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Stochastic Phenology Model for the 
Western Spruce Budworm (Lepidoptera: Tortricidae) 

W I L L I A M P. K E M P , ' B R I A N D E N N I S , ^ A N D R O Y C. B E C K W I T H ^ 

Environ. Entomoi. 15: 547-554 (1986) 
A B S T R A C T D a t a w e r e col lected d u r i n g 2 consecut ive years on the Starkey E.Kperimental 
Forest near L a G r a n d e , O r e g , , to e x a m i n e phenology of the western spruce b u d w o r m , 
C/ions(on<?ur(i occidentalis F r e e m a n , T h e logistic probabil i ty distr ibution was used to de
scribe distr ibution of b u d w o r m in each d e v e l o p m e n t a l stage (instar 2 through adult ) as a 
f u n c t i o n of a c c u m u l a t e d degree-days by year, plot, a n d host species. T h e logistic distr ibution 
descr ibed phenology a c c u r a t e l y a n d was s i m p l e r to c o m p u t e than other methods. Results 
should interest insect-pest managers a n d researchers w h o m o d e l d e v e l o p m e n t of plants and 
animals . 

T E M P E R A T U R E - D E P E N D E N T insect d e v e l o p m e n t is 
i m p o r t a n t to i n t e g r a t e d pest m a n a g e m e n t . Such 
i n f o r m a t i o n o n pest species is needed i n near ly a l l 
m a n a g e m e n t ac t iv i t ies des igned to m o n i t o r or re
duce pest densities. Insect a n d host p h e n o l o g y 
models are c e n t r a l to m a n y pest m a n a g e m e n t sys
tems. 

T e m p e r a t u r e - d e p e n d e n t d e v e l o p m e n t of insects 
a n d trees has been the subject of several studies 
(Read & A s h f o r d 1968, S t inner et al . 1975, W i c k -
m a n 1976, C u r r y et al . 1978, B i r l e y 1979, K e m p -
t o n 1979, L o g a n et al . 1979, Regniere et al . 1981 , 
Regniere 1982, B e c k w i t h & K e m p 1984). Osawa 
et a l . (1983) c o m b i n e d t e m p e r a t u r e - d e p e n d e n t de
v e l o p m e n t a n d stat is t ical procedures i n a stochas
tic p h e n o l o g y m o d e ! f o r ba l sam f i r , Aides balsa-
mea ( L . ) M i l l . T h e i r results p r o v i d e d researchers 
and managers w i t h a usefu l m o d e l f o r b u d d e v e l 
o p m e n t expressed as a f u n c t i o n of a c c u m u l a t e d 
heat uni ts . 

W e d e s c r i b e d an i m p r o v e m e n t to the Osawa et 
al. (1983) p h e n o l o g y m o d e l a n d discussed stat ist i 
cal procedures f o r p a r a m e t e r e s t i m a t i o n a n d h y 
pothesis tes t ing ( D e n n i s et al, 1986). O u r objectives 
are to p o n s t r u c t models that a c c u r a t e l y descr ibe 
d e v e l o p m e n t of w e s t e r n spruce b u d w o r m {Cho-
ristoneura occidentalis F r e e m a n ) . I n this paper , 
w e a p p l y o u r m e t h o d s to a specif ic case, and de
scribe f i e l d da ta , m o d e l i n g m e t h o d s , a n d results of 
procedures f o r e s t i m a t i n g parameters . 

Methods 

F i e l d Data . A i l d a t a o n d e v e l o p m e n t of w e s t e r n 
spruce b u d w o r m w e r e co l l ec ted f r o m t w o plots 
(Bear Springs a n d M e a d o w C r e e k ) o n the S tarkey 
E x p e r i m e n t a l Forest near L a G r a n d e , O r e g . Bear 
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Springs a n d M e a d o w C r e e k plots (ca, 5 ha each) 
w e r e at elevations of 1,463 a n d 1,341 m . Col lec
t ions w e r e m a d e w e e k l y o n the Bear Springs plot 
f r o m 17 M a y t h r o u g h 2 A u g u s t 1982 a n d 16 M a r c h 
t h r o u g h 17 A u g u s t 1983. W e e k l y col lec t ions w e r e 
m a d e o n the M e a d o w Creek p lo t f r o m 16 M a r c h 
t h r o u g h 15 A u g u s t 1983. 

