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Abs tr a c t  

A c omput e r  mode l �a s deve l oped wh i ch u s e d  weathe r d a ta and 

ini t i a l.f i e l d  coun t s  of green-bug aph i d s  t o  p r e d i ct the 

behavi or of the aph i d  popu l a t i on throughou t  the s e a s on . rhe 

mod e l  cons i d ered the e f fe c t s o f  hea t , food supply , pred at i6n 

and r a i n f a l l  on_ the popul a t i on . Da t a  wer e  obt a i ned. on the 

l i f e - cyc l e  of aph i d s  grown i n  � cont ro l l ed l abo r a t ory 

s e t t ing . The s e  d a t a  were u s e d  t o  pos tu l a t e  a s tocha s t i c  

mod e l  o f  aph i d  growth whi ch could b e  appl i ed � o  ·a popu l a t i on 

i n  the f i e l d . A mod i f i e d  Les l i e ma t r ix mod e l  wa s used to · 
• 0 

pred i ct the popu l a t i on's future behavi o r . Fa c t o r s  were then 

a d d e d  to th i s  ba s i c  model tQ account for mo r t a lity · due to  

o l d  age a n d  p r e d at i on , and the fec�nd i ty o f  .th� a d u l t  

po pula t i on . The c ompl eted mod e l  wa s comp�red w i th the 

ac tua l f i e l d  d a t a  obt a ined f o r  seve r a l  y e a r s . Th i s  
r 

compa r i s o n  showed that the mod e l  gener a l l y  pe r f o rme d we l l . 

As a l a s t  s tep , s ens i t i vi ty analys i s  wa s done t o  d e t e rmine 

wh i ch f ac to r s  i n  the mod e l  wou l d  mos t  p r o f i t  by c l o s e r  

scrut i ny .  I t  wa s f ound that pred a t i on ,  i n  p�rt i c u l a r , 

needed to b� ana l yzed mo re ca r e ftil l y . 
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Chapter One 

L i te ra ture Rev i ew 

Popu l a t i on mod e l i ng proceeqs i n  the f o l low i ng gener a l  

manner. A c ohort o f  aph i d s  i s  re a r ed i n  the l ab o r a tory 

und e r  c o n t ro l l ed cond i t i on s  and cons tant t empe ra ture . 

Regul a r  ob s e rva t i rin of  the aph i d s' deye l opmen t  y i �ld� d a t a  

o n  the l ength o f  t ime e ach i nd i v i dua l spend s i n  each 

l i f e- s t ag e. Th i s  i s  used to  pos t u l a t e  the behav i o r · o f  the 

aph i d s  i n - a n a tur a l  envi ronment .  

The c ru d e s t  e s t ima t i on me thod s ut i l i ze on l y  the 

obs erve d mea n  deve l opment t i me to e s t i ma�e the d evel opmen t  
-· 

t ime i n  n a ture . It i s  po s s i bl e , howeve r ,  to get much bet ter 

e s t i ma t es by us i ng more o f  the i n f orma t i ori tha t the 

l abo r a t or y  s t udy y i e l d s . 

Two d i f f e rent methods exi s t  f o r  d o i ng thi s . Manet s ch 

[3] propo se d  s e t t i ng up a s y s tem o f  d i f fe r en t i a l  equat i on s  

whi ch d e s c r i be the change s i n  the popu l at i on . S o l v ing the 

s y s t em- a t  t i me t wi l l  y i e l d  . the s i ze of the popul a t i on at 

tha t t ims� 

Les l i e  [ 1 ]  dev i sed a d i f f erent approach . H i s i s  ba s ed 

on the as s umpt i on that popu lat i on growth i s  con t r o l l e d  by a 

sma l l  numbe r o f  factors ac t i ng on the pre s ent popu l a t i on .  

The cumu lat i ve ef fect of the se fac t o r s  Cqn be expre s s e d  as 

surv i val and repr oduct ive pr obab i l i t i es on the p r e s ent 



popul a t i on . Thus , the surv i va l  and reproduct i ve 

pr oba b i l i t i e s , whe n  mul t ipl i e d by the �ur r ent s i ze o f  the 

popu l a t i on , w i l l  y i e l d  the future popu l a t i on s i ze . 

3 

Mane t s ch p r oved tha t so lut i on s  t o  the s et o f  

d i f f er en t i a l  equ at i ons he propo s e d  wou l d  n e c e�s a r i l y be 

d i s t r i bu t e d  as a gamma r andom va r i able . _ Fo r t h i s reas on , i t  

was dec i d e d  tha t i nc orpo r a t i ng the g amma d i s t r i bu t i on i nt o  

the Les l i e  mod e l  �ould b e  mo re e f f i c i en t  and r equ i r e les s 

comput e r  t i me than repea t e d l y  so lvi ng d i f f e r e n t i a l 

equa t i on s . 

. . � : . 

. I 
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Chapter Two 

The Mode l 

We a re a t tempt i ng to mo d e l  a greenbug a ph i d  popu l at i on . 

Aph i d s  d o  n o t  over -winter " i n  South Dako-t a , b e c ause the col d  

i s  too i nt e n s e . I n stea d , w i ng�d aphi d s  m i g r a t� i n  o n  the . 

s outhe r l y  w i nd s  of spr i ng . They l and on s�a l l  g r a i n  p l a n t s  

and s t art f ee d i n_g a n d  reproduc i ng . . 

The aph i d  l if.e-cyc l e  c a n  be summa�i zed a s · fol lows_ . 

Newborn a ph i d s  beg i n  to feed on pl ant ju i ce s  a n d  grow . As 

they grow , they mus t  occ a s i on a l ly · shed the i r  exo ske l eton s  

for l ar g e r. one s . The �er i od be twe en two suc h  mo lts is 

c a l l e d  an i ns t a r . Greenbugs have f our immatu r e  i ns tar s 

be f o re r ea ch i ng adul thood . Short ly a fter a d u lth6od· , the 
--

aph i d s  beg i n  reproduc i ng ,  and cont i nue t o  do . so unt i l  dea th. 

When the a ph i d  popu l a t i on beg i ns to exp e rience 

c r owd i ng ,  s ome o f  the aph i d s
.
prod uc e d  w i l l  be w i nge d  

{a l a t a e ) .  A l a t e  aphi d s  a r e  wi nged whe n  they r e a ch 

adul thood , · a n d  i mmed i a t e l y  r i de the \v i n d s  to a n evr a r ea . 

Upon l an ding a t  a new s i t e , the i r  w i ng mu s c l e s  degenerate , 

and the a phid s  beg i n  reproduc i ng . 

�vhen "the. cer e a l  p l ant s ma ture i n  s umme r , the aphid s, 

migr a t� to lat et-growing crops and non-c rop gr a s s e s . 

It shou l d  be noted tha t cere a l  crops w i l l  be ha rmed 

onl y  i f  aphid popu l a t i ons become suffi c i ent l y  l a rge in the 

e a r l y  s e a son , wh i l e the p l a n t s  a r e  s til l �mal l .  In larger _ 
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pl a n t s , i t  i s  n o t  pos sible f o r  the aph i d s  t o  r emove enough 

o f  the p l an t 's nut rient s t o  a f f ec t  c r op . g r owth a n d  yiel d .  

The Mod e l 

Th i s  mod e l  a t t empts �o cons i de r  a l l  a spe c t s  o f  the 

aph i d  l i f e - c yc l e . S i nc e  aph i d s  do not ove r - w i
r
ite r  i n  South 

Dakot a ,  the life - cyc l e  can be considered ·.t o  beg i n  when 

aph i d s  ·a r e  f i r s t  sighted in the � i-e l d . At this time , an 

i n i t i a l c ount or  �s timat e  i s  mad e , and i s  u s e d  to s t art the 

mod el . 

Les l i e's ma t r ix mod e l
. 

wa s chos e n . Le s l i e  [ 1 ]  as s umed. 

tha t the age - s t r uc ture· o f  the popu l a t i on at s ome t i me t wa s 

known . He then u s ed thi s i nf o rma t i on to pr edict the 

age - s t r uc t u r e  of the popul a tion at  a future time . 

I n  p r a c tice , ·ho,'lever ,  the age s t ructure- is· ·u s uall y not 

known; the s t a ge�s tructure is much mor e  e a s i l y obt ained . 

Woodwa r d  [2] s ugges ted tha t Le s l i e's method cou l d  be 

mod i f i ed to be used on a popu l a tio� where o n l y  the 

s t age- s t r uc t u r e  wa s known . Woodwa rd began by a s sum i ng that 

development time s in each s t age wer e  norma l ly dis t ributed. 

This wa s  don e  so that the age- struc ture of the popu l a t i on 

cou l d  be "r e c_ove r e d " ( act ually es t i ma t ed ) f rom the 

stage-st r u c t ure . Woodwa r d  pr oceeded by d iv i ding e a ch 

l i f e- s t a ge into a number of sub-s t a ge s . This i s  d one so 

tha t one c a n  a ppr oxima te the amount o f  t ime that an 

i nd ivid u a l ha s scent in i t s current lif e -�tage . Then the 
� . . 

Les l ie ma t rix is mod i fied to inc lude a l l  o f  the s e  
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s ub- s t age s . 

For o u r  purpos e s , i t  d i d  not s e em· nece s s a ry t o  e s t ima t e  

the age - s t r uc t u r e  o f  the popu l a t i on , and s o  norma l i ty 

a s s ump t i o n s  wer e  unnece s s a ry . I n  f a c t , they a re probably 

unwa r r a n te d , s i nc e  vi suaL exami n a t i on o f  d evel�pmenta l d ata 

show tha t d eve l opment t ime s a r e  ma rke d l y · _skewed to the l e f t . 

( Manet sch [ 3 ] ,  us i ng a d i s t r i buted d e l ay metho d , d e r ive s  the 

re s u l t  tha t d eve lopment t i me s have a gamma d i s t r i but i on . )  

Whe n  cons t ruc t i ng the mode l_ i t  i s · nece s s a ry_f i r s t  to  

e s t i ma t e  how .many s ub- s t age s w i l l  be needed . C l e a r l y , too 

f ew s ub- stages w i l l  lead to  a ·c rude . approx i ma t i on· , whi l e  t6o 

many w i l l  make the model cumber s ome to �ope r a t e . Ma tet s�h 

s ugge s t e d  that good re�ult s could be obt a i n ed bj choosing 

the numb e r  o f  s ub�s tages to  be equa l  to the · shape par ame t e r  

o f  t h e  gamma d i s t r i bu t i on . Thi s  pr oved t o  be f ea s i bl e , 

s i nc e  the gamma d i s t r i but i ons we model e d  a l l  ha d shap e 

pa r ame t e r s  betwe e n  one and ten . 

