn ax +1 ) , D a (. T m ax +1 ) , S1 ( T rn ax +1 ) , S
( T rn ax +1 ) , S 3 ( T rn ax +1) , S 4 ( T rn ax +1 ) , S a ( T rn ax +1 )
720 !
730 !
740 N1(1,A1)=S1(1)
750 N2<1,A2)=S2<1>
760 N3 <1,A3 > =S3 <1)
770 N4<1,A4)=S4<1)
780 Na(l,Fla)=Sa<l)
790 !
800 INPUT "TIME DELAY, Td= ?",Td 
810 PRINT "TIME DELAY = ";Td 
820 !
830 ! *********************************** STAGE DEVELOPMENT FUNCTIONS **
840 DEF FNP1<Age)=A*EXP(-B*EXP(C*Age)> ! *
850 DEF FNP<Age)=EXP<-<a/Age-C>/B>^2/2>/(A*E*SQR(2*PI)> ! *
860 ! *
880 !
890 !
900 !
910 !
920 !
930 !
940 !
950 GOSUB Bevel oprnent 1
960 GOSUB Deve 1 oprnent2
970 IMAGE 3D,IX,8D,IX,8D,IX,8D,IX,8D,IX,8D,3X, 8D
980 PRINT TIME 1st 2nd 3rd 4th Adult Total"
990 PRINT "-------------------------------------------------------------------- "
1000 PRINT 
1010  !

ASSIGN INITIAL STAGE POPULATIONS * 
TO THEIR AGE GROUPS. *********

1020 FOR T=1 TO Tmax
1030 S<T> = INT<S1<T> + .5> + INT<S2<T> + .5> +1 NT<S3<T> +.5> + 1 NT<S4<T> +.5> +1 NT<Sa<T> +.5> 

! TOTAL POPULATION
1040 PRINT USING 970;T,I NT(S1(T) +.5>,I NT<S2<T> +.5),I NT<S3<T> +.5),INT<S4<T > + .5>, 
INTCSa<T>+.5),S<T)
1050 !
I860 IF S<T)=0 THEN GOTO 2070 
1070 IF T<=Td THEN GOTO 1100 
1080 W=S<T-Td)
1090 GOTO 1110 
1100 W = S<1>
1110  !
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1120 
1130 
1140 
1150 
1160 
1 170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 
1560 
1570 
1580 
-i 590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720

Du1=Dv2=0
FOR fla=7 TO 39
flge=fla
GOSUB Fecundity
N1<T+1,1>=N1<T+1, 1>+Na<T,Aa>*F 
NEXT fla 
Dvl=Nl <T+1, 1 >
FOR fll=l TO 8 
flge=fll 
P1=P1Cfll>
GOSUB Mortality
D1<T+1>=D1<T+1>+NlCT,ftl>*D
N1<T,R1)=N1(T,fll>*<1-D)
N1< T+1,R1 +1)=N1<T,R1)* Cl-P1> 
N2CT+1,Rl+1>=N1<T,R1>*P1 
Dv2=Dv2+N2<T+l,fll+l>
NEXT fll
SICT+1)=S1<T)+Dvl-Dv2-Dl<T+1>!
IF S1<T+1)<=.1 THEN S1(T+1)=0

FIRST INSTflR SUBPOPULRTION

!
!
!

Second:! ********************* SECOND INSTflR 
Dv3=0
FOR R2=2 TO 9
Rge=R2
P2=P2<R2>
GOSUB Mort ali ty
D2<T+1>=D2<T+1>+N2<T,fi2)*D
N2<T,R2>=N2<T,R2)*<l-D)
N2CT+1,R2+1)=N2<T,R2>*<1-P2>+N2<T+1,R2+1) 
N3CT+1,R2+1)=N2<T,R2>*P2 
Dv3=Dv3+N3<T+1,R2+1 >
NEXT R2
S2CT+1 >=S2<T> + Dv2-Dv3-D2<T+n
IF S'2<T+1)< = . 1 THEN S2<T+1>=0 !*************

UBPOPULRTION

★

*

*★*•*★*••*■** * ■

Third: ! THIRD INSTflR SUBPOPULATION
Bv4=0
FOR R3=4 TO 10 

.flge=R3
GOSUB Developments 
GOSUB Mortali ty 
D3CT+1>=D3<T+1>+N3<T,R3>*B 
N3CT,R3)=N3(T,R3>*<1-D>
N3<T+1,R3+1>=N3<T,R3>*<1-P3)+N3<T+1,R3+1 >
N4<T+1,R3+1>=N3<T,R3)*P3 
Du4=Dv4+N4<T+l,R3+l>
NEXT R3
S3CT+1)=S3(T)+Dv3-Dv4-D3<T+1)!
IF S3<T+1><=.1 THEN S3<T+1)=0 ! ******************
!
!
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1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
I860
1870
1880
1890
1900
1910
1920
1930
1940
1950
I960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310

j
i

Fourth: ! ********************** FOURTH INSTRR SUBPOPULRTION
Dua=0
FOR R4 = 6 TO 12
Rge=R4 x
GOSUB Beue1opment4
GOSUB Mortality
D4CT+1>=D4<T+1>+N4<T,fl4>*D
N4<T,R4)=N4<T,R4)*<1-B)
N4CT+1, R4+1>=N4<T,A4>*<1-P4>+N4<T+1,R4+1>
Na<T+l,A4+1>=N4<T,A4>*P4 
Du a=D u a+N a (T +1,R4+1)
NEXT R4
S4<T+1 >=S4<T>+Bu4-Iiua-H4<T + 1 )|
IF S4<T+1)<=.1 THEN S4<T+1>=0 !
!