Col lec t ions b o t h years w e r e f r o m 7- to i 4 - n i 
D o u g l a s - f i r , Pseudotsuga menziesii var. glauca 
(Beissn.) Franco , a n d g r a n d fir, Abies grandis 
( D o u g l . ex. D . D o n ) L i n d l , I n 1982, five host trees 
( r a n d o m l y selected o n each co l lec t ion date) of eacli 
species w e r e s a m p l e d o n the Bear Springs plot b\ 
r e m o v i n g t w o branches f r o m each of three cro\
levels ( u p p e r , m i d d l e , l o w e r ) . B u d w o r m s u e r c 
p o o l e d b y c o l l e c t i o n date a n d t h e i r d e v e l o p m e n t a l 
stages d e t e r m i n e d . I n 1983, the s t u d y was e x p a n d 
ed to t w o plots ( a d d i t i o n of M e a d o w C r e e k ) , and 
samples w e r e co l l ec ted f r o m 10 trees r a n d o m i \ 
selected b y species a n d sample date. Samples c u l -
lec ted f r o m the three c r o w n levels w e r e pooled . 
B u d w o r m s co l lec ted f r o m b o t h plots i n 1983 w e r e 
separated by host species a n d plot , Instar was de
t e r m i n e d b y m e a s u r i n g head-capsule xx'idth. Seven 
d e v e l o p m e n t a l stages w e r e i d e n t i f i e d : instars 2 - 6 , 
p u p a e , a n d adults . 

I n a l l , five d a t a sets w e r e co l lec ted , three f r o m 
Bear Springs ( D o u g l a s - f i r / g r a n d fir 1982, Douglas -
fir 1983, a n d g r a n d fir 1983) a n d t w o f r o m M e a d 
o w Creek ( D o u g l a s - f i r 1983 a n d g r a n d fir 1983). 

D a t a o n h e a t - u n i t a c c u m u l a t i o n (degree-da\
[ D D ] ) above 5.5''C w e r e co l lec ted o n each p lo t b\ 
b i o p h e n o m e t e r d u r i n g insect s a m p l i n g . A c c u m u 
la ted D D w e r e m e a s u r e d f r o m plot es tabl i shment 
( y e a r l y ) u n t i l each c o l l e c t i o n date. A t a g i v e n sam
ple date , the a c c u m u l a t e d D D w e r e ca l cu la ted as 
f o l l o w s : 

subject to the r e s t r i c t i o n that 

i f T,i > T^,,, t h e n T„ = T^,„ 
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Table 1 . Parameter estimates ( ± 9 5 % asymptotic confidence limits) for western spinice budworm phenolo)^ models 
by year, plfH. and host-tree species (Starkey Kxperimenlal Forest. OreRoii) 

Plot year Paranirlers 
(host species) 

"1 02 1.1 a . Id 

Bear Springs 121.080 204,360 264.410 .342.473 465.620 599.570 L.559 
19S2 (DF/CFf ± 8 . 2 3 8 ± 9 . 5 0 7 ± 8 478 ± 7 . 0 3 7 ± 4 . 7 4 7 ± 1 3 . 5 0 6 ± 0 265 

Bear Springs 138.406 189.437 252.057 .346.688 477.429 601.463 2 559 
1983 ( D P ) ± 1 7 . 3 4 4 ± 3 . 4 2 1 ± 3 , 0 3 6 ± 4 . 9 0 6 -12.099 ± 4 . 1 0 3 ± 0 . 2 5 3 

Bear Springs 103.885 163.712 225.176 326.325 455.572 587.045 2.122 
1953 (OF) ±2 .971 ± 2 . 6 4 2 ± 2 , 0 3 4 ± 3 . 7 0 2 ± 7 . 7 9 3 ± 1 1 . 5 1 0 ± 0 . 1 3 2 

Meadow Creek 109.843 197,067 271.896 372.080 474.112 6.39.875 3,752 
1983 ( D F ) ± 6 , 9 9 7 ± 3 , 1 1 8 ±3 ,797 ± 7 . 2 9 0 ± 1 0 . 8 2 6 ± 2 0 . 0 9 9 ± 0 367 