The mod e l  i s  based on the Le s l i e  ma t r i x  mod e l . 

Br i e f l y ,  the Le s l i e  ma t r i x i s  a mod i f i e d  Ma rkov Cha i n  i n  

wh i ch the d i agonal e l emen t s  repr e s ent the pr obab i l i t i e s  o f  

an i nd i vi d ua l's surviving t o  the next t i me - s t ep .· In 

a dd i t i 6n ,  the fir s t  row of the ma t r i x  cont� i n s  the ave r a ge 

riumber s of f ema l e  b i rths to  ind i v i dua l s  i n  e a ch age c l a s s i n  

the time - s t e p  that survive until the next t i me - s tep . .  The 

rema i n i ng e l emen t s  of the ma trix a r e  zer o. Th�s ma t rix i s -
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c a l l e d  the A ma tr i x . We a lso d e f ine a ve c t o r  who s e  e l ement s 

are the numbe rs o f  i nd ivi dua l s  i n  each l i f e - s t ag e . Th i s  i s  

c a l l ed t he F ve ctor . I f  we t ake the matr i x  pr o d u c t  

F* = A x F ,  the F *  wi l l . cont a i n  t h e  numbe r o f  ind i v i dua l s  in 

each l i f e- s t age a f ter one t i me - s t ep. 

Exampl e :  Suppose the number s  o f  ap� i d s  i n  e a ch o f  five 

l i f e- stages a r e  _5 ,  3, 2, 1 and 6 ,  r e spect i ve l y. Al s o  

s uppos e  the aver age numbe r o f  fema l e s  bor n  t o  a female i n  

age- c l a s s  5 i s  0.78 , and the aver age number o f  f ema l e s born 

to young e r  f ema l e s  i s  0. F i na l ly , s uppos e  tha t the· 

�r obab i l i ty o f  s urvivirig to the next age - c l a s s  i s · Q . 95 for · 

a l l  

A = 

and 

age c l a s s e s . Then 

0 0 0 

0 . 95 0 0 

0 0.95 0 

0 

0 

F* �-

0 0.95 

0 

4.68 

·4. 75 

2. 8 5  

1 .90 

0.95 

0 

0 0.78 5. 

0 0 3 

0 0 F = 2 

0 0 1 

0.95 0 6 

For our purpo s e s , i t  wa s consider e d  �or e  r e a l i s tic to . 
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mod i fy the mode l  i n  sever a l  ways. The or i g i na l Le s l i e  mode l  

a s s umes tha t s urv i va l and, fecund i ty probab i l i t i e s  a re 

cons t ant s wh i ch are known or· e s t ima t ed. In f ac t , i t  appe a r s  

tha t the probab i l i t i es (e.g. 0 . 78 and 0 . 95 i n  t h e  examp l e  

above ) a r e  f unc t i ons wh i ch m a y  depend upon the p r e s ent s i ze 

and s t r u c t u r e  o f  the popu l a t i on ,  -a s  wel l  _a s  the quant i ty and 

qua l i ty o f  food-ava i l abl e. Al though th i s  i s  onl y  a sma l l  

change i n  the o ry , - i t  nece s s i t a t e s  a majo r change i n  the 

c omput a t i ons , s ince the e l ements of the A ma tr i x . mus t  be 

r e-c a l cu l a t e d  a t  e a ch t ime - s t ep , to ref l e c t  changes in the 

popul a t i on and env i ronment. Some o f  the rt�c e s s a ry 

cons i de r a t i ons a re d i scus s e d  be l ow. 

Time Me a s u r ement s 

Aph i d d eve l opmenta l r a t e  i s  known to be-l ine a r l y  

re l a t e d  t o  t empera ture [ 1 1 ] . Th i s  l inea r  r e l a t i onsh i p  ho l ds 

true ove r a w i d e  range of t emper a t ures. An aph i d  has a b a s e  

tempe r a t ur e , below wh i ch n o  devel opment w i l l  occur , and an 

upper l i m i t tempe rature beyond wh i ch no a dd i t i ona l i ncr ease 

in deve lopment a l  rate wi l l  resul t f rom h i ghe� t empe r a t ures . 

Be tween· the s e  t�o , deve l opment a l  r a t e  is e s sent i a l l y  l inea r . 

Howeve r , � i nc e  temperatures in na ture f l u c t u a t e  ·grea t l y  in 

t ime , �ph i d  d ev� l opmenta l r�te i s  not in any sense l inea r , 

or i nd ee d · pred i c t able , wi th respect to  t i me . Because of 

th i s , a . " t i me s c a le" in degree -d ays ( DD )  wa s u s e d. One 

degree-d a y  i s  d e f ined to be a temperatur e.o f one degree 
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ce l c i us above bas e  temperature , exper i enced f o r  2 4  hours. 

The t ot a l  degree-days accumu lated in a · day can be est imated 

f r om the max i mum and mi n i mum t empe r a tu r e s  f or the day. 

Degree-day e s t i mat i on wa s done by the method o f  Al l en (4]. 

For d e t a i l s, s e e  Append i x  A. 

Labor a t ory S tudy 

A ·coho r t  of aph i ds was reared i n  the laboratory under 

cons t a n t· temperature and i n f i n i te food. suppl y. �he con s tan t 

tempe r a t u r e  mad e  the calcu lat i on o f  accumu l a t e d  d egree-days 

pa r t i cu lar l y  s impl e. I t  i s  known that a c oho r t  of �phids 

that en t er a l i f e-s tag� s i mu l taneous l y  w i l l  eme rge 

d istr i bu ted i n  t i me ,  wher e  " t i me " i s  measur e d  i n  

degree-day s. Thus , th� t i me . .  at wh i ch an �nd iv i dual mature s 
. 

to the naxt l i f e-s tage can be_cons i dared a rand om var i able . 

To c onstr uc t  the model , we need t o  know the 

d i str i but i on of tha t random var iabl e .  Pr ev i ous l y , th i s  has 

of ten been ass umed to have a · garnma-type d i s t r i bu t i on. On 

the other ·hand , Wagner , e t . al . [ 5] pos t u lat e d  a We i bu l l  

d i s tr i bu t i on and obtai ned good resu l t s  f r om i t . There i s  

s ome theo r e t i cal :just i f i cat i on f o r  thi s , s i nce t h e  We ibul l  

d istr i bu t i on.was devel oped spec i f
.
i cal l y  t o  mod el 

fai l u re-t i me data. The gamma d i st r i but i on has d e ns i ty 

funct i on 

f{x , ot, p ) = 

wh i le the We ibul l d i st r i but i on has den s i t y func t i on 

f (X, 0(.,. p ) = 



1 0  

Pr e l i m ina ry examina t i on o f  the l abor a t ory d a t a  

s ugge s t ed tha t e i ther a Gamma o r  We i bu l l  d i s t r i but i on might 

be appr opr i a te ( the two a r e  s imi l a r  in shape ) , but no me thod 

was f ound to eva l ua te whi ch d i s tr i but i on wou l d  provi de a 

be t t e r  d e s c r ip t i on. In f a c t , no a dequ a t e  method w a s  f ound 

to e st i ma t e  the par ame t e r s  of s uch a We i bu l l d i s t r i but i on. 

Tbi s  est i ma t i on .i s  dec i d ed ly non-t r i vi a l , and i t  may be t?a t 

the We i bu l l i s  not commonly used f o r  j_us t  s uch computa t i onal 

r e a s ons. I n  contra s t , the parame t e r s  of a Gamma_ 

d i s tr i but i on c an be eas i l y e s t ima t e d  f r om the sampl e mean 

and s t and a r d  devi a t i oi o f  the popu l a t i on i n  ques tion . 

Such e s t i ma te s  were mad e  f rom the �l aborat ory data , and= 

the re s u l t i ng Gamma d i stribu-t-i on wa s t e.st?d against the 
. . 

l aborat o r y  d a ta , in an a t t empt to mea s u r e  how we l l  the 

propo s ed d i s t r i but i on f i t  the fac t s. A val u e  o f  R2 was 

cal culated f o r  each l i fe-s t age. Th i s  i s  u s ua l l y interpret ed 

as repr e s ent i ng the frac t i on of the to t a l  var i a t i on in the 

random var i abl e whi ch can be account ed f o r  by the 

d i s tr i bu t i on .  In f i ve of the s i x l i fe- s tage s , the value o f  

R2 wa s  i n  exc e s s  o f  0 . 9 0 .  Thi s  was f e l t  t o  b e  an 

exce l lent'f i t; theref ore , the Gamma dis t r i but i on was used to 

const r�c t the m6de l .  

The ?oor f i t o f  the f i fth set o f  parame ters can be 

explained by the fac t  that we are at t empting t o- predict when 

an ind i v i d u al move s from the fifth lif e - stage 
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(pre- repr od uc t i ve adul t )  t o  the s i xth (reproduc i ng adul t ) . 

The t i me that an i n d ivi dual spend s i n  the f i f th l i fe- s tage 

i s  typ i cal ly qu i te shor t - - of ten on l y  a few hou r s. S i nce 

the a�h i d s  were mon i tored at ai ght -hour i nterval s ,  i t  i s  

l i kely t hat the d a ta col lected were not ver y  accu rate on 

th i s  po i nt. However , i t  was al s o  fel t  that even a poor 

es t imate wou l d  be adequate , s i nce the est i mate w ou l d  not be 

wr ong by more than a few hou r s. · Table. 1 contains a lis t of 

2 -
the parameter s and R val ues f or . al l s ix l i fe- s t ages. 

