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ABSTRACT 

Smith, S.M. and You, M., 1990. A life system simulation model for improving inundative 
releases of the egg parasite, Trichogramma minutum against the spruce budworm. Ecol. 
Modelling, 51: 123-142. 

A model, based on the concept and analysis of the population life system, is described for 
the spruce budworm, Choristoneura fumiferana (Clemens). Four years of field data collected 
from northern Ontario were used in the model to simulate inundative releases of the egg 
parasite, Trichogramma minutum Riley, for suppression of spruce budworm populations and 
determine the best strategy for parasite release in terms of frequency, timing and rate of 
release. Hypothetical releases, either 'single 24-h releases', 'single staggered releases' or 
'double releases', were assumed to occur from 2 to 19 days after the first spruce budworm egg 
masses appeared. The model predicts that, if properly timed during the oviposition of spruce 
budworm, 'double releases' and 'single staggered releases' of parasites can be more effective 
than 'single 24-h releases' with the same rate of release. The best timing for either type of 
'single release' was 14 days after the first egg masses appeared. For 'double releases', the best 
timing of the first release was 12 days after the first egg masses appeared with a second 
release 4 days later. 'Single staggered releases', at 12x 106 ~ ~ per ha, provided the best 
suppression of spruce budworm populations (49%) when the emergence of the parasites 
increased over a 5-day period from 10, 15, 20, 25 and 30% per day. The simulated results 
varied slightly from year to year based on mean daily temperatures in the field. 

INTRODUCTION 

T h e  s p r u c e  b u d w o r m  ( S B W ) ,  Choristoneura fumiferana ( C l e m e n s )  ( L e p i -  

d o p t e r a :  T o r t r i c i d a e ) ,  is  t he  m o s t  i m p o r t a n t  i n s e c t  in  t h e  f i r - s p r u c e  f o r e s t  o f  

1 Visiting Scientist from the Department of Plant Protection, Fujian Agricultural College, 
People's Republic of China. 
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eastern North  America (Powell, 1980). Extensive areas of this forest have 
been destroyed by SBW from the Maritime Provinces in Canada to the 
Great Lake States in the United States (Blais 1983; Coulson and Witter, 
1984). The life history of this species has been well documented (Morris, 
1963; Sanders, 1985) with a number of studies focusing on its population 
dynamics (Morris, 1963; Royama, 1984; Blais, 1985). To date, however, 
these biological components have not been examined from a life system 
approach. 

Trichogramma minutum Riley (Hymenoptera: Trichogrammatidae) is cur- 
rently the only identified egg parasite of SBW in eastern North America. 
Parasitism of SBW eggs by Trichogramma is usually less than 15%, although 
levels greater than 70% have been observed (Anderson, 1976). Under  natural 
conditions, parasitism levels by T. minutum are considered to be too low to 
have a significant impact on SBW populations (Houseweart et al., 1982), 
however, in recent years, studies have shown that through mass rearing and 
inundative release, parasitism of SBW eggs can be increased significantly 
(Houseweart et al., 1984). Smith et al. (1987) demonstrated the potential for 
ground releases of T. minuturn to control SBW on 12-to-20-year-old white 
spruce stands in northern Ontario while Smith et al. (in press) has shown the 
effectiveness of aerial releases in reducing SBW populations, even in areas of 
high density. 

In further developing this biological approach for controlling SBW, it is 
important  to recognize and understand the effects of different strategies for 
the timing, frequency, and rate of T. minutum release on egg parasitism as 
well as their subsequent impact on larval populations (Houseweart et al., 
1984; Smith et al., 1987). Previous studies have shown that by correctly 
synchronizing ground releases with the host's oviposition, two releases, at ca. 
12 × 1 0  6 ~ ~. T. minutum per ha, can have a significant impact on over- 
wintering larval populations (Smith et al., 1987). The best strategy for 
release, in terms of effectiveness and economy, however, has yet to be 
determined. 