Meadow Creek 87.712 161.693 252,969 378.215 507 949 611 233 4,691 
1983 ( G F ) ± 2 . 7 6 5 ± 0 . 3 5 2 ± 4 . 6 4 8 ± 8 , 9 5 8 ±i6. .501 = 12.749 = 0.394 

" D F . samples collected on Douglas-Eir; G F , samples collected on grand fir, 

w h e r e ( = a c c u m u l a t e d D D , K = n u m b e r of days 
to present s a m p l e date f r o m start of s t u d y , 144 = 
n u m b e r of 1 0 - m i n per iods i n a single d a y , T,, = 
a m b i e n t a i r t e m p e r a t u r e s a m p l e d b y b i o p h e n o m 
eter every 10 m i n , T^,„ = m i n i m u m t e m p e r a t u r e 
r e q u i r e d f o r d e v e l o p m e n t (5 .5°C) , a n d T„^^ = max
i m u m t e m p e r a t u r e w h e r e d e v e l o p m e n t s t i l l oc
c u r r e d ( 3 5 . 0 ° C ) . 

M o d e l . T h e m o d e ! used to descr ibe p h e n o l o g y 
of the western spruce b u d w o r m , s u m m a r i z e d here, 
is exp la ined i n d e t a i l e lsewhere (Dennis et al . 1986). 
A s s u m i n g that the p r o p o r t i o n of the p o p u l a t i o n i n 
d e v e l o p m e n t stage i a l s a m p l i n g t i m e j ts g i v e n 
by ip,)). 

p„ = 1 / 1 + e x p -

- 1 

w h e r e = D D a c c u m u l a t e d at s a m p l e t i m e ) ( j = 
1 , 2 , . . . , q), a, = a m o u n t of d e v e l o p m e n t needed 
(here, D D ) to complete the i t h stage (( = 1, 2, . . . , 
r — 1), a n d ~ a. p o s i t i v e constant . F o r any g i v e n 
data set, the p a r a m e t e r s a„ a^, . . . , a,_^, a n d h^ 
need to be e s t i m a t e d u s i n g m a x i m u m l i k e l i h o o d 
procedures . F o r completeness , a„ a n d a, are as
s u m e d to be ~ GO a n d + c o . T h e q u a n t i t y p,, r e p 
resents the area u n d e r a logis t ic p r o b a b i l i t y d e n s i t y 
c u r v e b e t w e e n a,_| a n d a,, t h e logis t ic d i s t r i b u t i o n 
has a m e a n of (, a n d a v a r i a n c e of (x^/3)fc^i,. O n c e 
the p a r a m e t e r estimates are c o m p u t e d , the esti
m a t e d p r o p o r t i o n of insects i n d e v e l o p m e n t stage 
I , p,p can be p l o t t e d as a f u n c t i o n of t^. 

F o r the w e s t e r n spruce b u d w o r m , r = 7 r e p r e 
sents five instars ( 2 - 6 ) , p u p a , a n d a d u l t . As D D 
a c c u m u l a t e , the logis t ic p r o b a b i l i t y d e n s i t y c u r v e 
moves t h r o u g h the a, values, caus ing c o r r e s p o n d 
i n g changes i n the p r o p o r t i o n s (p,,). W h e n (.is smal l , 
most of the insects are to be f o u n d i n the e a r l y 
stages; as (, increases, m o r e insects are f o u n d i n 
a d v a n c e d stages. 

Results and Discuss ion 

T h e m o d e l was fit separately to each of the five 
wes tern spruce b u d w o r m d a t a sets us ing m e t h o d s 
descr ibed e lsewhere ( D e n n i s et a l . 1986). M a x i 
m u m l i k e l i h o o d p a r a m e t e r estimates (a,'s a n d b-) 
f o r each d a t a set are c o n t a i n e d i n T a b l e 1 . 

C o m p a r i s o n of M o d e l Predict ions and Data. 
R a w d a t a a n d m o d e l p r e d i c t i o n s w e r e c o m p a r e d 
(us ing T a b l e 1 parameters ) b y l i f e stage (7) f o r 
each of the five models d e v e l o p e d ( F i g . 1-5) . T h e 
m o d e l - e s t i m a t e d p r o p o r t i o n of insects i n d e v e l 
o p m e n t stage i , p,,, was p l o t t e d as a f u n c t i o n of 
t i m e ( , ( D D ) . A l t h o u g h models w e r e d e v e l o p e d us
i n g a c t u a l f requenc ies i n each l i f e stage b y sample 
date , p r o p o r t i o n s w e r e used to e l i m i n a t e scale d i f 
ferences a n d i m p r o v e v isual c o m p a r i s o n . 