Adult: ! *************************** ADULT SUEPOPULRTI ON
FOR Aa=7 TO 39 
Rge=Ra
GOSUB Mortality 
Ba<T+l>=Da<T+l>+Na<T,Aa>*B 
IF fla=39 THEN 1990
N a < T +1 f fla+1)= N a(T,A a ) * (1—B)+Na(T+l,fl a+1)
NEXT fla
Sa<T+l>=Sa<T)+Dua-Da(T+l>
!
IF Sa<T+l><=.1 THEN Sa<T+l>=0
!
NEXT T 
GOTO 3210
PRINT "THE POPULATION EXT I NOTED ON BAY";T; "!!!!!!" 
FOR I=T TO Tmax 

S(I)=0 
NEXT Ii
GOTO 3210
Fecundity: ! ********************* AGE-SPECIFIC FECUNDITY
A=19.6788+4.2255*LGT(W)
B=5.8097-2.1420*LGT<W)+1.7336*LGT<W>A2 
C=11.7247-.7473*LGTCW>+1.6430*LGT<W)*2 
K=7
IF Aa>=K THEN GOTO 2210 
F = 0
GOTO 2220
F = EXP<R)*<Ra-K)AB*RaM-C)
RETURN !*************************************************

**■

■*

Mortali ty: ! ********************* AGE-SPECIFIC
Amax=38.51
B=.9068-1.4795*LGT(W)+1.0294*LGT<W>*2 
IF Arriax>=Age THEN GOTO 2300 
D= 1
GOTO 2310
D = Bv< Amax-Age > 
RETURN !*****

MORTALITY ******

**■
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2330 Development!.! 0=100.64 I************************************************** 
2340 B=.0012
2350 0=2.2059
2360 T1=1
2370 FOR T2=8 TO 2 STEP -1
2380 GOSUB Simpsonl
2390 PI<T2)=Ps
2400 NEXT T2
2410 FOR T2=2 TO 8
2420 PI<T2>=P1<T2>/P1<8>
2430 IF P1<T2>>1 THEN P1(T2)=1 
2440 NEXT T2 
2450 RETURN !
2460 !
2470 Deve 1 oprnent 2: fl =. 0773 I***********************************************-*-*
2480 B=.0573 
2490 0=.2751
2500 T1=2
2510 FOR T2=9 TO 3 STEP -1
2520 GOSUB Simpson2
2530 P2<T2>=Ps
2540 NEXT T2
2550 FOR T2=3 TO 9
2560 P2<T2>=P2<T2>/P2<9>
2570 IF P2<T2> >1 THEN P2<T2> = 1 
2580 NEXT T2 
2590 RETURN ! &
2600 !
2610 Developments! fi=.2320-.0429*LGT<U>+.0125*LGT<W)*2 !**********************
2620 B=.0274
2630 C=.1613+.0183*LGT<W>-.0060*LGT<W>A2
2640 T1=4 
2650 T2=flge
2660 IF T2< =T1 THEN GOTO 2730
2670 GOSUB Sirnpson2
2680 P t = P s
2690 T 2 =10
2700 GOSUE S i mpson2
2710 P3=Pt/P£
2720 GOTO 2740 
2730 P3=0
2740 RETURN ! &
2750 !
2760 !
2770 Bevelopment4: O=.4001-.1145*LGT<W)+.0664*LGT(N)''2 !***********************
2780 B=.0199-.0048*LGT<W>+.0016*LGT<W)^2
2790 C=.1192+.0200*LGT<W>-.0091*LGT<W)^2
2800 T1=6
2810 T2=0ge
2820 IF T2< =T1 THEN GOTO 2890 
2830 GOSUB Simp£on2 
2840 P t = P £
2850 T2=12
2860 GOSUB Simp£on2
2870 P4=Pt/P£
2880 GOTO 2900 
2890 P4=0
2900 RETURN ! ********************************,************,*************'*',*'*'**'*'‘*''*''* 
2910 !