The evaluation of different strategies for release is prohibitively expensive 
when each strategy or combination of strategies must be tested in the field 
(Watt, 1964). The development of realistic population dynamics models 
which can provide accurate simulations allows such strategies to be ex- 
amined relatively cheaply and easily in the laboratory. Techniques for 
analyzing population dynamics are used in various ways, but the life system 
approach can provide an intuitively satisfying framework for such studies 
(Hughes et al., 1984). Based on life table data of the SBW, the present paper 
outlines a life system simulation model which analyzes the population 
dynamics of SBW when T. minutum is released inundatively. The model uses 
4 years of field data in computer experimentation to compare the outcome 



INUNDATIVE RELEASES OF TRICHOGRAMMA MINUTUM AGAINST SPRUCE BUDWORM 125 

of various strategies of release and identify the best approach for SBW 
suppression. 

METHODS 

Spruce budworm simulation model 

The population dynamics of SBW was simulated using life system analy- 
sis. The model considered the life system of the SBW as a set of interacting 
components  which included the 'internal'  components of the population, 
known as state variables of the system, and the 'external' agencies which 
represented the sum of all various environmental factors influencing the 
population (Fig. 1). 

Based on the known biology of SBW, each generation was considered to 
be approximately 1300 degree-days long with an average threshold tempera- 
ture of 3 .5°C (4.4°C for 3rd instar larvae through 6th instar; 2 .8°C for 
pupae; and 2.5 ° C  for overwintering 2nd instar larvae). For simulation, the 
annual life cycle of SBW was divided into ten stages (eg. egg, 1st, 3rd, 4th, 
5th, 6th, 2nd overwintering instar and 2nd feeding instar larva, pupa, and 
adult). Each stage was subdivided into a variable number of 10 degree-day 
age-classes according to the thermal constant for that stage. The thermal 

~ T R E E S ,  E N E M I E S ,  C L I M A T I C  F A C T O R S  . . . .  

"X I / , 

INPUT 

(AUGMENTATIVI  
RELEASE8 OF 

T M I N U T U M )  j ~--], 

SYSTEM STATES X.j(k) 

I I  OUTPUT 

>, 

Y(K) 

iRNAL ENVIRONMENT OF THE SYSTEM 

T 

M 
E 

T 
I 

T " L  
I M 

E 

Fig. 1. S t ruc ture  of  the sp ruce  b u d w o r m  life sys t em wi th  inunda t ive  releases of  the egg 

paras i te .  
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T A B L E  1 

Structure of the matrix, X, from the output of the SBW simulation model  

Age-classes Life stage of spruce budworm 

of spruce L2(FD) a L3 L4 L 5 L 6 P A E L 1 L2(ow ) 
budworm (xi,1) (xi,2) (xi,3) (xi,4) (xi,5) (xi,6) (xi,7) (xi,8) (xi,9) (Xi,lO) 