A c t u a l data , expressed as p r o p o r t i o n s , w e r e 
c o m p a r e d w i t h m o d e l p r e d i c t i o n s f o r instars 2 - 6 , 
p u p a e , a n d adul ts f o r wes tern spruce b u d w o r m s 
co l lec ted o n D o u g l a s - f i r a n d g r a n d fir o n the Bear 
Springs p lo t i n 1982 ( F i g . 1). M o d e l estimates c o n 
f o r m to a c t u a l observat ions f o r each l i f e stage. N o 
second instars w e r e f o u n d a f t e r ca. 240 D D . Instars 
3, 4, a n d 5 s h o w e d peaks at ca. 160, 230, a n d 310 
D D , respect ive ly , a n d each stage was present i n 
samples over a span of 250 D D . Instar 6 a n d p u p a e 
w e r e present longer t h a n prev ious stages, a n d each 
spanned n e a r l y 350 D D . Peak densit ies f o r s ix th 
instars a n d p u p a e w e r e e s t i m a t e d at 400 a n d 530 
D D . M o d e l results suggested that adul ts w e r e first 
present at a r o u n d 520 D D , a n d the e n t i r e p o p u 
l a t i o n was i n the a d u l t stage at 800 D D , 

R a w data w e r e c o m p a r e d w i t h m o d e l p r e d i c 
t ions .of w e s t e r n spruce b u d w o r m p h e n o l o g y f o r a 
p o p u l a t i o n l i v i n g o n Douglas - f i r o n the Bear Springs 
p l o t i n 1983 ( F i g . 2) . Second instars w e r e f o u n d 
o n l y be fore 270 D D . Instars 3, 4, a n d 5 o n D o u g 
las-fir w e r e present f o r 2 3 0 - 3 3 0 D D and s h o w e d 
peaks at 170, 220, a n d 300 D D , respec t ive ly . F o r 
this data set, as w i t h the 1982 data , s ix th instars 
w e r e co l l ec ted over the greatest p e r i o d of t i m e 
(450 D D , w i t h a peak at ca. 420 D D ) . T h e t i m e 
d u r i n g w h i c h p u p a e w e r e f o u n d was s i m i l a r to 
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ilworm phenology models 

Id 

599 570 1.559 
= 1.3.506 = 0 265 

60 ! 463 2,559 
= 4.10.3 ± 0 . 2 5 3 

5S7 045 2.122 
= 11.510 ± 0 - 1 3 2 

639.875 3,752 
= 20.099 ± 0 . 3 6 7 

611.233 4.691 
= 12.749 ± 0 . 3 9 4 
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Fig. 1 , Comparison of raw data (plotted points) and model results ( ) for the proportion of the population 
(collected on Douglas-fir and grand fir] in each l i fe stage as a funct ion of accumulated D D , Bear Springs plot. 
Starkey Experimental Forest, Oregon, 1982. 

that f o r instar 6; p u p a e s h o w e d a peak at ca, 540 
D D . M o d e l results suggested t h a t adul t s w e r e pres
ent just be fore 500 D D , a n d a l l i n d i v i d u a l s w e r e 
adul ts b y 800 D D . 

R a w data a n d p h e n o l o g y m o d e l results w e r e 
c o m p a r e d f o r wes tern spruce b u d w o r m s l i v i n g o n 
g r a n d fir at the Bear Springs p lo t i n 1983 ( F i g . 3) . 
I n this p o p u l a t i o n , ins tar 2 was f o u n d o n l y b e f o r e 
200 D D . Instars 3 t h r o u g h 5, as e s t i m a t e d by t h e 

m o d e l a n d data , w e r e co l l ec ted over per iods be
t w e e n 200 a n d 300 D D a n d had peaks at about 
130, 210, a n d 290 D D , respect ive ly . T h e si.xth i n 
stars a n d p u p a e a g a i n had the greatest ranges 
( - 3 5 0 - 4 0 0 D D ) ; peak densit ies w e r e f o u n d at 390 
a n d 520 D D , respect ively . As o n D o u g l a s - f i r ( F i g . 
2) , the first adul ts w e r e present just before 500 D D , 
a n d a l l w e r e adul t s at 800 D D ( F i g . 3), 