2320 !
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2920 I
2930 Simpsonl:! ********************* INTEGRATION BY SIMPSON'S RULE ******* 
*
2940 Ps=0
2950 Pa=0
2960 N=10
2970 H=<T2-T1)/N
2980 Pa»FNPl<T2>+FNPl<Tl>
2990 2=4
3000 FOR R=1 TO N-l 
3010 Pa=Pa+2*FNPl<T1+R*H>
3020 2=6-2
3030 NEXT R 
3040 Ps=H*Pa/3
3050 RETURN !******************************************************************
3060 S i mpson2: ! ************************ INTEGRATION BY SIMPSON'S RULE * * * *
3070 P £ = 0
3080 Pa=0
3090 N =10
3100 H=<T2-T1)/N
3110 Pa=FNP<T2>+FNP<Tl>
3120 2=4
3130 FOR R=1 TO N-l 
3140 Pa=Pa+2*FNP<Tl+R*H>
3150 2=6-2
3160 NEXT R 
3170 Ps=H*Pa/3
3180 RETURN !****************************************************************** 
3190 !
3200 !
3210 INPUT "Do y o u  want GRAPHICS ? Press<Y/N)",A$
3220 IF A$="N" THEN STOP •
3230 Graphics. ! ***************************************************************
3240 GCLEAR ! THIS SUBROUTINE PLOTS RESULT IN GRAPHICS.
3250 GRAPHICS
3260 ! ------------------------------------- Scaling the f r a m e ----
3270 LOCATE 20,110,20,90 
3280 Xrn i n = 0
3290 INPUT "Xmax = ?" , Xrnax
3300 Yrnin = 0
3310 INPUT "Ymax = ?", Ymax
3320 SCALE Xmi n, Xrnax, Yrni n, Ymax 
3330 Ytick=INT<Ymax/5>
3340 Xt ick = INT<Xrnax/5)
3350 AXES Xtick,Ytick 
3360 !
3370 ! -------------------------------------- Plotting data points
3380 MOVE 0,0 
3390 FOR T = 1 TO Trnax 
3400 ‘ MOVE T,S1(T)
3410 IF Sl(TX = .l THEN GOTO 3430
3420 LABEL
3430 MOVE T ,S2<T>
3440 IF S2(T )< =.1 THEN GOTO 3460
3450 LABEL "*"
3460 MOVE T,S3<T>
3470 IF S3<T><=.1 THEN GOTO 3490
3480 LABEL "o"
3490 MOVE T ,S4(T)
3500 IF S4(T)< =.1 THEN GOTO 3520
3510 LABEL "+"
3520 MOVE T,Sa(T>
3530 IF Sa<T)<=.1 THEN GOTO 3550
3540 LABEL "e"
3550 NEXT T - !-----------------------------------------------------
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3570 ! ----------------------------- Label the X-axis and the Y-axis
3580 LDIR 0
3590 FOR X=Xtick TO Xrr.ax STEP Xtick 
3600 LORG 6
3610 MOVE X, Ymir.-. 034*Yrr.ax
3620 LABEL X
3630 NEXT X 
3640 A$="Tirne (Bay)"
3650 LORG 4
3660 MOVE Xmax/2, Yfn i n-. 2*Yrnax 
367G LABEL A*
3680 FOR Y*Ytick TO Ymax STEP Ytick 
3690 LORG 8
37O0 MOVE Xfn i n-. 020O*Xrnax, Y
3710 LABEL Y
3720 NEXT Y 
3730 BEG
3740 Bi = "Muruber in each stage"
3758 LORG 4
3760 MOVE Xrn i n-. 15*Xrnax, Yrnax/2 
3770 LDIR 90
3780 LABEL B$ !-------------------------------------------------------
3790 !
3808 ! --------------------- Drawing lines to connect data points --
3810 LINE TYPE 1 
3820 MOVE 1,S1<1)
3830 FOR T = 1 TO Trr.ax 
3840 DRAW T,SI<T)
3850 NEXT T 
3860 PEHUP 
3870 MOVE 1,S2(1)
3880 FOR T= 1 TO Tn.ax 
3890 DRAW T,S2(T)
3900 NEXT T 
3910 PENUP 
3920 MOVE 1,S3 <1)
3930 FOR T= 1 TO Trnax 
3940 DRAW T,S3<T)
3950 NEXT T 
3960 PENUP 
3970 MOVE 1,S4(1)
3980 FOR T=1 TO Troax 
3990 DRAW T,S4(T)
4000 NEXT T 
4010 PENUP 
4020 MOVE 1,Sa(1)
4038 FOR T= 1 TO Tn.ax 
4040 DRAW T,Sa(T)
4050 NEXT T 
4060 PENUP 
4070 MOVE 1,S <1>
4080 FOR T=1 TO Tmax 
4090 DRAW T,-S(T)
4100 NEXT T
4110 PENUP ! ----------------------------------------------------------
4120 PAUSE 
4130 !
4140 !
4150 !
4160 INPUT "Do you want to DUMF'GRAPHICS ? Press <Y/N)" , Dumps 
4170 IF Bump$="N" THEN GOTO 4210 
4180 DUMP GRAPHICS 
4190 EXIT GRAPHICS 
4200 !4210 STOP ! *^#**^^***^**»^***^^*»***^*^***^^^^^^*^^*^*^***^**^#^***'»*‘*,'*,‘*,'̂'*’'*,*'3,f̂ '̂ 
4220 
4230 
4240 
4250 
4260

3560 !