Xl,j 
X2,j 
X3,j 
X4,j 
X5,j 
X6,j 
X7,j 
X8,j 
X9,j 
X l o  

Xll 

X12 j 

X13 j 
X14 j 

X15,j 
Xl6,j 
Xl7,j 
Xls, j 

Xlg, j 

XI,] X1,2 Xl,3 Xl,4 Xl,5 Xl,6 Xl,7 Xl,8 Xl,9 XI,10 

X2,1 X2,2 X2,3 X2,4 X2,5 X2,6 X2,7 X2,8 X2,9 X2,10 

X3,1 X3,2 X3,3 X3,4 X3,5 X3,6 X3,7 X3,8 X3,9 X3,10 

X4,1 X4,2 X4,3 X4,4 X4,5 X4.6 X4,7 X4,8 X4,9 X4,10 

X5,1 X5,2 X5,3 X5,4 X5,5 X5,6 X5,7 X5,8 X5,9 X5,10 

X6,1 X6,2 X6,3 X6,4 X6,5 X6,6 X6,7 X6,8 X6,9 X6,10 

X7,1 X7,2 X7,3 X7,4 X7,5 X7,6 X7,7 X7,8 X7,9 X7,10 

Xs,l X8,2 X8,3 X8,4 X8,5 X8,6 X8,7 X8,8 X8,9 X8,10 

X9,1 -- _ _ X9, 5 X9,6 X9,7 X9,8 X9,9 X9,10 

X10,1 -- -- __ X10,5 X10 .6  X10 ,7  X 1 0 , 8  Xlo,9 Xl0,10 

XIII, 1 -- -- _ Xll.5 Xll,6 Xll,7 Xll.8 Xll,9 Xll,lO 

X12,1 -- _ _ X12,5 X12 ,6  X12 ,7  X12 ,8  X 1 2 , 9  X12,10 

X13,1 -- -- _ X13,5 X13~6 -- X13,8 X 1 3 , 9  X13,10 
b 

. . . .  X14,5 -- _ X14,8 X 1 4 , 9  X14,10 

_ _ - -  X 1 5 , 5  - -  _ X15,8 X 1 5 , 9  X15,10 

. . . .  X16,5 -- _ X16,8 X 1 6 , 9  X16,10 

. . . .  X17,5 -- _ -- X17,9 X17,10 

_ _ - -  X 1 8 , 5  - -  _ - -  X 1 8 , 9  X 1 8 , 1 0  

. . . . . . . . .  X19,10 

a L2(FD) ' 2nd instar feeding larval stage; L3, 3rd instar larval stage; L4, 4th instar larval 
stage; Ls, 5th instar larval stage; L6, 6th instar larval stage; P, pupal stage; A, adult state; E, 
egg stage; L 1, 1st instar larval stage; and L2(OW ), 2nd instar overwintering larval stage. 
b _ denotes non-existent elements in the matrix which are out of the range of the stage 
distribution. All such elements were set to zero in the computer simulation. 

constants were taken from Cameron et al. (1968) and Rrgnirre (1987). 
Because of the stage overlapping phenomenon within SBW, a multiple 
column matrix, X, with 19 rows and 10 columns (19, number of age-classes; 
10, number of stages) was generated to describe the age-stage-structure of 
the SBW population and used as the output form of the simulation model 
(Table 1). Each column in this matrix represented one stage, while each row 
represented one age-class. The element, xij, therefore, represented those 
individuals at age-class i and stage j. 

The model assumed that 2nd instar SBW larvae followed a normal 
distribution when emerging from overwintering sites in the spring. This 
assumption was supported by field results reported in Rrgnirre (1987, fig. 
5). 

As a poikilotherm, the rate of SBW development is directly dependent on 
temperature. The growth of individuals in the SBW population (or move- 



I N U N D A T I V E  R E L E A S E S  O F  T R I C H O G R A M M A  M I N U T U M  A G A I N S T  S P R U C E  B U D W O R M  127 

ment of elements from one age-class and stage to the next in the matrix), 
therefore, was best described by a set of difference equations which calcu- 
lated growth based on mean daily temperature, T(K),  above the minimum 
temperature required for development for any given stage (Cj). Because the 
thermal summation of degree-days above the developmental threshold at 
each stage could result in some of the population advancing only a partial 
age-class instead of a complete age-class, on any given day, the number of 
age-classes which the population could grow was defined by: 

M / ( K )  = in t ( [T j (K)  - Cj]/10} (1) 

and 

Gj(K) = ( [ T j ( K ) -  Cj]/10} - Mj(K) (2) 

where Mj(K) is the number of whole age-classes grown by those individuals 
of the j t h  stage on the kth day, Gj(K) the fractional part of an age-class 
grown by those individuals of the j t h  stage on the k th  day, Tj(K) the mean 
daily temperature (°C)  of the kth day within the j t h  stage, and Cj the 
developmental threshold (°C)  of the j t h  stage. 

Equation (1) calculated the number of complete age-classes the SBW 
population could grow from the summed degree-days above the develop- 
mental threshold. Mj(K)  did not exceed three age-classes because greater 
than 30 degree-days above the threshold temperature (2.5, 2.8 or 4.4°C, 
depending on the SBW life stage) would have to be accumulated in any one 
day to reach this level and daily mean temperatures in Canada are usually 
less than 30 ° C, even during the summer months. Equation (2) predicted 
that fraction of the SBW population remaining from Equation (1) which 
could also continue to grow to the next age-class. The remaining fraction of 
the SBW population, 1 -  Gj(K), would remain in the same age-class or 
would advance only Mj(K)  age-classes. 