Phenology m o d e l results w e r e c o m p a r e d w i t h 
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Fig. 2 . Comparison of raw data (plotted points) and model results ( ) for the proportion of the population 
(colleeted on Douglas-fir) in each l i fe stage as a funct ion of accumulated D D , Bear Springs plot, Starkey Experi
mental Forest, Oregon, 1983. 

r a w data co l l ec ted f r o m a p o p u l a t i o n of w e s t e r n 
spruce b u d w o r m s l i v i n g o n D o u g l a s - f i r o n the 
M e a d o w C r e e k p l o t i n 1983 ( F i g . 4) . R a w d a t a 
a n d m o d e l results s h o w e d that instar 2 was f o u n d 
o n l y b e f o r e ca. 230 D D . M o d e l results suggest that 
instars 3 a n d 4 w e r e f o u n d over ranges of 300 a n d 
350 D D , respect ive ly , w i t h peaks at 140 a n d 230 
D D . Instars 5 a n d 6 w e r e present over s i m i l a r pe
riods ( - 3 5 0 - 4 0 0 D D ) a n d s h o w e d peaks at 320 

a n d 420 D D , respec t ive ly . T h e p u p a l stage was 
longest ( — 500 D D ) a n d s h o w e d a peak at 550 D D . 
A d u l t s w e r e present just be fore 500 D D , a n d near
l y the e n t i r e p o p u l a t i o n was a d u l t by 800 D D . 

R a w data a n d p h e n o l o g y m o d e l results w e r e 
c o m p a r e d f o r a p o p u l a t i o n of w e s t e r n spruce b u d 
w o r m s l i v i n g o n g r a n d fir o n the M e a d o w Creek 
p lo t ( F i g . 5) . Ins tar 2 was present o n l y be fore ca. 
250 D D . Instars 3 a n d 4 w e r e present over per iods 



V o l . 15, no. 3 

INSTAR III 

00 600 700 800 
VE 5.5 C) 

INSTAR V 

,00 600 700 800 
iVE 5.5 C) 

PUPA 

00 600 700 800 
VE 5.5 CI 

rtion of the population 
,5 plot, Starkey Experi-

rhe p u p a l stage was 
ed a peak at 550 D D 
re 500 D D , a n d near-
a d u l t b y 800 D D . 

m o d e l results w e r e 
wes tern spruce b u d -

I the M e a d o w Creek 
esent o n l y b e f o r e ca. 

present over per iods 

June 1986 K E M P E T A L . : W E S T E R N 8 P R L t : K B U D W O R M P H E N O L O G Y 551 

1 0 
cn 
(/) 

3 0.8 
u 
z 0.6 
z 
o 
F 04 
cc 
o 
0. 
o 

0.2 

tc a. 0 

1.0 

V) 

3 0.8 
u 
z 0.6 
z 
o 
1- 0.4 
ir 
o 
0. 
o 

0 2 
cc 
0. 

0 

INSTAR 11 

100 200 300 400 500 600 700 800 
DEGREE-DAYS (ABOVE 5-5 C) 

INSTAR IV 

1 0 - 1 
CO 
(0 

3 0.8 
u 
? 06 • 
z 
g 

0.4 -
ir 
o a. 
O 

0.2 -

cc CL 
0 -

INSTAR III 

1.0 -, 
CO 
(0 

3 08 -
o 
z 0.6 -
z 
o 
t- 04 -

o CL 
o 

0.2 -
cc -
a. 