END
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S im u la tion  Model o f  the  Cabbage Aphid w ith  P a ra s ito id , [). rapae.
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Appendix III

This programme is  used in  s im u la tio n  o f  the p o p u la tio n  dynamics o f  

the cabbage aphid w ith  the p a ra s ito id , D. rapae. The programme is  

w r it te n  in  BASIC. G enerally  i t  has the same s tru c tu re  as the programme 

in  Appendix I I .  The on ly  m od ified  p a rts  are subrou tines Fecundity 

and M o r ta l i ty .  In  the i n i t i a l  c o n d it io n , i t  needs the e x tra  in fo rm a tio n  

fo r  the tim e (T ) and the number (Np) o f  the  p a ra s ito id  a tta c k in g  the 

aphid p o p u la tio n  in  a d d it io n  to  the in fo rm a tio n  needed in  the p revious 

programme in  Appendix I I .
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10 ! THE FILE NAME IS THES7
20 OPTION BASE 1
SO PRINTER IS 16
40 PRINT "******************************
50 PRINT •'*
60 PRINT "* POPULATION DYNAMICS OF CABBAGE APHID,
70 PRINT: •*
80 PRINT

L 11
SO PRINT• II
100 PRINT " *

B r e y> i c  o r  y n  •= b r  a ;  ;■  i c  a t  (L .  )  ,  WITH THE PAPA SIT 0 I D ,  
Di it r et i e 1 1 a r ap ae ( M /' I n t o s h >

************

110 DIM S 1< 50),S2 < 50),S3<50 >,S4 
120 DIM Nl<50,40>,N2(50,40> , NSC 
, D4 < 50 >,Da< 50)
130 DIM Dpal(60),Dpa2<60) , DpaS< 
) , P n < 2 0 )
140 INPUT "Do you know the ages

(50 >,Sa<50 >,S(50>,A$ C30 3 ,B$C SO3 , Age <5,4O >
5 0,4 O ) , N 4 < 5 0,4 0 > , N a < 5 0,4 0 ) , D 1 < 5 0 > , D 2 < 5 0 ) , D 3 < 5 0 >
6 O > , D p a 4 ( 6 0 > , D p a5 < 6 O > , N p < 6 O , 4 0 ) , N q < 6 0,4 O > , T p ( 2 0 
of the initial stage groups of the aphid ?(Pre

ss: Y/N >",T $
150 IF T*="N" THEN GOTO 220
160 INPUT "INITIAL AGES OF THE INITIAL STAGE GROUPS , < seperat ed by c o rn rn a > A 1 , A 
2,A3,A4,Aa 
170 GOTO 570 
180 !
180
200
210
22W
230

^  ^  ^  ̂  ̂  ̂  ^  ̂  ̂  ̂  ^  ^  ^  ^  <4> a^ •+■ ̂  a^ ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  ̂  a^ ̂  ̂  ^  ^  ̂  a^

FOR 1=1 TO 100 ! *
24 0 I 1 = IN T < R N D * 10 ) MOD 3 ! x
250 RANDOMIZE i ■it*
260 NEXT I i X

270 IF I 1 <1 THEN GOTO 220 ! THIS SUBROUTINE ASSIGNS RANDOM AGE *
280 A 1 = 11 ! TO the INITIAL STAGE POPULATION WHOSE *
280 FOR 1=1 TO 100 i AGES ARE UNKNOWN OR UNCERTAIN. *
300 12=1 NT < RND*1O > MOD 10 i X
31 0 RANDOMIZE !
320 NEXT 1 i X

330 IF 12<2 THEN GOTO 230 i X

340 A2= I 2 ! X

3 5 O FOR 1=1 TO 100 I X

360 I3=I NT <RND*108 > MOD 11 ! *
370 RANDOMIZE i  ̂ X

380 NEXT I i X

330 IF 13<4 THEN GOTO 350 ! T

400 A3= 13 ! V
410 FOR 1=1 TO 100 ! *
420 14=1 NT < RND*100) MOD 13 i X

430 RANDOMIZE ! •ir
44 0 NEXT I ! X

450 IF 14<6 THEN GOTO 416 ! X
460 A4= 14 ! X

470 FOR 1=1 TO 100 ! *

480 Ia=INT<RND*1000> MOD 40 ! X

4 30 RANDOMIZE ! X

500 NEXT I j X

510 IF 14<7 THEN GOTO 470 i *
52 U
530 
54 0 
550

!
!
!
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560
570 INPUT " INITIAL POPULATION DENSITY FOR EACH STAGE OF THE APHID ?" , S1 < 1 > , S2 < 
1>,S3<l>,S4<l>fSa<l>
580 !
590 INPUT "IS THERE ANY PARAS I TO ID ? <Y/N>",P$
6O0 IF P$="N" THEN GOTO 670
610 P ar a= 1
620 INPUT "HON MANY TIMES HAS THE PARAS I TO ID ATTACKED THE APHID POPULATION ?", 
An
68O FOR 1=1 TO An
64 0 INPUT " TIME & NO. OF THE PARASI T0 I D 0BSERVED < s*p*r at. € d by c omma> " , Tp < I > . 
P n C I >
650 NEXT I
660 GOTO 680
670 Par =i=0 
680 !
690 !
700 INPUT "HARD-COPY OPTIONS (CRT or PRINTER, Press C-'P)", AT 
710 IF A$="P" THEN PRINTER IS O 
720 T=1
730
740
750
760
770