Growth of any insect population is also dependent on the mortality or 
survival of individuals within that population over time. Thus, to make the 
model more realistic, life table data (Morris, 1963) were used to divide the 
survival rate for each stage of SBW, Sj ( j  = 1, 2 . . . .  , n - 1), into an abiotic 
survival rate (SNj) and a biotic survival rate (sP/). The abiotic survival rate 
was considered to result from environmental factors, genetic characteristics 
a n d / o r  unhealthy development from poor nutrition. The biotic survival rate 
was considered to be the sole result of parasites, predators and pathogens. 
Based on work by Ruesink (1982), the abiotic survival rate was assumed to 
occur 'between' the life stages while the biotic survival rate was considered 
to occur 'during' each stage. In general, abiotic factors usually cause 
mortality as the insect molts, whereas, biotic factors remove individuals 
from the population during the actual stage of development. 
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The abiotic survival rate on the k th  day, SNj(K), was defined as: 

SNj(K) =sNj (3) 

where SNj is the abiotic survival rate of the j th stage, and was derived from 
the SBW life table developed in New Brunswick by Morris (1963). Morris 
(1963) separated larval survival into only two categories, small larval survival 
( ls t  to 3rd instar) and large larval survival (4th to 6th instar). In our model, 
the mean survival rate for small or large larvae from Morris' life table was 
divided by the number of instars in each category (eg. 3 instars each for 
small and large larvae) to calculate the abiotic survival for individual larval 
instars. 

The daily biotic survival rate for each SBW stage was dependent  on the 
daily developmental rate of that stage because biotic mortality agents were 
considered to act throughout each stage, not only at the end of the stage. 
The developmental rate was derived from the mean daily temperature and 
number  of degree-days required (thermal constant) above the developmental 
threshold for each stage. Thus, the developmental rate for the j t h  stage on 
the k th day, Rj (K),  was defined as: 

Rj( K ) = [Tj(K ) - Cj] /Dj (4) 

where Dj is the thermal constant (degree-days) of the j t h  stage. Because the 
biotic survival rate on the k th  day, sPj(K), was assumed to occur during 
each stage, rather than at the end of each stage, it could be defined as: 

SPj (K)=SI~ j /K)  (5) 

where sPj is the biotic survival rate of the j t h  stage. 
Four difference equations modelled the growth of the SBW population 

within the matrix. The first equation described population growth from the 
last age-class within a stage to the first age-class within the next stage: 

XI,j+1(K+I)=sPj(K)SNj(K) Gj(K ) XN,,a(K ) ( i f M a ( K ) - 0 )  (6) 

where Nj is the number of age-classes for the j t h  stage, and Xi, j(K ) the 
number  of individuals for age-class i and stage j on the k th day. Such 
relatively slow development occured when the mean daily temperature was 
low (Mj(K)= 0) and only a fraction of the individuals (Gj(K)) in the 
population could grow from one age-class to the next. The remaining 
individuals in that population could not advance because of the low thermal 
accumulation and had to remain in the same age-class. 

The second equation described similar population growth from one stage 
to the next when the mean daily temperatures were higher: 

X,,j+I(K+ I)=sPj(K) S N j ( K ) { [ 1 - G j ( K ) ]  XN_M,(K)+,,j(K ) 

+ G j ( K )  XNg_M,(K)+i_I,j(K)} (ifl<i<_Mg(K)) (7) 



I N U N D A T I V E  R E L E A S E S  O F  T R I C H O G R A M M A  M I N U T U M  A G A I N S T  S P R U C E  B U D W O R M  129 

where X~,j(K + 1) is the number  of individuals for age-class i and stage j on 
the k + l th  day.Here, because of the relatively high daily temperatures 
(1 <i<Mj(K) and > 14.4 degree-days), individuals in the last several 
age-classes of one stage could develop to any one of the first couple of 
age-classes in the following stage. The amount  of growth from one stage to 
the next was determined by the cumulative degree-days above the threshold. 