Mat urat i on Pr obab i l i t ies 

Aph i ds have f our i mmature l i fe- s tages , and a mature 

l ife- s tage. For ease i n  c o�putat i on ,  the mature l i fe- stage · 

was d i v i ded i n t o  two : pre�reproduct i ve matures , · and 

repr oduc i ng matures. Th i s  g i ves us  a t otal
.

of s i x  

l i fe- s tages. S i nce i nd iv i d u a l s  who enter a l i fe- s t�ge at 

the same t i me w i l l  leave i t  at d i f ferent t i mes , each 

l i fe- s tage i s  d ivided i nt o  a · numbe� of s ub- s tage s , s o  that a 

bet ter es t i mate c ou l d  be made of the length of t i me an 

ind i v i dua l  had spent i n  i t s  presen t l i fe- s tage. Know i ng the 

par amete r s  of the underl y i ng d i s t r i but i on enables us to 

e s t i mate �ow many of the i nd i vid uals in any sub-�tage wil l 

mature ·to the n�xt l i fe- s tag� in a time- s t ep·. These 

indi viduals are transfer red by the model . to the fir s t  

sub- stage of the next l i fe- s tage. F igure 1 shows 

graphs of the emp i rical d i s t r ibution function s, and the 

gamma curves that were fit ted t o  them. 
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Table One 

Parameters of the Gamma Distribution 

!!ife�!.!� Scale Parameter Sha.E.!:. Parameter R2 

1 3.16987 9.19488 0. ,901 

2 2.47643 8.96503 0.924 

3 3.78789 4.14873 0 •. 915 

4 3.08195 7.29780 0.976 

5 6.73449 1 . 9 716·0 0.604 

6 59. 7 5-0 7 9,85034 0.956 
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Mor tal i ty 

Aph i d mo rtal ity i s  caus e d  by s eve ral ·fac t or s : 

predat i on , i nad equate food s uppl y , o l d  age and exc e s s ive 

rai n fali . I n  the mode l , each o f  the s e  fac t o r s  n e e d s  to  be 

cons i de red s eparat e l y . 

Fgo d  Supply . Stud i e s  by K i ek i e fer [. 1 2] i nd i cate that 

wi th i n  l i m i t s , the qual i ty of f ood s uppl i ed has no 

s i gn i f i can t e f f e ct on aphi d d eve l opment . That i s , the 

growth s tage o f  the plant an d the nut r i t ive qual i ty .can vary 

great l y  and have only a mi nor e f fect on aph i d d eve l opment . 

For th i s  reason , the plant was cons i de red
.
t o  be ah i n f i n i t� 

f ood s ou r c e  f o r  the aphids . Of cours e , · the p lan t • s matur i ng 

and dry i ng i n  s ummer does affect the aphi d populat ion , but 

th i s  e f f ec t  was ndt cons i de r ed , s i nc e  we are·not concerned 

wi th a�hi d d eve l opment at s uch a late dat e . 

Exc e s s i ve Ra i nfal l . I t  i s  known that a har d  rai n- storm 

can be damag i ng to the aphi d. popu l�t i on . A ver y  hard ra i n  

can wash the aph i d s  o f f  the · plant ent i rel y . Howeve r ,  no 

quan t i tat i ve data on the e f f ect were ava i lab�e . Ther e f ore , 

the mode l c on tains a " dummy " ·subprogram t o  cal c u l ate the 

probab i l ity o f  an i nd ivi dual '-s be i ng k i l l ed by e·xc es$ ive' 

r�i n fail .  Cur r ent ly� the s ubpr ogram compu t e s  a probab i l i ty 

o f  ze r o . I f  data become avai labl e on th i s  s ubje c t , the 

subpr og ram can be re-wr i t t e n  

Age -Spec i f i c  Mo rtal i ty . A cohort o f.aph i d s  was rai s e d  
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i n  the l aborat ory , and car e f u l  coun t s  wer e  mad e  o f  how many 

d i ed in any g i ve n  t i me - s pan . Non- l i near regr e s s i on was used 

to f i t  t h i s data t o  a curve , us i ng an equat i on d e s c r i bed· by 

Graf , et�al . [6] . The equat i on i s :  

MORT = 1 - a  * EXP[b * EXP(c * DD ) ) ) .  

Thi s me thod appear ed t o  y i eld a very good . f i t . The 

est i ma t e d  parameter s  are a = 0 . 908589 , b = - 0 . 00686 1 ,  c = 

0 . 00656 1 

Pr e dat i on . Aphi ds have two major pr edato r s : . 

Hi?eodam i a  convergens and H .  t r i de c i mpunc tata· t i b i al i s  

(abbr evi ated HC and HT i n  the program) . I t  was not 

cons i der e d  pract i cal or neces sary to mode l  the en t i r e 

pr edat or l i f e- cycle , s i nce i n  the eariy ·part o f  £he
.

s eas on , 

pr edat or numbe r s  r8·mai n  es s e n tial l y  cons tant·. · S i nc e  the re 

was very l i t t l e  data on wh i ch to bas e  any as s umpt i ons , .the 

s impl e s t  po ss i b l e  funct i onal mode l was u s e d . A Type I 

func t i onal res:_:>on s e  [ 7] uas chos e n , . i n  whi ch the ·amount (in 

we ight ) of aphid s eaten is assumed t o  be a l i n ear funct i on 

o f  the s i�e o f  the aphi d popu lat i on ,  unl e s s  t�e popu lat i on 

i s  e f fect i ve ly i nfi n i te ,  i n  whi ch cas e the amo unt eaten i s  

cons tant . 

Data wer e  obtained i n  the f o l l ow i ng mann er .  Count s 

were taken o f  how many a�h i ds o f  a ?art i cu lar l i f e - s tage 

were eaten in one day by a s tarved pred�to r .  This was 

cons i d e r ed t o  be the maxi mum amount that a.pr edat or cou l d  



eat i n  o ne day . Aphi ds o f  d i f ferent l i f e - s tage s were 

we i ghe d to d et ermi ne the i r  relat i ve ave rage· we i ght s . 

2 0  

S i nc e  aphi d s  o f  d i f f erent l i f e - s tage s  have gr eat ly 

d i f f er erit average we ight s , a new measu r eme n t  o f  " aph i d  

un i t s " was i nt r oduced i n t o  the model . A n  aphi d  un i t  (AU) is 

d e f i n�� t o  be the average we i ght of a f i r�t i n s tar aph i d . 

The a�erage we i ght s o f  all the i ns tar s� e�pr e s s e d  as aph i d  

un i ts , appear i n  T·abl e  3. Thus f o r· pre dat o r  purpos es , .  the 

popul at i on can be cons i de red to cons i s t  of a c e r�a i n  number 

o f  aphi d un i t s . I n  add i t i on , the predat o rs•· " appet i tes " can 

al s o  be expr e s s ed i n  aphi d un i ts . T.he n  on·l y  tlvo cas e s  can 

occur . 

Cas e  1 :  The aphid popu lat i on i s  so Large �hat· the 

predat o r s  can eat as much as they wi sh . In  thi s· cas e , the 

pr edat o r s  w i l l  eat a constant amount of aph i d un i t s . Then 

for any i nd i v i dual aphi d ,  the probab i l i ty of be i ng preyed 

upon i s  s i mpl y  the f ract i on o f  the -total populat i on that i s  

eaten . Unf o r t unatel y , we do n o t  know how l arge the aphi d 

popul at i on mus t  be for the s e  cond i t i on s  t o  exi s t . An 

e s t i mat � o f  25 adul t aphi d s  pe r predat o r  per da� was used . 

Thi s  i s  calied the cr i t i cal number o f  aph i d s , and i s  

abbr evi at e d  i n  the pr ogram as NCA . 

Cas e  · 2 :  The predat o r s  canno t eat as muc h  as they wi sh . 

The numbe r o f  aphi d s  eat en when the aphi d populat i on i s  zero 

wi l l , o f  c our s e , be zero . The number o f  aph i ds eat en when 
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the aph i d population reaches the cr i t i cal number is  al so 

known . Between these two val ues , consrimpt i on i s  as sumed t o  

be a l i near f unct i on o f  the s i ze o f  the popu lat i on .  Hence , 

the pr ob�bi l i ty o f  an i nd i v i dual aph i d�s fal l i �g prey to a 

type HT predator dur i ng one degree-day i s  pr opor t i onal to · 

TUN I TS./ NCA 1 . S i mi lar l y , t he probab i l i ty o f  an 

i n d i v i dual aphi �'s fal l i ng prey t o  a type· HC predat or i s  

propo r t i onal t o  TUN I T S  / NCA2 • Here TUN I T S  i s  the total 

wei ght o f  the aphi d populat i on ,  i n  aphi � un i t s; NCA1 an d 

NCA2 are t�e c r i tical numbers o f  aph i d s  f o r  type HT and 

HC predat ors respect ivel y . 

Now� i f  the number o f  HT predat ors� i s  NHT , and the 

number o f  HC predators is NHC'; the !?robab i.l i  ty or an 

i nd i vi dual aph i d' s· not bei ng �reyed upon ( i .·e . , ·surviving) 

i s  

P (s u rv i val ) = { 1  - P ) NHT (1 - p ) NHC 1 2 

Then , the probab i l i t y of b� i n� preyed upon i s  

PRED = 1 - ( 1 - P ) NHT (1 -1 

where P 1 and P2 represent the probabi l i ty of being eaten 

by an HT and HC p�edator , res pec t ively . We a�surne that 

al l o f. the ·i;,redat ors are acting independently. . No\v for any 

i n d ivi dual i n  the p opulati o n, if we let M represent age-

spec i f i c  mor tal i ty ,  P.represen t predat i on , and R represent 

rainfall mortality (all expressed as probabilities), and we 

as sume that these factors operate independently on the 



populat i on ,  then the probab i l i ty o f  the i n d i v i dual ' s 

s urviv i n g  to the n ext t i me - s t ep i s  

P (s urvi val) = 1 - M - P - R + M*P + M*R + P*R 

- M*P*R .  

Fecund i ty .  

22 

The same coho r t  used t o  mode l mortality above was al s o  

us e d  t o  mod e l  the f ecund i ty funct i on .  Th i s  was al s o  mod e l e d  

acc ord i ng t o  Graf' s equat i on : 

F e r t i l i t y = [a * DD] I [b
00]_ . 