0 -

100 200 300 400 500 600 700 800 
DEGREE-DAYS (ABOVE 5,5 C) 

INSTAR V 

100 200 300 400 500 600 700 800 
D E G R E E - D A Y S (ABOVE 5.5 C) 

100 200 300 400 500 600 700 600 
DEGREE-DAYS (ABOVE 5.5 C) 

1.0 - 1 
en 
tn 
3 0.8 -
O 
5 0 6 -
z 
o 
p 0.4 -
cc 
o 
S 0.2 -
cc 
CL 

0 -

INSTAR VI PUPA 

0 100 200 300 400 500 600 700 BOO 
D E G R E E - D A Y S (ABOVE 5.5 C) 

100 200 300 400 500 600 700 800 
DEGREE-DAYS (ABOVE 5.5 C) 

1.0 -
in 
in 
3 08 -
O -
z 06 -
z 
o 
t- 0.4 -
cc 
o 
0. 
o 

0.2 -

cc -
a. n -

100 200 300 400 500 600 700 800 
D E G R E E - D A Y S (ABOVE 5.5 C) 

Fig. 3 . Comparison of raw data (plotted points) and model results ( ) for the proportion of the population 
{collected on grand fir) i n each l i fe stage as a funct ion of accumulated D D , Bear Springs plot, Starkey Experimental 
Forest, Oregon, 1983. 

of 2 8 0 - 3 0 0 D D , w i t h peaks at 120 a n d 2 1 0 D D , 
respect ively . Instars 5 a n d 6 w e r e f o u n d o v e r a 
longer p e r i o d (—500 D D ) t h a n p r e v i o u s stages a n d 
s h o w e d peaks at 3 1 0 a n d 430 D D . M o d e l results 
i n d i c a t e d t h a t p u p a e w e r e present over ca. 500 
D D . A d u l t s w e r e present a r o u n d 450 D D , a n d 
near ly a l l i n d i v i d u a l s w e r e adul t s by 800 D D . 

Coodness-of - f i t tests ( D e n n i s et a l . 1986) w e r e 
not c o n d u c t e d o n the data a n d m o d e ! results p r e 

sented i n th is s tudy . T h e test was i n v a l i d be
cause m o r e t h a n 20% of the cells i n the d a t a set 
h a d expec ted f requenc ies of less t h a n f ive (B ishop 
et a l . 1975). T h e m o d e l ( D e n n i s et al . 1986) de
scr ibed the d e v e l o p m e n t p a t t e r n of the wes tern 
spruce b u d w o r m a d e q u a t e l y a n d appears accurate 
i n p r e d i c t i n g the modes or the n u m b e r of D D at 
w h i c h the p r o p o r t i o n of the p o p u l a t i o n i n a par
t i c u l a r d e v e l o p m e n t a l stage is greatest (peaks). T h e 
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Fig. 4 . Comparison of raw data (plotted points) and model results (- for the proportion of the population 
(collected on Douglas-fir) in each life stage as a funct ion of accumulated D D , Meadow Creek plot, Starkey 
Experimental Forest, Oregon, 1983. 

counts f o r occasional cells near the peaks of some 
d e v e l o p m e n t a l stages w e r e u n d e r p r e d i c t e d , h o w 
ever (e.g., F i g . 2, instar 3; F i g . 3, instar 5 a n d p u p a ; 
a n d F i g . 4, instar 3). 

C o m p a r i s o n of P a r a m e t e r s Between Data Sets. 
M e t h o d s descr ibed b y D e n n i s et a l . (1986) w e r e 
used to c o m p a r e a l l possible pairs of m o d e l p a r a m 
eter sets ( T a b l e 1). Results a l w a y s s h o w e d s i g n i f i 
cant d i f ferences (a = 0.05). M i n i m a l o v e r l a p o f 

p a r a m e t e r c o n f i d e n c e l i m i t s i n T a b l e 1 suggested 
t h a t this was t r u e e v e n be fore test ing. T h e phe
n o l o g y of w e s t e r n spruce b u d w o r m s was d i f f e r e n t 
i n each of the cases w e e x a m i n e d . 

, A n i n d i v i d u a l m o d e l p a r a m e t e r w o r t h y of c o n 
s i d e r a t i o n is b^, w h i c h measures the v a r i a b i l i t y of 
the d a t a a n d t h e r e s u l t i n g i n d i v i d u a l m o d e l . T h e 
larger the va lue of b^, the w i d e r the d i s t r i b u t i o n 
w i l l be at a n y t i m e (( j ) . B i o l o g i c a l l y , b~ gives an 
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Fig. 5 . Comparison of raw data (plotted points) and model results ( ) for the proportion of the population 
(collected on grand fir) in each l i fe stage as a funct ion of accumulated D D , Meadow Creek plot, Starkey Experi
mental Forest, Oregon, 1983, 

i n d i c a t i o n of the i n f l u e n c e of factors o t h e r t h a n 
D D o n western spruce b u d w o r m d e v e l o p m e n t . I f 
a l l the v a r i a t i o n i n d e v e l o p m e n t w e r e e x p l a i n e d 
b y D D , t h e n b^ w o u l d be 0. 