S < T > =S1(T)+S2 <T > + S3 <T > +S4(T > + Sa<T) 
M=S(T)
PRINT "INITIAL TOTAL POPULATION ="
PRINT
PRINT

N
TOTAL POPULATION

788 Amax=39 ! MAXIMUM LIFE-SPAN
790 INPUT "How long does the experiment last ? <day>",Tmax
800 R E DIM N1 (T m ax +1, A m ax +1) , N 2 (T m ax +1 , A m ax +1 ) , N 3 ( T m ax +1, A m ax +1 j , M 4 ( T ro ax + 1, A m ax
+1 ) , Na< Trnax+1, Amax+1 >
810 REDIM D1 <Tmax +1 ) , D2(Tmax +1 !>, D3(Tma x +1 ) , D4(Tmax +1 ) , Da(Tmax +1 ) , S1 (Tmax +1 ) , S 2 
( Tmax +1 ) , S3 < Tmax+1 ) , S4 ( Tmax +1 ) , Sa(Tmax +1 '•
820 !
830 !
840 N1 < 1,A1>=S1<1> 
856 N2<1,A2)=S2(1>
860 N3(1,A3>=S3<1>
870 N4<1,A4)=S4<1)
880 N a(1,A a > = S a(1)
890 !
90O Td=10
910 !

!
! ASSIGN INITIAL STAGE POPULATIONS *
! TO THEIR AGE GROUPS. *

THE TIME DELAY OF DENSITY DEPENDENCE
920 ! *********************************** STAGE DEVELOPMENT FUNCTIONS
930. DEF FNP1<Age>=A*EXP<-B*EXP<C*Age>> !
940 DEF F N P (A g e ) = E X P ( — ( ( 1 x A g e — u ) x B ) '• 2 x 2 ) x (A * B * S Q R 2 * PI)) !
950 ! "
960
970 
980 
9 9 0 
1 000 
1010 
1 020  
1 030 
1 040 
1050 
1 060 
1070 
1080 
1 090 
1 100 
1110  
1 120 
1130 
1140 
1150

!
DEF 
DEF 
DEF 
DEF 
! 
i

FUNCTIONAL RESPONSE EQUATION: 
FNFr 1 <N)=N*C 1-EXPC-. 0297*Nx< 1 + . 0297*. 0492*N''2 > > > !
FNFr3<N)=N*<1-EXPO. l?4*Nx<l+. 174*.0466*NA2>>> !
FNFr4< N > =N*(1-EXP <-1.917x<1 + 1.917*.0363*N> >) !
FNF r 5 < N > = N * ( 1 - EXP < - 1.2916x< 1 + 1.29 1 6* . Q292*N> > > !********■■*■****■*■■

!
!
! ************************************ PREFERENCE INDEX ***************** 
Q1=.13 ! OF THE PARASITOID TO ATTACK *
Q2=.34 ! VARIOUS STAGES OF THE APHID *
03=1 ! *
Q4=1.76 ! *
Q5=1.95 ! *
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1160 !
1170 !
1180 |
1190 !
1200 !
1210 !
1220 GOSUB
1230 GOSUB
1248 IMAGE
1250 PRINT
1268 PRINT
1270 PRI
1280 j
1290 FOR T
1300 S < T > =

1 TOTAL
1310 PRINT

Deve 1 oprnent 1 
D z e  1 o p rn e n 12
3D,IX,8D,IX,SB,IX,SB,IX,8D,IX,8D,3X,8D 
" TIME 1st 2nd 3rd 4th A d U 1 t Total"

— 1 T u T fi'i ax 
I NT < S1< T > +.! 
POPULATION 
USING 1240

i > + I NT < S2 < T > + .5 > + I NT < S3 < T > +.5 > + I NT < S4 < T > + . 5 > + I NT <S a < T > + 
T,INT(SI< T > +. 5 >, INT<S2<T) + .5),INT<S3<T> + .5>,INT<S4(T>+,

5 >

1320 
1330 
1340 
1350 
1360 
1370 
1380 
1 390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 
1520 
1 530 
1540 
1550 
1560 
1570 
1 580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1 680 
1690 
1700 
1710 
1720 
1730 
1740 
1750

S<T> = 0 THEN GOTO 2480 
T< =Td THEN GOTO 1370

«■£ ̂  4* •

!
IF 
IF
W = S < T-Td)
GOTO 1380 
W=S<1)!
!