The e s t ima t e d  parame ter s · we r e  a =  0 . 0 0 8 , b = 1 . 0 0 1 . 
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Chapt e r  Thr e e  

Te s t i ng the Mode l  

F i e l d  d a t a  wer e  gathe r e d  ove r a per i o d  o f  y ear s a t  a · 

number-o f exper i me ntal s i t e s  i n  South DakQta . I nf orma t i on 

gathe r e d  i nc l uded the numbe r o f  nymphs, a du l t  al at e  and 

adul t  apt erate aphid s o f  f our d i f f erent specie s pr e s ent , as . 

we l l  as the n umbe r  of predat o r s  s i ghte d . Thes e w�r e 

rec o r d e d  as number present i n  ·a quadrat . At  eac h  l ocat i on, 

40 quadrat� we re sampled at weekly i nt erval s ,  beg i nn i ng i n  

ear l y  spr i ng and cont i nu i ng through the · s umme r .  

Four o f  the se sa�pling peri o d s  wer e  cho s e n  to tes t the 

mode l . The s e  f o ur· per i o d s. �ere f e l t  t o  r epie s ent 

part i cularl y complet e  and accur a t e  sampl i n g . Tho s e  chosen 

were Si t e  I, 1 963; S i te I I, 1 963; Si t e  I, 1 966 and Si te I, 

1 967. F o r  each samp l i ng per iod , t�e count s w·er e  .aver aged 

over the 4 0  quadrats sampl ed, and. the ave r a g e s  we r e  then 

c o nve r t e d  f r om number pe r quadrat to numbe r  per 5 0 0  t i l l ers.  

The f i r s t  aph i �  count s  and corre spond i ng pr edatdr coun t s  for 

the ye a r  wer e . the n used a s  i n i t i al condi t ion s t o · s t art the 

mode l ��fin i ng .  The mode l weal d then pr ed i ct the futur e 

behav i or of the populati on , whi ch cou l d  be compa r e d  to the 

obs e rve d behav i or . Thi s  compar i s on i s  u s efu l i n  as sessina J 

the ut i l i ty of the mod e l . 

The mode l runs made in th i s  way showed s eve r al 
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d i s c r epenc i e s i n  the program� The mod e l  con s i s t en t l y  

und e r e s t i mate d  the obs erve d populat i on . Thi s sugge s t s  that 

s ome f ac t o r , s uch �s predat i on or age - spec i f i c  mo r tal i ty , 

may be g i ve n  t o o  much we i ght i n  the mod e l . Al s o , adu l t  

aph i d s  i n  the mod e l  d i e  o f f  much mor e  qu i ck l y  than i s  

con s i ste n t  w i th obs e rved behav i o r . Cl early , the s e  ar e areas 

de s e rv i ng of more at tent i on . Graphs of the actual and 

pred i ct e d  populat ion growth appear i n  F i gure 2 .  
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Chapt e r  Four 

Sens i t i v i ty Anal ys i s  

29 

The n ext s t e p  i n  anal yz i ng the mod e l  i s  t o  as s e s s  whi ch 

fac t o r s  may be the mos t  i mportan t , and the r e f o r e  s ugge s t ive 

of f ur ther at tent i on . Typi cal l y , thi s i s  done by 

i ntroduc i ng smal l changes i nt o  var i ou s  .fac t or s . Tho s e. 

fac t o r s  i n  VTh i ch a relat i ve l y  smal l change pr od u c e s a 

marked l y  d i f f er e n t  r e s ul t are cons ide r ed t o  be fac t o r s  whi ch 

should be exam i ned mor e  c l o s e l y . In · th i s  mode l , the fact ors 
cho s e n  f or_s e n s i t i v i t y  anal y s i s  wer e .pr�dat i on , ra i nfal l , 

age- spe c i f i c  mor tal i ty ,  and_fectind i ty .  
· · 

Rai n fal l w  I t·proved aimos t  impo s s i b l e  t o  ana l y ze a 

dummy s ubr out i ne . As mi ght be expe c t ed , a_ smal l c on s tant 

probabi l i ty o f  rai nfal l- i nduced mor tal i t y pr o du c ed a smal l 

change i n  the popul at i on , bu t.d i d  nqt af f ec t  i t s  ove r-al l 

behavi or . I nt r od uc i ng smal l rai n fal l e f f ec t s at random 

s e emed to have l i t t l e  e f f ect . I n  real i ty ,  however , rai n fal l 

eff e c t s ,  al though.occurr i ng at i r regular i nt erval s , might be 

qu i t e  larg� and have a s i gn i f i cant e f f ect . Thi s ·t opi c  

c l ear l y  n e eds fur ther. re sear ch . 

Age-�pec i fi c  Mor tal i ty .  The propos ed mod e l  for 

age- spec i f i c  mor tal i ty i s  

MORT = 1 - a * EXP [ b * EXP ( c * DD ) ) ] . .. 

Even s l i ght change s  i n  the paramet e rs aff e c t  the populat ion 
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s i ze . A l s o , s ince thi s f un c t i on has thr e e  parame t e r s , the 

i nt e rac t i on o f  change s i n  the three paramet e r s  mus t  be 

i nve s t i gate d . Furthermore , i f  age - spec i f i c mo r tal i ty i s  

over - est i ma te d  f o r  adul t s , thi s  af f ec t s  the r epr oduc t ive 

capab i l i ty o f  the populat i on , and hence the age s t ructure as 

wel l  as the s i z e  of the popul at i on . 

Fecun d i ty .  · The propo s e d  f ec un d i ty f un c t i on i s  

DD F ERT = [a * DD]- / � • 

Aga i n ,  i t  app ear s that s l i ght change s  i n  the parameters have 

a s i gn i f i cant e f f e c t . I t  wou l d  be worthwh i l e  t o  e s t imate 

the s e  parameter s  more pre c i s el y , i f  onl y b�cau s e  they have 

extr eme l y  $ma l l val ue s , s o  that a· srnal l�chang e  pr oduc e s  a 

l arge e f f ec t . 

Pre dat i on . In exami n i ng the predat i on func t i on ,  a 

n umbe r o f  pr obl ems come t o  l i ght, . The n umber o f  predators 

pre sent in the ear l y  seas on appear s to be qu i t e h i gh in 

r e l at i on t o  the n umbe r  of aph i ds ava i labl e for c o n s umpt i on . 

Thi s  sugg e s t s  one o f  two �ituations : 1 . We have e s t imat e d  

how many aph i d s  mus t  be pr e s ent for the popu l at i on t o  b e  

e f f e c t i ve l y  i n f i nite . Pe rhaps o u r  e s t imat e i s  much too 

h i gh .  2 .  
"

Ther e may be othe r i n s e c t s  at the s i t e 1vh i ch al s o  

s erve a s  f oo d  f or the. predat o r s . In thi s cas e , we must be 

abl e  to make s om.e sort of e s t i mate of how man y  of the s e  

" o ther " i ns e c t s  t h e  predat or s are consumi ng , o r  ' i ncorpo rate 

s ome s o r t  o f  correct i on fac t o r  i nt o  the mode l . 
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Clear ly , both of the above pos s i b i lit i e s  n e ed t o  be 

i nve s t i gated further . I t  mus t  al s o  be c on s i d e r e d  that- the 

aphi d  mod e l  i n  u s e  i s  very crude . I t  does  n ot take i nt o  

cons i der at i on the searchi ng t i me , eat i ng t i me , ·r e s t i ng � ime, 

e t c . whi ch ar e general l y  c on s i dered impor tant i n  e s t imat i ng 
predat i on . 

I n  s ummar y , · i t  appears that these pr oblem s  are caus i ng 

pr edat i on t o  be over -estimat e d , whi ch produc e s  a da�p irtg 

ef f ec t  o n  populat i on growth . The -who l e  pre dat i on ·f unct i on 

undoubted l y  mer i t s  further at tent i on . 

II 
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Chapter Five 

Sugegestions for Further Research 

Predation.· It is generally felt that either a Type II 

or Type III predator/prey_mode� is a better predictor than a 

Type I model. [7] These models take into account such 

factors as searching time, resting time and feeding time. 

They also allow for·the fact that at very low prey 

densities, predation is generally lower than a linear. model 

would predict. 

It is also necessary to explore the predato�/�rey 

interaction_more deeply. For instance, does the number of 

prey eaten per day-depend �nly·on the bidmass of the prey? 

We have assumed this to be true. 

Finally, some way must be found t o  quantify the 

presence of other prey in the field. Perhaps there is some 

way to estimate this from available data. 

Hypothesis Testing. Frequently, it is assumed that 

development times for the first three instars come from the 

same underlying distribution. ·This hypothesis · sh ou l d  be 

tested .. If 'trle ·are assuming a gamma distribution, ·this is ' 

equivalent to testing the hypothesis that three means are 

equal and that at the same time, three standard deviations 

are a l s o  equa l . One pos s i b i l i t y for this would b� a 

Kolmogo r ov- Smi rnov Test [8 ] . 

It shoul d a l s o  be not e d  that a separa t e  base 

-



temperature was found for each life-stage. Since these 
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temperatures are fairly close together, the hypothesis that 

all or several of the life-stages have the same base 

temperature should be tested . 

Choosing the Underlying Distribution . In. this model 

the underlying distribution of development times was assumed 

to .be gamma . A more rigorous approach to choosing a 

distribution could be used. 

The data should be fitted to .a generalized 

three-parameter gamma distribution [ 9 ] . This distribution 

may be : Gamma, Lognormal or Weibull · depending on the choice 

of parameters . 

Fitting the data to t h i s · ·�odel would provid �  a way 

quantitatively assessing the goodness-of-fit. · 

Unfortunately , we found no way to fit the parameters of such 

a model , but feel sure that some numerical method could be 

found. 

Rainfall. Some way must be found to work deaths due to 

excessive rainfall into the model. There is also some 

suggestion in th� _ literature that proionged peri6ds of high 

humidity may ma1ce the aphids more succeptible to · fatal 

fu�gal infections . [ l O ]  
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Appendix A 

Degree- Day Approximations 

If we . let y ( t )  = temperature ( in °c ) at time t, 

( 0  ' t. � 2 4 } ,  and if y is a c9ntinuous function � then the 

accumula�ed degree-hours for the day will be the area between 

the curve y = y ( t. ) and y = tb ' where tb is the base 

temperature ( i . e .  the temperature below which no development 

will take place ) . Then we can obtain degree- days _by dividing 

degree-hours by 2 4 . That is, 

� -
DD = ( 1 / 2 4 ) j

0
( y - tb ) dt 

In actual practice, the function y = y ( t }  is not known . 