T a b l e 1 shows t h a t the m o d e l d e v e l o p e d i n 1982 
f o r the Bear Springs p lo t h a d the smallest value . 
E s t i m a t e d values of b^ i n 1983 w e r e h i g h e r i n g e n 
eral , b u t l o w e r o n the Bear Spr ings p lo t ( for b o t h 

models) t h a n o n the M e a d o w Creek p lo t . D e f o l i 
a t i o n intensi t ies w e r e d i f f e r e n t b e t w e e n years a n d 
p l o t s - w i t h i n - y e a r . D e f o l i a t i o n of host trees « a s 
greater i n 1983 t h a n i n 1982. I n 1983, host trees 
at M e a d o w Creek w e r e m o r e severeK' d e f o l i a t e d 
t h a n those i n 1983 at Bear Springs, These d i f f e r 
ences i n d e f o l i a t i o n i n f l u e n c e d f e e d i n g a n d d e v e l 
o p m e n t t imes , a n d m a y be p a r t i a l l y responsible 
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f o r t f ie larger v a r i a b i l i t y a n d h'- values i n M e a d o w 
Creek data sets. 

A n o t h e r fac tor i n f l u e n c i n g the h- values is the 
r e l a t i o n b e t w e e n the m i c r o c l i m a t e , as measured 
b\ b i o p h e n o m e t e r , a n d the ac tual m i c r o c l i m a t e of 
the wes tern spruce b u d w o r m . Fo l iage character 
istics, slope, aspect, e l eva t ion , a n d degree of de
f o l i a t i o n of the host species a l l m o d i f y the m i c r o 
c l i m a t e of the d e v e l o p i n g insects. T h e m o d e l 
f o r m u l a t i o n that uses D D as a t i m e scale w o r k s 
w e l l ( F i g , 1-5) . H o w e v e r , d i f ferences i n b"^ values 
suggest that a d d i t i o n a l factors also i n f l u e n c e d de
v e l o p m e n t a l v a r i a b i l i t y a n d s h o u l d be cons idered 
for i n c l u s i o n i n f u t u r e m o d e l f o r m u l a t i o n s . 

C o n c l u s i o n s . T h e m o d e l f o r m a n d m a x i m u m 
l i k e l i h o o d procedures a c c u r a t e l y descr ibe p h e n o l 
ogy of the western spruce b u d w o r m f r o m instar 2 
t h r o u g h a d u l t . T h i s f o r m is an i m p r o v e m e n t over 
ex i s t ing p h e n o l o g y models of wes tern spruce b u d 
w o r m ( W a g g 1958); i t was m o r e accurate { the l i k e 
l i h o o d f u n c t i o n was greater ) a n d easier to c o m p u t e 
t h a n the m e t h o d s o u t l i n e d b y Osawa et al, (1983), 
Regniere (1982), a n d St inner et a l . (1975). F u r t h e r 
tes t ing o n a v a r i e t y of p h e n o i o g i c a l data sets w i l l 
d e t e r m i n e w h e t h e r the m o d e l w i l l have w i d e 
spread u t i l i t y . 

F o r wes tern spruce b u d w o r m , s i g n i f i c a n t d i f f e r 
ences i n the p a r a m e t e r sets of the p h e n o l o g y m o d 
el ( T a b l e 1) b y year, p l o t , a n d host species suggest 
the need to i m p r o v e o u r u n d e r s t a n d i n g of the p r o 
cesses a f f e c t i n g p h e n o l o g y . F o r f o r m u l a t i n g i n t e 
g r a t e d pest m a n a g e m e n t strategies, a t h o r o u g h 
k n o w l e d g e of insect a n d hos t -p lant d e v e l o p m e n t 
b o t h loca l ly a n d r e g i o n a l l y is needed. 
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