F i rst:St ag*= 1 
R1=S1<T>/S<T>
Dv 1 =Dg2 = 0 
FOR fl1=1 TO 8 
Rge=Rl 
P1=P1<A1)
GOSUB Mortality
IH <T+1)=D1<T+1>+Nl<T, fll>*D
N1<T,A1)=N1<T,A1)*<1-B>
N1< T+1,A1 +1> = N1< T,A1> * <1-P1> 
N2CT+1,fll + 1>=N1<T, fll>*P1 
Dv2=Dv2+N2<T+l,Al+1>
NEXT fil
! ****************************

FIRST INSTAR SUBPOPULATION

» 'f: «+• & *+• ■

8 econd:8t agt=^ -!************** 
R2=S2<T)/SCT>
Dm 3=0
FOR A 2=2 TO 9 
Rge=R2 
P2=P2<A2>
GOSUB Mortality
B2 < T+1)=D2 < T+1 ) + N2(T,R2)*D
N2CT,A2>=N2<T,A2>#<l-D)
N2CT+1,A2+1)=N2(T,A2 > *(1-P2 > + N2< T+1,A2+1) 
N3<T+1,A2+1>=N2<T, A2>*P2 
Iiv3 = Du3 + N3(T+l, R2+1 >
NEXT A2
S2CT+1)=S2<T)+Dv2-Dv3-D2<T+1)
IF S2(T+1><=.49 THEN S2<T+1>=0

SECOND INSTAR SUBPOPULATION
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1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
I860
1870
1880
1890
1900
1910
1920
1930
1940
1950
I960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2 1 0 0
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2380
2390
2400

Third:Stage=3 !*************** THIRD INSTfiR SUBPOPULRTI ON 
R3=S3<T>/S<T>

D v 4 = 0
FOR fi3 = 4 TO 10
ftge = FI3
GOSUB Deyf 1 opruent3 
GOSUB Mortality 
B 3 (T + 1 ) = D 3 •% T + 1 ) + H 3 (. T, ft 3 > * D 
M3 < T , ft 3 > = N3 < T , ft 3 > * •' 1 - B >
N3CT+1,A3+1>=N3<T,A3>*<1-P3>+N3<T+1 
N4CT+1,03+1>=N3<T,fi3>*P3 
B u 4 = B u 4 + N 4 < T + 1 , ft3+l )
NEXT fl3
S3(.T + 1 >=S3(T>+Bo3-Bo4-B3<T+l )!
IF S3CT+1><=.49 THEM S3<T+1>=0 !***
i

ft 3 +1 >

■S ■* *■*■■*■*■*■*
!
!
!

Fourth:Stage = 4 !**************** FOURTH INSTflR SUBPOPULftTIOM 
Bua=0
FOR ft4=6 TO 12 
ft g e = ft 4
GOSUB Beye1opment4
GOSUB Mortali ty
B4CT+1>=D4<T+1>+N4<T,A4>*B
M4<T,ft4)=N4<T,ft4>*<l-B>
N4CT+1, FI4+1 >=H4<T, Fl4)*< 1-P4)+N4<T+1 , fi4+l >
Ma<T+l,fi4+l>=N4<T,R4>*P4 
B u a=B u a+N a ( T +1,ft 4 +1)
NEXT ft4
S4CT+1>=S4<T>+Bu4-Bua-B4<T+1>-Dpal<T>-Bpa2<T>!
IF S4(T+1)<=.49 THEM S 4 •£ T +1 .> = 0 !**£•************★****•*■■$•**•■&•£***£ 
!

■■*■*■*■*■•*■
T*T

-x

¥r *
I

ft d u 11:S tag e = 5 !a********************
R5=Sa<T)/S(T>
FOR fla=7 TO 39 
ft g t — ft a
GOSUB Mortality
Da<T+l>=Da<T+l>+Ma<T, fla>*D
IF fta=39 THEM 2220
M a (. T +11 ft a+1 ) = Ma ( T f ft a ) * ( 1 — B) + N a £ T +1, ft a+ 1 )
NEXT fta
Sa( T+ 1 > =Sa( T > +Bua-Ba< T+ 1 ) -Bpa3 T > -Bpa4 < T > -Bpa5 ( T >

ADULT SUBPOPULftTION

IF Sa\ — .49 THEM Sa'sT+l) — 0 !****************t
FOR fta=7 TO 39
Fp=Fq=0
ftge=fta
GOSUB Fe-cundity 
Fp=Np<T,fta)*F*.7 
Fq=Nq<T,fla>*F*.5
Ml (T+l, 1 )=N1 <T+1, 1 > + M a < T , ft a > F - F p - F q 
NEXT Fla 
Bul=Ml<T+l,1>
SICT+1>=S1<T)+Bul-Dv2-BlCT+1>
IF S1<T+1)< = .49 THEM 31 T + 1 ) = O l^^^****************************

•*
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2410 
2420 
2430 
2440 
2450 
2460 
2470 
2430 
2490 
2500 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2530 
2590 
2600 
2610 
2620 
2630 
2640 
2650 
2660 
2670 
2680 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
2760 
2770 
2730 
2790 
2800 
2810 
2820 
2830 
2840 
2850 
2860 
2870 
2880 
2890 
2900 
2910 
2920 
2930 
2940 
2950 
2960 
2970 
2980 
2990 
3000 
3010 
3020 
3030 
304 0 
3850 
3060 
3070 
3080 
3090