Instead, we must find an approximation for y, and several 

methods exist for doing this . The methods discussed here -have 

in common that they require knowing only the maximum and 

minimum temperatures for the day . 

Metho d  1 :  We assume that y = ( MAX + MIN ) / 2 .  That is, we 

use a rough approximation of the average tempe�ature for the 

day as an e�timate for y .  Note that although this is a very 

crude approximation for y, it may yield a g o o d  approximation 

for accumulated degree-days . This method has the advantage of 

quick and easy calculation, and has long been used with good 

.. 



results . The formula is : 

DD = ( MAX + MIN ) /2 - tb . 
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Method 2 : Temperature appears to vary in a . .  general ly 

sinusoi dal fashi cin . We can· assume that y is a sine wave with 

minimum at t = 0 ( mi dnight ) and maximum at t = 1 2  ( noon ) .  We 

obtain 

y ( t )  = ( MAX - MIN ) /2. * [ sin ( ( 1 2/1T ) t + 6-) ]  

+ ( MAX + MIN ) /2 . 

If we assume that y ( t )  � tb ·for al l values of· t, this wil l 

exactly the same approximation as Method 1 . . H�wever, if 

y ( t )  � tb for
_ 

any value of t ,  the graphs look like this : 

.... , 

• • 

" l  
I 
l .  

l 
· l 

..... . 

.. 

The desired degree -days wil l be only the shaded a re as I t ' 

appears . that the two methods may not yie ld' · the same result.· To 

obtain degree -days, we must first find t 1 and t 2. We can 

find t 1 by observing that y ( t 1 ) = tb ' or 



tb = ( MAX - MIN ) I 2 * [ s in ( ( 1 2 I 1T ) t 1 + 6 ) ] 

+ ( MAX + MIN ) I 2 . 

Solving for t 1 yields : 

t 1 = ( ., 1 1 2 ) · - 1  * sin ( MAX + MIN ) /2] . .  - 6 

( MAX - MIN ) I 2 
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This equation has infinitely many solutions, and we must choose 

one such that 0 ' t 1 � 1 2. Then, by symmetry of t·he curve , 

t2 = 2 4 - t 1 . Thus, we · can calculate 

J
t1. 

DD = ( 1 1 2 4 ) ( y ( t )  
t. ,  

Method 2 is also fairly easy to c6mpute, and has been in 

general use until recent t i mes. 

Method 3 i  Allen [ 4 ]  noted that an assumption of Method 2 , 

that the minimum temperature occurs at midnight and that the 

maximum temperature occurs at noon, is generally untrue . As a 

rule of thumb, the mini mum te�perature will be at dawn ( about 6 

a.m. ) and t"he · maximum at about 2 : 0 0 p.m. ( or t = - 1 4 ) . Th�n the 

sintisri i dal curve will look l i ke this : 
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5P---------------------------� 

. \ 

. Note that we have const'ructed the wave by assum i ng. that the· 

maximum and m i ni mum temperatures do not . vary from one day to 

the next . If we allow these to vary from .day to · day , the curve 
___. __ ...................... ..-..-. ............ ���� � - -�- .. ..-.. 

becomes : ,/ 

&�--�--�---------------------

t 

0 
-6 0 & 12 18 24 30 

.f_ 

Then 

m 1 + m2 [ s i n ( ( t  + 4 8 ) / 1 6 ] 0, � t .s 6 

y = m3 + m4 [ s i n ( ( t  + 6 ) / 8 ] 6 < t � 1 4  ..... 

ms + m6 [ s i n ( ( t  - 6 ) / 1 6 ] 1 4  � t � 2 4 � � 

) 
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where 

m l = ( MAX 1 + MIN 1 ) / 2 m4 = ( MAX2 MIN2 ) /2 

m 2 
= ( MAX 1 MIN 1 ) / 2 ms = ( MAX2 + MIN2 ) /2 

m3 = ( MAX·2 + MIN 1 ) / 2 m6 
= ( MAX2 MI�2 ) / 2 ·. 

Now suppose that for some t, y ( t )  ' tb • . For example, suppose 

MIN1 � tb. Then our curv� looks like this : . 

&�----��----------------�--� 

o ��----._���--�--�----�--� 
-6 0 t, 6 tz. 12 18 

and we have 

DD = ( A  . + A2 ) / 2 4 . 1 . 

24 30 

) 
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To f i nd t h i s  a r e a , we mus t  f i rs t  f i n d  t 1 and t 2 . To f i nd 

t 1 , note that 

So lv i ng f o r  t 1 : 

· Aga i n , we mus t  choose the - appropr i ate va l ue s o  th� t 

0 � t 1 � 6 .  I f  n o  s uch t 1 ex i st s , then · A 1 = 0 .  

Otherw i s e , 

Thi s  p r oc e s s  mus t  be repe a t e d  t o  f in d  t 2 a nd A 2 . 

The s i tua t i on become s f ur ther c ompl i c at e d  i f  e i ther MAX 1 

or  MAX2 f a l l s  bel ow tb . 

At t h i s  po i nt , the a l go ri thm i s  not p r ac t i ba l  to  u s e  " by · 

hand " . As  Al l en po i nt s out , howeve r ,  the method c an be e a s i ly 

a d ap t e d  t o  a computer . A s ubrout i ne t o  u t i l i ze t h i s  me thod i s  

cumbers ome t o  wr i t e , s i nce s o  many d i f fe r e n t  pos s i b i l i t i es mus t  

b e  cons i de r e d , b u t  i t  wi l l  b e  qu i te e f f i c i en t  t 6  run . 
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Ap p e nd i x  B 

M o d e l  P r o g ram 



I \ ·�---· 
. '-- c,) ,.

.,., 

I /HA 1 2  JOB 1 0999.67025, MAR I E , C LASS=J , MSGCL.ASS=M 
/*ROUTE PR I NT ·N2 � MU S I C  
/I EXEC WAT F I V, OUT=M 
$JOB 
c ********************************************* 
c • • 
C * TH I S  I �  A FORTRAN PROGRAM * 
C * TO HODEL APH I D  DEVELOPMENT T I MES * 
c * • 
C * NAME : HODEL * 
C * WR I TTEN BY : ' MAR I E  COF F I N  * 
C * F I RST ATTEMPT : . 2 / 1 1 /87 * 
C * LATEST REV I S I ON :  3/20/88 * 
c .  . • 
c ******************************••············· 
c 

c 

I NTEGER TAU , DD, NDAYS,.STAGE , SUBSTG, GDD, DAY , MN , DY , YR , CONJ U L , J DATE 
I NTEGER YTEMP, MTEMP , DTEHP, HTEH P , LTEHP 
REAL A, F , FTEMP, F I N , TOTAL, FERT, MORT , EXTRA, M, P , R , H I GH , LOW 
D I MENS I ON A( 60, 60 ) , f ( 60 ) , FTEMP ( 60 ) , F I N( 60 ) , H I GH ( 60 ) , LOW\60 ) 
D I MENS I ON BASTHP( 7 ) , RELDD( 6 ) , TOTALS ( 7 ) , ATEMP( 60 ) , 1 N I T( 6  
D I MENS I ON DEGDAY( 7 ) 
DATA A, ATEMP, DEGDAY/ 3600*0 . 0, 60*0 . 0, 7*0 . 0/ 
DATA BASTMP/6 . 29 , 6 . 54 , 1 0 . 36 , 7 . 59 , 6 . 56 , 8 . 1 7 , 0 . 0/ 

c 
c ********************************************* 
C * TH I S  I S  THE I N I T I AL COHORT * 
c ********************************************* 
c 

c 

c 

c 

c 

c 

c 

READ 5 , MN, DY , YR 
5 FORMAT ( Tl40, 3( 1 2 , 1 X )· ) 

JDATE = CONJUL( HN, DY, YR )  
PR I NT 1 

1 FORMAT ( 1 1 1 �  
PR I NT 40, J DATE 

READ 1 0 ,  I N I T  
1 0  - FORMAT ( 27X, 6 1 5 ) . 

READ 1 5 , NHT, NHC 
15 FORMAT ( 54X, 2 1 5 )  

READ 20, NDAYS 
20 FORMAT ( 29X, I 3/ )  

READ 25, YTEMP, HTEHP, DTEHP, HTEHP, LTEHP 
25 FORMAT ( 5X, 3 ( 1 2 , 1 X ) , 2 ( 1 3 , 1 X ) ) 

3d 

1 1 0 

WH I LE ( HTEMP . LT , MN . OR . DTEMP . LT . OY )  00 
READ 25, YTEMP, HTEMP, DTEMP, HTEMP, LTEMP ' 

EHDWH I LE 

H I GH ( 1 )  = CENT I G( HTEMP ) 
LOW( 1 ) = CENT I G'( L TEMP ) 
DO 1 1 0 I = 2, NDAYS 

READ 30, HTEMP, LTEMP 
FORMAT ( T 1 5 , 1 3 , 1X,  1 3 )  
H I  Gil( I )  = CENT I G( HTEHP ) 
LOW( I ) = CENT I G( LTEM P )  

CONT I NUE 

NEWDAY = NDAYS - 1 
DO 1 20 I = 2 , N£WDAY 

DO 1 1 5 J = 1 , 7  

� 
.,.._. 
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c 

c 
c 

c 

c 

·ADD = ACCOO( H I GH(  I ) , LOW( I ) , H I GH(  1 - 1 ) ,  LOW( 1 +1 ) ,  BASTMP( J ) )  
DEGDAY( J )  = DEGDAY( J )  + ADD 

1 1 5 CONT I NUE · 

AT EHP( I - 1 ) = 9EGOAY( 7 )  
1 20 CONT I NUE 

NSTEPS = ' NT( DEGOAY( 7 )/ 1 2 . 0 )  
DO 1 30 I = 1 , 6  

�ELDO( I )  = DEGDAY( 1 ) / FLOAT ( NST E P S )  
1 30 CONT I NUE 

RELDD( 6 )  = RELD0( 6 )  * 24 . 0  
ABSOO = 1 2 . 0  

. 

CALL D I ST( F , I N I T , RELDD, TOTALS ) 

PR I NT 50, ( TOTALS( I ) , I  = 1 , 6 )  
PR I NT 60, TOTALS ( l )  

DAY = 1 
DO 2 1 0  TAU = 1 , NSTEPS 

c **********-*********************************** 
C * TH I S  SECT I ON CALCULATES THE NUMBER * 
C * THAT HAVE MATURED TO THE NEXT L I FESTAGE * 
c ********************************************* 
c 

DO 1 40 I = 1 , 60 
F I N ( I ) = O . O  
FTEHP( I )  = 0 . 0  

1 40 CONT I NUE 
c 

DO 1 50 I = 1 ,  50 
c 

CALL CALSTG( I , STAGE, SUBSTG ) 
c 

GOO = I NT ( RELDD( STAGE ) * SUBSTG ) 
PROHAT = PHAT( STAGE, GOD ) 
NHAT = PROHAT * F( I )  

c 
LSTAGE = NXtSTG( I )  

c 
F( I I = F ( l � - NHAT 
F I N  LSTAGE = F I N( LSTAGE ) + NMAT 

1 50 CONT I NUE 
c 
c ********************************************* 
C * TH I S  SECT I ON CALCULATES THE FERT I L I TY * 
C * AND MORTAL I TY ELEMENTS OF THE A MATR I X  * 
c ********************************************* 
c 

1 60 
c 

DO 160 J = 5 1 , 60 
CALL CALSTG( J , SJAGE , SUBSTG ) 
A( 1 , J )  = FERT ( SUBSTG, REL00( 6 ) )  
BAB I ES = A( 1 , J )  * f ( J )  
FTEHP( 1 )  = fT£HP( 1 )  + BAB I ES 

CONT I NUE 

DO 1 70 I = 2 , 60 
J = I - 1 
CALL CALSTG( J , STAGE , SUBSTG ) 
H = HORT( STAGE , SUBSTG, RELDD( STAG£ ) )  
P = PREDtJ , STAG£, TOTALS, F , ABSDD, NHT, Ntt� ) 
R = RA I N ( J )  
A (  I , J )  = 1 - H - P - R + M* P + H*R + P*R - M* P*R 

� 
N 
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c 
SURV I V  = A( I , J )  � F ( J )  
I F  ( I . LT . �1 ) THEN 

fTEMP( I ) = FTEMP( I )  + SURV I V  
ELSE . 

, FRACT = SURV I V/24 . 0  
HEMP( I ) = · HEMP( I ) + FRACT 
FTEMP( J )  = FTEMP( J )  + 2 3 . 0  * FRACT 

END I F 
1 70 CONT I NUE c 

1 80 c 

1 90 

200 c 

c 

c 

40 

50 

60 

2 1 0  

D O  1 80 I = l , 60 
F( l )  = FTEMP( I )  + F I N( I )  

CONT I NUE 

TOTALS( 7 )  = () . o·  
0 0  200 I = 1 , 6 

TOTALS( I )  = 0 . 0  
DO 1 90 J ""  1 , 1 0 

K = ( I - 1 )  * 1 0  + J 
I F  ( F ( K ) . LE . O )  F ( Kl = 0 
TOTALS( I )  = TOTALS I ) + r( K )  

CONT I NUE 
TOTALS( 7 )  = TOTALS( 7 )  + TOTALS( ! )  

CONT I NUE 

TEMP "" TAU * ABSDD 
I F  ( TEMP . GE . ATEMP( DAY ) ) THEN 

DAY = ·DAY + 1 
JDATE = JDATE + 1 
PR.I NT 40 JDAlE 
FORMAT ( 1 0 ' , 1 DATE = 1 , 1 5 )  
PR I NT 50

1
( TOTALS( I ) , I  = 1 , 6 )  

FORMAT ( 1 , 6( F8 . 1 , 2X ) ) 
PR I NT 60 TOTALS( 7 )  
FORMAT ( I I . I 

TOTAL = 
I

. F 1 2 .  1 )  
END I F  

CONT I NUE 
STOP 
END 
FUNCT I ON PMAT( STAGE, T I ME )  

c ••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  FUNCT I ON CALCULATES THE PROBAB I L I TY * 
C * OF MATUR I NG TO THE NEXT l i FE-STAGE, AS * 
C * A FUNCT I ON OF ACCUMULATED DEGREE-DAYS * c ••••••••••••••••••••••••••••••••••••••••••••• 
c 
c I NTEGER STAGE, T fME 

I F  ( STAGE . EQ. l )  THEN 
8 = 3 . 16987 
c = 9 . 1 9488 

ELSE I F  ( STAGE . EQ . 2 )  THEN 
8 = 2 . 4 7643 
c = 8 . 96503 

ELSE I F  ( STAGE . EQ . 3 )  THEN 
8 = 3 . 78789 
c = 4 . 1 4813 

ELSE I F  ( STAGE . EQ . 4 )  TliEN 
8 = 3 . 08 1 95 
c = '7 . 2978 

ElSE I F  ( STAGE . EQ . 5 )  THEN 

� 
w 
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c 

8 =· 6 . 7 3449 
c .. 1 . 97 1 6  

ELSE 
8 = 59 . 7507-
c .. 9 . 85031f 

END I F  · 
. 

PMAT = 0 . 0  
DO 1 00 I =  1 , T I ME . PMAT = PMAT + F( I , B, C )  

1 00 CONT I NUE 
RETURN 
END . 
FUNCT I ON F( N , 8, C )  

c . . 
c •••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  FUNCT I ON CALCULATES THE PROBAB I L I TY * 
C * DENS I TY FUNCT I ON . ( GAMMA D I STR I BUT I ON )  * 
c •••••••••••••••••••••••••••••••••••••••••••••• 
c 

c 

F = ( N/8 ) ** ( C- 1 ) * EXP( -N/ B ) / ( 8 * GAMMA( C ) ) 
R ETURN 
END 

FUNCT I ON FERT ( SU8STG, RELDD ) 

c ••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  FUNCT I ON CALCULATES THE FERT I L I TY * 
C * ASSOC I ATED W I TH THE NUMBER OF OD * 
c ••••••••••••••••••••••••••••••••••••••••••••• 

. C 

c 

I NTEGER SUBSTG 
DO = RELDD * SU8STC 
FERT = ( 0 . 008 * DD ) / ( 1 . 00 1  ** DO ) 
RETURN 
END 

REAL FUNCT I ON MORT( STAGE, SUBSTC, RELDD ) 

c •••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  FUNCT I ON CAt .CULATES THE MORTAL I TY * 
C * ASSOC I ATED W I TH THE NUMBER OF DO * 
c •••••••••••••••••••••••••••••••••••••••••••••• 
c 

c 

c 

c 

I NT EGER STACE, SUBSTC 
REAL DO 
D I MENS I ON AVCDD( 5 )  
DATA AVCDD/29 . 1 466, 22 . 20 1 3 , 1 � . 7 1 49, 22 . 49 1 5 , 1 3 ! 2777/ 

LAST = STAGE - 1 
DO = 0 . 0  
I = 1 
WH I LE ( I . LE . LAST ) DO 

DO = DO + AVGOO( I )  
I = I + 1 . 

ENDWH I LE 

00 = DO + RELOD * SUBSTG 
I F  ( DO . GE . 1 500 ) THEN 

MORT = 1 . 0  
ELSE 

MORT = 1 . 0  - 0 . 908589 * EXP( -0 . 00686 1 *EXP( 0 . 00656 1 *DD ) ) 
ENO I F 

RETURN 
END 

.&:'
.&:'-
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FUNCT I ON ACCOO( MAX2 . M I N1 , MAX1 , M I N2 , TB )  
c 
c •••••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  FUNCT I ON CALCULATES ACCUMULATED * 
C * DEGREE-DAYS FOR THE DAY . * 
c •••••••••••••••••••••••••••••••••••••••••••••••• 
c 

c 

c 

c 

c 

c 

c 

REAL M I N1 , M I N2 , MAX1 , MAX2 , TB, M1 , M2 , M3 , M4 , M5 , M6 
DATA P l / 3 . 1 4 1 59/ 

I f  ( M I N1 . GE . TB )  THEN 
Yl = l*( MAX1 + M I N1 l - 1 . 571 9925* ( MAX1 - M I N1 ) - 6*TB 
Y2 = 4*( MAX2 + M I N1 - 8*TB 

ELSE ' 
I F  ( MAX1 . �T . TB )  THEN 

Y1 = 0 . 0  
ELSE 

Ml  = ' ( MAXl + M I Nl l/2 . 0  
M2 = ( MAX1 - M I N1 /2 . 0  
X l  = 1 6 . 0/ P I  * ARS I N( ( TB - M1 )/M2 ) - 48 . 0  
CALL QUAD( Xl ) 
FACTOR = 1 + COS( P I / 1 6 . 0  * ( Xl + 48 . 0 ) )  
Yl = Xl * ( M1 • TB ) • 1 6 . 0/ P I  * M2 * FACTOR 

END I F  

I f  ( MAX2 . LT . TB )  THEN 
Y2 = 0 

ElSE 
M3 = ( MAX2 + M I N1 ) /2 . 0  
M4 = ( MAX2 • M I Nl ) /2 . 0  
X2 = 8 . 0/ P I  * ARS I N( ( TB • M3 ) /M4 ) • 6 . 0  
CAll QUAD( X2 )  . 
I F  ( X2 . lT . 6 . 0 )  X2 = 1 2 . 0  • X2 
FACTOR = COS( P I /8 . 0 * ( X2 + 6 . 0 ) ) 
Y2 = ( 1 4 - X2 ) * ( M3 - TB ) + 8 . 0/ P I  * M4 * FACTOR 

END I F 
END I F  

I F  ( M I N2 . GE . TB )  THEN 
Y3 = 5*( MAX2 + M I N2 )  + 2 . 35264*( MAX2 - M I N2 )  - 1 0*TB 

ElSE 
I f  ( MAX2 . lT . TB )  THEN 

Y3 = 0 . 0  
ELSE 

M5 = ( MAX2 + M I N2 )/2 . 0  
M6 = ( MAX2 - M I N2 ) /2 . 0  
X 3  = 1 6 . 0/ P I  * ARS I N( ( TB - M5 ) /M6 )  + 6 .:0 
CALl QUAD( X3 ) 
I F  C X3 . lT . 1 4 . 0 )  X3 = 36 . 0 - X3 
X3 = AM I N 1 ( �4 . 0 , X3 )  . 
FACTOR = -COS( ( P I / 1 6 . 0 )  * ( X3 - 6 . 0 ) ) 
Y3 = ( 24 - X3 ) * ( M5 - TB ) + 1 6 . 0/ P I  * M6 * FACTOR 