!
I
!
j
NEXT T 
GOTO 4020
PRINT "THE POPULATION EXT I NOTED ON DAY";T:"!!!!!!" 
FOR I =T TO Tmax 

S<I>=0 
NEXT I
GOTO 4028

Fecundity: ! *********************
fl=l9.6733+4.2255*LGT<W>
£=5.8097-2.1420*LGT<W>+1.7336*LGT<W> 
0=1 1.7247-. 7473*LGT <10 + 1.6430*LGT<N> 
K = 7
IF Aa> = K THEN GOTO 2620 
F=0
GOTO 2700
F = EXP<A>*<Ra-K)^B*RaM-C>
IF Para=0 THEN GOTO 2700 
FOR A=1 TO 5 
Np< T+2 + R,A+9)=Dpa4<T+8)

NEXT fi
FOR A=1 TO 7 
Nq<T+fi,A+9>=Dpa5<T+8>

NEXT A
RETURN !**************************

AGE-SPECIFIC FECUNDITY

•fc

*

Mortality: ! ********************* AGE-SPECIFIC MORTALITY **
Amax=38.51
E=. 9068-1.4795*LGT<lO + l. 0294*LGT <lO^2 
IF Amax> = Age THEN GOTO 2786 
D= 1
GOTO 3120 
D=B/< Amax-Rge)
IF Para=0 THEN GOTO 3120
ON Stage G 0SUE P ar a1,Par a2,Par a3,Para4 , Para5 
N=S<T>

Paral:FOR J=1 TO An
IF T*F'ara-Tp< J>< >0 THEN GOTO 2850 
Dpal< T + 8 > =R1*Q1*FNFr1<N>

NEXT J 
RETURN

Para2:FOR J=1 TO An
IF T*Para-Tp<J><>0 THEN GOTO 2900 
B p a2 < T + 8 > = R 2 * Q 2 * F N F r 1 < N >

NEXT J 
RETURN

Para3:FOR J =1 TO An
IF T * P ar a-T p < J > < > 0 THEN GOTO 2950 
D p a3<T + 8>=R3*Q3*FNFr3<N>

NEXT J 
RETURN

Para4:FOR J=1 TO An
IF T*F‘ara-Tp< J)< >0 THEN GOTO 3000 
D p a4 < T + 8) = R 4 * Q 4 * F N F r 4 < N)

NEXT J 
RETURN

P ar a5:FOR J=1 TO An
IF T*Para-Tp<J><>0 THEN GOTO 3050 
D p a 5 < T + 8 > = R 5 * Q 5 * F N F r 5 < N >

NEXT J 
RETURN
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3106 !
3110 !__
3120 RETURN ! ***#*****************************************************■"•**•*■■«•■*■*■ 
3130 !
3140 De-ve 1 opment 1: 0=100.64 I***********************************************-*-*rr 
3150 B=. 0012 
3160 C=2.2059
3170 T1 = 1
3180 FOR T2=8 TO 2 STEP -1
3190 GOSUB Sinipsonl
3200 Pl<T2>=Ps
3210 NEXT T2
3220 FOR T2=2 TO 8
3230 P1(T2)=P1(T2)/P1(8)
3240 IF P1<T2)>1 THEN P1(T2>=1 
3250 NEXT T2
3260 RETURN ! & * * & * # # & :* * * * & * & & * * :* * * $ * * * * & & * *  + * :* & * * & # * :* :£ :fr* * :*-***:* :*& & & :* :* * :* * * ,* * :* * * :* 
3270 !
3280 Bevelopment2: fl =.0773 • !*************************************************
3290 B=.0573
3300 C=.2751 
3310 T1=2
3320 FOR T2=9 TO 3 STEP -1
3330 GOSUB S i mpson2
3340 P2 < T2)=Ps
3350 NEXT T2
3360 FOR T2=3 TO 9
3370 P2<T2>=P2<T2)/P2(9>
3380 IF P2<T2> >1 THEN P2<T2) = 1 
3390 NEXT T2
3400 RETURN ! s**************************************************************'*'*''*'
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720

Bevel opmerit 3: fi=. 2320-. 0429*LGT < W > + . 0125*LGT < N > ̂  2 ! *****************
B=.0274
C=.1613+.0183*LGT < W >-.0060*LGT<W>A2
T 1 =4
T2=flge
IF T2< =T1 THEN GOTO 3540 
GOSUB Simpsori2 
Pt=Ps 
T2= 10
GOSUB Simpson2 
P3=Pt/Ps 
GOTO 3550 
P3 = 0
RETURN !************************************************************■ 
!
!