END I F · 
ENO I F  

ACCDO = ( Yl + Y2 + Yl ) /24 . 0  

RETURN 
END 

FUNCT I ON PRED( J , STAGE , TOTALS , APH I OS , OO, NHT , NHC ) 

c *********************************************** 
C * TH I S  fUNC,T I ON COMPUTES THE PROB.AB I L 1  TV * · 
C * THAT AN I ND I V I DUAL W I LL BE K I LLED * 

� 
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C * BY PREDAT I ON .  * 
c ••••••••••••••••••••••••••••••••••••••••••••••• 
c 

c 
c 

c 
1 00 

R EAL NAU, NCON 
I NTEGER STAGE 
D I HENS'I ON APH I DS( 60 ) ,  UN I TS( 6 ) ,  TOTALS( 7 )  , AU ( 6 )  
DATA AU/ 1 . 0 � 2 . 26 , 5 . 08, 7 . 63 , 1 2 . 2, 1 2 . 21 

. NCA = 305 . 0
, 

* ( NHC + NHT ) 

I F  ( APH I DS( J )  . LT . 0 . 01' . 0R .  TOTALS( STAGE ) . LT . 0 . 01 ) THEN 
PRED = 0 . 0  

ELSE 
TUN I TS = 0 . 0  
DO 1 00 I = 1 ; 6  

UN I TS ( J )  ·= . TOTALS ( I )  * AU\ 1 )  
TUN I TS � TUN I TS + UN I TS(  I 

CONT I NUE 

I F  ( TUN I TS . GE . NCA ) THEN 
HAUl = 0 . 8� * DD 
NAU2 = 1 . 1 3 * DO 

ELSE 
HAUl = 0 . 85 * DD * TUN I TS I NC� 
NAU2 = 1 . 1 3 * DO *  TUN I TS I NCA 

END I F 
c 
c 

PRED = 1 . 0· ( 1 . 0·NAU1 ITUN I TS ) **NHT*( l . O·NAU2/TUN I TS ) **NHC 

END I F  
RETURN 
END 

FUNCT I ON RA I N( I )  
c 
c ••••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  FUNCT I ON COMPUTES THE PROBAB I L I TY * 
C * THAT AN I ND I V I DUAL W I LL BE K I LLED * 
C * BY EXCESS I VE RA I NFALL . - * 
c ••••••••••••••••••••••••••••••••••••••••••••••• 
c ' 

c 

c 

RA I N  = 0 . 0  

RETURN 
END 

SUBROUT I NE D I ST ( F , i N I T, LENGTH, TOTALS ) 

c •••••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  SUBROUT I NE D I STR I BUTES THE * 
C * I N I T I AL COHORT . THROUGHOUT THE ARRAY. * 
c •••••••••••••••••••••••••••••••••••••••••••••••• 
c 

c 

c 

REAL LENGTH( 6 )  
I NTEGER T I HE. 
D I MENS I ON F ( 60 ) , CDf( 1 0 ) ,  I N I T( 6 ) , TOTALS ( 7 )  

TOTALS( 7 )  = 0 . 0  
DO 200 J = 1 , 6  

TOTALS( J )  = FLOAT( I N I T( J ) )  
DO 1 00 I =  1 , 1 0 

k = ( J - 1 )  * 1 0  + I 
T I ME = I NT( I * LENGTH( J ) )  
C� ( I � = PHAT( J , T I HE )  

I F  ( I .  EQ . 1 )  THEN 
, . 

.f:'-
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1 00 

200 
c 

c 

F( K ) ; CDF( I ) * I N I T( J )  
ELSE 

F( K )  = ( CDF( I ) - CDF( I - 1 ) )  * I N I T( J )  
END I F 

CONT I ,.UE 
TOTALS( 7 )  = TOTALS( 7 )  + TOTALS( J )  

CONT I NUE 

RETURN 
'END 

I NTEGER fUNCT I ON CONJUL( MONTH, DAY, YEAR ) 

c ···········································�··· 
C * TH I S  FUNCT I ON CONVERTS AN ORD I NARY * 
C * . ( GREGOR l AN )  DATE . TO A JUL I AN DAT E .  * 
c *********************************************** 
c 

c 

c 

c · 

c 

I NTEGER MONTH, DAY, YEAR, DAYSUH 
D I MENS I ON NDAYS( 1 2 )  
DATA NDAYS/3 1 , 28, 3 1 , 30, 3 1 , 30 , 3 1 � 3 1 , 30, 3 1 , 30 , 3 1 /  

I F  .( HOD( YEAR, 4 ) . EQ . O )  NDAYS( 2 )  � NDAYS ( 2 )  + 1 

DAYSUM = 0 
I = 1 
WH I LE ( I . LT . MONTH ) DO 

DAYSUM = DAYSUM + NDAYS( I )  
I = I + 1 

ENDWH I LE 
DAYSUM = DAYSUM + DAY 
CONJUL = 1 000 * YEAR + DAYSUH 

RETURN 
END 

SUBROUT I HE CALSTG( I , STAGE, SUBSTG )' 

c ************************************************ 
C * TH I S  SUBROUT I NE TAKES THE SUBSCR I PT· FROM * 
C * THE F ARRAY AND CALCLULATES THE STAGE * 
C * AND SUBSTAGE CORRESPOND I NG TO I T .  * 
c ************************************************ 
c 

c 

c 

c 

c 

I NTEGER STAGE, SUBSTG, REM 

REM = MOO( I , 1 0 )  

I F  ( REM. EQ . O )  THEN 
STAGE = 1 / 1 0 
SUBSTC . = 1 0  

ELSE . 
STAGE = 1 / 1 0  + 
SUBSTG = REM 

ENO I F  
. 

RETURN 
END 

fUNCT I ON NXTSTG( I )  

c ************************************************ 
C * TH I S  FUNCT I ON CALCULATES WHAT STAGE Ttl£ * 
C * I ND I V I DUALS FROM ANY STAGE W I LL MATURE * 
C * TO ( J -VALUES ARE CALCULATED, NOT STAGES )  * 
c **************�**********************�**********' 
c 

.p. 
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c 

c 

. J :: 0 
WH I LE ( J* 1 0 . LT . I )  DO 

J : J + ,1 
EHDWH I LE 
NXTSTG = J * 10 + 1 

RETURN 
END 

SUBROUT I NE QUAO.( X ) 

c ................................................. . 
C * TH I S  SUBROUT I NE . CONVERTS AN ANGLE X, I N  * 
C * RAD I ANS, . TO · AH EQU I VALENT ANGLE I N  THE * 
C * F I RST REVOLUT I ON .  * 
c ************************************************ 
c 

c 

FRACT = X/6 . 2832 . 
X = FRACT - I NT{ FRACT ) 
I f  ( X . LT . O )  X =  X +  6 . 2832 
RETURN 
END 

FUNCT 1 0N CENT I G( FTEMP ) 

c •••••••••••••••••••••••••••••••••••••••••••••••• 
C * TH I S  FUNCT I ON CONVERTS A FAHRENHE I T  * 
C * TEMPERATURE TO CENT I GRADE . * 
C * THE FAHRENHE I T  TEMPERATURE -I S  I NTEGER * 
C * AND THE RESULT Of CONVERS I ON * 
C * I S  REAL . * 
c •••••••••••••••••••••••••••••••••••••••••••••••• 
c 

c 
I NTEGER FTEHP 

CENT I G  = 5 . 0/9 . 0  * ( FTEMP - 32 ) 
RETURN 
END 

/ 

� 
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Ap p en d i x  C 

S A S  P r o g r am t o  F i t  G amma C u r v e s  
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//MA1 2 JOB · 1 099967025, ELL I OT , CLASS=J , MSGCLASS=M 
/*ROUTE PR I NT N2 . MUS I C 
II EXEC SAS, OUT=M 
T I TLE ' MODELS Of GREEN ... BUG APH I D  DEVELOPMENT ' ;  
DATA A; . . 

I NPUT MO DAY YEAR SP $ TEMP 1 1  1 2  
1 3  1 4  B MORPH $; 

T2 = 12 - 1 1 ;  
T3  = 1.3 - 1 2 ;  
T 4  = 1 4  - 1 3 ; 
T5 = 8 - 1 4; . 
DD1 = TEMP • 6 . 29;  
DD2 = TEMP - 6 .  5.4 ; 
DD3 = TEMP - 1 0 . 36; 
DD4 = TEMP - 7 . 59; 
DD5 = TEMP • 6 . 56 ;  
DEV1 = 1 1 /24 * DD1 ; 
DEV2 = T2/24 * DD2; 
DEV3 = T3/24 * DD3 ; 
DEV4 = T4/24 * DD4; 
DEV5 = T5/24 * DD5 ; 
KEEP TEMP DEV 1 ·DEV5 MORPH; 
CARDS; 

PROC SORT DATA=A; 
BY DEV1 ; 

DATA B; 
SET A; BY DEV1 • 
I f  DEV1 = . THEN DELETE; 
I F  F I RST . DEV1 THEN NMAT = 1 ;  

ELSE NMAT + 1 ;  
I F  LAST . DEV1 THEN OUTPUT; 

PROC MEANS MEAN STO SUM N NOPR I NT ;  
VAR DEV1 NMAT; 
OUT PUT OUT = SlATS MEAN � MEANA MEANB 

STD = STDA STDB 
. SUM = NA NB 
N = NOBSA NOBSB; 

DATA VAR8LS; SET STATS; 
MEAN = MEANA; STD = STDA; N = NB; NOBS = NOBSA; 
8 = STD**2/MEAN; 
C = ( MEAN/STD ) **2 ;  
K E E P  MEAN S T D  8 C N NOBS; 

PROC PR I NT DATA = VARBLS; 
T I TLE2 ' PARAMETERS FOR F I RST L I FE-STAGE: GAMMA MODEL' ; 

DATA C; 
I F  _N_ = 1 THEN SET VARBLS; 
SET B; 

PROC PR I NT DATA = C; 
DATA COMPLETE; 

SET C;  
CF + NMAT/N; 

. per = o ;  
DO X =  1 T O  DEV1 ; 

PCF + ( X/ B ) **( C- 1 ) * EXP( •X/B ) / ( B*GAMMA( C ) ) ;  
END; 

OSQR = ( CF - PCF )  ** 2; 
SSE + OSQR; 
YSUM + CF;  
YSQR � CF ** 2;  
I F  _N_ = NOBS THEN DO; 

SST = YSQR - ( VSUH ** 2 ) / NOBS; 
RSQR = 1 - SSE/SST; 
OU T PUT;  
END; 

V1 
0 
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PROC PR I NT . DAtA = COMPLETE; 
PROC SORT DATA=A; 

BY DEV2; 
DATA B; 

SET A; BY DEV2; · 
I F  DEV2 = . .  THEN DELET E ;  
I F  F I RST . DEV2 THEN NMAT = 1 ;  

ELSE NMAT + 1 ;  
I f  LAST . DEV2 THEN OUT PUT ; 

PROC MEANS MEAN STD ' SUM N NOPR I NT ;  
VAR. DEV2 NMAT; · 

OUTPUT OUT = SlATS �EAN = MEANA MEANB 
STD = STDA SlOB 
SUM = NA NB 
N ::· NOBSA NOBSB; 

DATA VARBLS; SET SlATS; . 
MEAN ; MEANA; STD ; STDA; N = NB; NOBS = NOBSA; 
B = STD**2/MEAN; 
C = ( MEAN/STD ) **2 ;  
K E E P  MEAN STD B C N NOBS; 

PROC PR I NT DATA = VARBLS; . 
T I TLE2 ' PARAMETERS FOR SECOND L I FE-STAGE : GAMMA MODEL' ;  

DATA C;  
IF  _N_ = 1 THEN SET VARBLS; 
SET B; 

PROC PR I NT DATA = C; 
DATA COMPLETE; 

SET C;  
CF + NMAT/N; 
PCF = 0 ;  
D O  X = 1 TO DEV2; 

PCF + ( X/B) ** ( C- 1 ) * EXP( •X/8 ) / ( B*GAMMA( C ) ) ;  
END; 

DSQR = ( CF - PCF )  ** 2 ;  
SSE + DSQR; 
YSUM + Cf;  
YSQR + CF ** 2 ;  
I F  _N_ c NODS THEN DO ;  

SST :: YSQR - ( YSUM ** 2 ) /NOBS; 
RSQR = 1 - SSE/SST ; 
OUT PUT; 
END; 

PROC PR I NT DATA = COMPLETE ;  
PROC SORT DATA=A; 

BY DEV3 ; 
DATA B; 

SET A; BY DEV3 ; 
I f  DEV3 = . THEN DELETE; 
I f  F I RST . DEV3 THEN NMAl = 1 ;  

ELSE NMAT + 1 ;  
I f  LAST . DEV3 THEN OUT PUT; 

PROC MEANS MEAN STD SUM N · NOPR I NT ;  
VAR OEV3 NMAT; 

. 

OUTPUT OUT = SlATS MEAN = MEANA MEANB 
STO = STDA STOB 
SUM = NA NB 
N = NOBSA NOBSB; 

DATA VARBLS; SET SlAT S ;  
MEAN = MEANA; STO = STOA; N = NB; NOBS = NOBSA; 
8 = ST0**2/MEAN; 
C = ( HEAN/ST0 ) **2 ; 
KEEP MEAN STD 8 0 N NODS; 

PROC PR I NT DATA ' ;  VARBLS; 
T I TLE2 ' PARAMET ERS FOR Tlf i RD L I FE-STAGE : GAMMA MODE L ' ; 

VI 
...... 
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DATA C; 
I f  N = 1 THEN SET VARBLS; 
SET-Bi . 

PROC PR I NT DATA = C; 
DATA COMPLETE ;  

SET C ;  
CF + NMAT/N; 
PCF = 0; 
DO X = . 1 TO DEV3 ; 

PCF + ( X/B ) ** ( C- 1 ) * EXP( •X/8 ) / ( B*GAMMA( C ) ) ;  
END; . 

DSQR = ( CF - PCF )  •• · 2 ;  
S S E  + OSQR; 
YSUM + Cf;  
YSQR + CF •• 2; 
I f  N = NODS THEN OO · 

SST-= YSQR ·- ( YSUM . '* .2 ) /NOBS; 
RSQR = 1 - SSE/SST; 
OUTPUT; 
END; 

PROC PR I NT DATA = COMPLETE; 
PROC SORT DATA=A; 

BY DEV4; 
DATA 8; 

SET A; BY DEV4; 
I F  DEV4 = . THEN DELETE ;  
I f  F I RST . DEV4 THEN NMAT = 1 ;  

ELSE NMAT + 1 ;  
I f  LAST . DEV4 THEN OUTPUT; 

PROC MEANS MEAN STD SUM N NOPR I NT ;  
VAR DEV4 NMAT; 
OUTPUT OUT = STATS MEAN = MEANA MEANB 

STD z: STDA STDB 
SUM = NA NB 
N = NOBSA NOBSB; 

DATA VARBLS; SET STAT.S; 
MEAN = MEANA; STD = STDA; N = NB; NOBS = NOBSA; 
8 = STD**2/MEAN • . 
C = ( MEAN/STD ) *,2; 
KEE P MEAN STD 8 C N NOBS; 

PROC PR I NT DATA = VARBLS; 
T I TLE2 ' PARAMETERS FOR FOURTH L I FE-STAGE : GAMMA MODEL ' ;  

DATA C; 
I F  _N_ = 1 THEN SET VARBLS; 
SET B; 

PROC PR I NT DATA = C; 
DATA COMPLETE;  

SET C; 
CF + NMAT/N; 
PCF = 0; 
DO X = 1 TO DEV4; 

PCF + ( X/B ) ** ( C- 1 ) * EXP ( -X/8 ) / ( B*GAMMA( C ) ) ;  
END; 

. 

DSQR = ( Cf - PCF )  ** 2 ;  
S S E  + DSQR; 
YSiJM + Cf ;  
YSQR + CF ** 2; 
I f  _N_ = NOBS THEN DO; 

SST = YSQR - ( YSUM ** 2 ) /NOBS; 
RSQR = 1 - SSE/SST; 
OUT PUT ; 
END; 

PROC PR I NT DATA -- COMPLETE;  
PROC SORT OATA=A; 

\.11 
N 
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BY DEV5; . 
DATA B; 

SET A; BY DEV5; . 
I F  DEV5 = • THEN DELETE; 
I F  F I RST . DEV5 T�EN NMAT = 1 ;  

ELSE NHAT � 1 ;  . 
I F  LAST . DEV5 THEN OUT PUT; 

PROC MEANS MEAN STD SUM N NOPR I NT ;  
VAR DEV5 NMAT; 
OUTPUT OUT = SlATS MEAN = MEANA MEANB . 

· STD = STOA STDB 
SOH = NA NB 
N = NOBSA NOBSB; 

DATA VARBLS; SET SlATS; 
MEAN = HEANA; STD = STDA; N = NB; NOBS • NOBSA; 
8 = · STD**2/HEAN; 
C = ( HEAN/ST0 ) **2 ; 
KEEP MEAN STD B C N NOBS; 

PROC PR I NT DATA = VARBLS; 
T I TLE2 ' PARAMETERS FOR· F I FTH L I FE-STAGE : GAMMA HODEL' ;  

DATA C; . 
I F  _N_ = 1 THEN SET VARBLS; 
SET B; 

PROC PR I NT DATA = C; 
DATA COMPLETE ;  

S E T  C ;  
CF + NMAT/N; 
PCF = 0;  
DO X = 1 TO DEV5; 

PCF + ( X/B ) ** ( C- 1 ) * EXP( •X/8 ) / ( B*GAMMA( C ) ) ;  
END; 

DSQR = ( CF • PCF ) ** 2 ;  
SSE + DSQR; 
YSUH + CF;  
YSQR + CF ** 2 ;  
I F  N = N08S THEN DO• 

SST-= YSQR - ( YSUH '* 2 )/N08S; 
RSQR = 1 - SSE/SST; 
OUTPUT; 
END; 

PROC PR I NT DATA z COMPLETE;  
DATA DEATH; 

I N PUT T6 01; 
DEV6 = T6 * 1 3 . 84;  
CARDS; 

PROC SORT DATA = DEATH; 
BY OEV6; 

DATA B; SET DEATH; 
BY DEV6; . 
I F  F I RST . DEV6 THEN NDEAD = 1 ;  

ELSE NOEAD + 1 ;  
·I f  LAST . DEV6 THEN OUTPUT ; 

PROC MEANS MEAN STD SUM N NOPR I NT;  
VAR DEV6 NDEAD; 
OUTPUT OUT = STATS MEAN = HEANA HEANB 

STD = STOA SlOB 
S.UH = NA NB 
N = HOBSA NOBSB; 

DATA VA�BL S; SET SlATS; 
MEAN = HEANA; STD ; STDA; H = N8; NOBS = NOBSA; 
8 = STD**2/HEAN ; 
C = ( HEAN/STD ) **2 ; 
KEEP MEAN STD fi C N NOBS; 

PROC PR I NT DATA = VAR8LS; 

lJ1 
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T I TLE2 ' P�RAMETERS FOR S I XTH l i FE-STAGE: GAMMA MODEL' ; 
DATA C; 

. . 

I F  _N_ = 1 THEN SET VARBLS; 
SET B; . PROC PR I NT DATA = C ;  

DATA COMPLETE; 
SET C; 

· CF + NDEAD/N; 
PCF = 0 ;  
DO X = · 1 T O  DEV6; .. 

PCf + ( X/B ) ** ( C- 1 ) * EXP( -X/8 ) / ( B*GAMMA( C ) ) ;  
END; . 

OSQR = ( CF - PCF )  ** 2 ;  
SSE + DSQR; 

. 

YSUH + Cf;  
VSQR + CF ** 2 ;  
I F  N = NOBS· THEN DO· . 

SST-= YSQR • ( YSUH '* 2 ) /NOBS; 
RSQR = 1 • SSE/SST; . 
OUT PUT;  
END;  . 

PROC PR I NT �ATA = COMPLErE; 

l..n 
� 
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