Bevel opment 41 H= . 400 1 - . 1145*LGT<W> + .0664*LGT<N ) ••■'• 2 !*****************•
B=.0199-.0048*LGT<W)+.0016*LGT(W>^2 
C=.1192+.0200*LGT<W)-.0091*LGT<W>^2 
T1 =6 
T2=flge
IF T2< =T1 THEN GOTO 3700 
GOSUB S i rn p s o n 2 
Pt=Ps 
T2= 12
GOSUB Simpson2 
P4=Pt/Ps 
GOTO 3710 
P4 = 0
RETURN !************************************************************
!
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3740 Simpsonl:! ********************* INTEGRATION BY SIMPSON'S RULE ******* 
*
3750 Ps=G
3760 P a= G
3770 N = 10
3780 H=< T2-T1)/N
3790 Pa=FNPl<T2>+FNPl<Tl>
3300 2=4
3810 FOR R=1 TO N-l 
3820 Pa=Pa+2*FNPl<T1+R*H>
3838 2=6-2
3840 NEXT R 
3850 Ps=H*Pa/3
3860 RETURN !******************************************************************
3870 S i m ps  o n 21 ! ************************ INTEGRATION BY SIMPSON'S RULE * * * *
3880 Ps=0
3890 Pa=0
3900 N=10
3910 H=<T2-T1>/N
3920 Pa=FNP<T2)+FNP<Tl)
3930 2=4
3940 FOR R=1 TO N-l 
3950 Pa=Pa+2*FNP < T1+R*H >
3960 2=6-2
3970 NEXT R 
3980 Ps=H*Pa/3
3990 RETURN !****************************************************************** 
4000 !
4010 !
4020 INPUT "Do you want GRAPHICS ? Pross<Y/N)",AS 
4030 IF A$="N" THEN STOP
4040 Graphi c s I ! *************************************************************** 
4050 GCLEAR ! THIS SUBROUTINE PLOTS RESULT IN GRAPHICS.
4060 GRAPHICS
4070 ! ------------------------------------- Scaling the- fnarut---------------------
4080 LOCATE 20,110,20,90 
4090 Xmin=0
4100 INPUT "Xmax = ?",Xmax
4110 Yrnin=0
4120 INPUT " Ymax = ?" , Yrr.ax
4130 SCALE Xrn i n, Xmax, Yrn i n, Ymax 
4140 Yt i ck = INT(Ymax/5)
4150 Xtick=INT(Xmax/5>
4160 AXES Xtick,Ytick 
4170 !
4180 ! ---------------------------------------Plotting data p o i n t s ---------------
4190 MOVE 0,0
4200 FOR T=1 TO Tmax

3730 !

4210 MOVE T,S1(T)
4220 IF SI <T>< = .1 THEN GOTO 4240
4230 LABEL
4240 MOVE T,S2CT)
4250 IF S2<T><=.1 THEN GOTO 4270
4260 LABEL "*"
4270 MOVE T,S3(T >
4280 IF S3<T)< =.1 THEN GOTO 4380
4298 LABEL "o"
4300 MOVE T,S4 < T >
4310 IF S4CT><=.1 THEN GOTO 4330
4320 LABEL "+"
4330 MOVE T,Sa(T)
4340 IF Sa<T>< =.1 THEN GOTO 4360
4350 LABEL "e"
4360 NEXT T !---
4370 !



275
4380 ! — — ——— — — — — — — —— ---------- —  — — — Label the X-axis and the Y—axis — — — —
4390 LIHR 0
4400 FOR X=Xtick TO Xmax STEP Xtic.k 
4410 LORG 6
4420 MOVE X, Ymi n-. 034*Yrnax
4430 LABEL X
4440 NEXT X
4450 A$ = "T i me <Bay>"
4460 LORG 4
4470 MOVE Xrnax/2, Ym i n-. 2*Ymax 
4430 LABEL A*
.4490 FOR Y = Yt i ck TO Ymax STEP Ytick 
4500 LORG 8
4510 MOVE Xrn in-. O 2 0 0 * X m ax, Y 
4520 LABEL Y
4530 NEXT Y 
4540 BEG
4550 B*="Number- in each stage"
4560 LORG 4
4570 MOVE Xfn i n-. 15*Xmax, Ymax/2 
4580 LB IR 90
4590 LABEL B$ !-------------------------------------------------- ------------------
4600 !
4610 ! ----------------------- Brawing lines to connect data points ------------
4620 LINE TYPE 1 
4630 MOVE 1,S1<1)
4640 FOR T=1 TO Tmax 
4650 BRAW T,S1(T)
4660 NEXT T 
4670 PENUP 
4680 MOVE 1,S2 <1)
4690 FOR T= 1 TO Trnax 
4700 BRAW T,S2(T>
4710 NEXT T 
4720 PENUP 
4730 MOVE 1,S3(1)
4740 FOR T=1 TO Tmax 
4750 BRAW T,S3 < T)
4760 NEXT T 
4770 PENUP 
4780 MOVE 1,S 4 <1)
4790 FOR T=1 TO Tmax 
4800 BRAW T,S4<T>
4310 NEXT T 
4820 PENUP 
4330 MOVE 1,Sa(1)
4840 FOR T=1 TO Tmax 
4850 BRAW T,Sa<T'>,
4860 NEXT T 
4870 PENUP 
4380 MOVE 1,S(1>
4890 FOR T=1 TO Tmax 
4900 BRAW T,S<T)
4910 NEXT T
4920 PENUP ! ------------------------------------------------------------------------
4930 PAUSE 
4940 !
4950 !
4960 !
4970 INPUT "Bo you want- to BUMPGRAPHICS ? Press < Y/N > " , Bump$
4980 IF Bump$="N" THEN GOTO 5028 
4990 BUMP GRAPHICS 
5080 EXIT GRAPHICS 
5010 !
5020 STOP ! £******w****************^*********'******************************'*,'*'‘,:''’‘ 
5030 !
504 8 !
5056 !
5 0 6 0 !
5078 ENB