The third equation described two types of population growth; individuals 
in the population which could grow between stages (as in equation 7) and 
individuals in the population which could grow from the first age-class in 
one stage to the next age-class(es) in the same stage. 

Xi.j(K + I)=sPj(K) [1-Gj(K)] XI,j(K) + sPj_I(K) SNj_I(K ) 
XGj_](K) XN,,j_I(K ) ( i f i=Mj (K)+l )  (8) 

These two types of growth described in equation (8) were determined by the 
initial age-class from which the individuals started their development (i = 
Mj(K) + 1) and the mean daily temperature (T(K)). 

The fourth equation described simple population growth between age- 
classes within one stage: 

Xi,j(K+ 1 ) = s P j ( K ) ( [ 1 - G j ( K ) ]  X,_Mj(K),j(K ) 

-}-Gj(K) Xi_M,(K)_I,j(K)) (ifMj(K)+2<_i<_Nj) 
(9) 

In this case, the model only described growth from the second age-class to 
the last age-class within each stage ( Mj( K) + 2 <_ i <_ Nj). 

When the SBW population developed to the adult stage ( j -  7), the 
moths continued to age until their death (the number of age-classes for the 
adult stage was 12). All moths were considered to have died after age-class 
12, which is consistent with female longevity reported in RrgniSre (1983). It 
was assumed that female moths mated during their 1st day of life and thus, 
could oviposit only during age-classes 3 to 11 (Outram, 1971). Based on the 
results of Sanders and Lucuik (1975), Sanders et al. (1978) and RrgniSre 
(1983), the percentage of eggs laid each day in age-class i (i = 3, 4, . . . ,  11) 
was assumed to decline from 40, 18, 12, 10, 8, 6, 3, 2, to 1% per day, 
respectively. The overall oviposition rate was defined as 200 eggs per female 
with a sex ratio of 6 : ? 1 :1  for the adult population (Morris, 1963; 
RrgniSre, 1983). 

The elements in column 7 (the adult stage) in matrix X, were calculated 
by another set of difference equations which predicted the pattern of adult 
development and daily egg deposition. These equations allowed for three 
different scenarios according to the age-class of the adult and the mean daily 
temperature. 
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The first case allowed for the death of adult moths after age-class 12: 

Xi,j(K+ 1 ) = 0  (if i >  Nj) (10) 

The second case described the slow rate of adult growth and oviposition 
(by either 0 or I age-class per day) when the temperature was low (Mj(K)  = 
0) prior to age-class 12. Here moths aged (progressed through the adult 
age-classes) by: 

X,,j(K + 1) = spg(K) { [ 1 -  G,(K)] X~,j(K) + Gj(K) Xi_l,y } 

(if Mj(K)=O) (11) 

and laid eggs each day such that: 

11 

XI,j+I(K+ 1) = Gj.(K) Y'. Xi,j(K ) P, EF (if Mj (K)  = 0) (12) 
i = 3  

where P~ is the percentage of eggs laid by the ith age-class (40, 18, 12, 10, 8, 
6, 3, 2 to 1%), E the oviposition rate (200 eggs per female moth) and F the 
sex r a t io (8  : ~ 1:1). 

The third case considered the relatively fast rate of adult growth and 
oviposition (by either 1 or 2 age-classes per day) when the mean daily 
temperature was high (Mj(K) > 1) prior to age-class 12. Moths aged by: 

X,.,j(K+ 1 ) = S P j ( K ) { [ 1 -  Gj.(K)] Xi_M/K),j(K ) 

+6j(K) Xi_M,(K)_I,j(K)} (if Mj (K)  > 1) (13) 

For the egg stage following oviposition, as with larval growth, some of the 
individuals could advance only a partial age-class instead of a complete 
age-dass, on any given day, and thus, the number of complete age-classes 
which eggs following oviposition could develop through was defined by: 

11 

XM,(K),S+I(K+I)=[1-Gj(K)]Y'.X,,,(K)P, EF (ifMj(K)>l) 
i = 3  

(14) 

The fraction of the SBW egg population remaining from equation (14) which 
could also continue to grow, following oviposition, into the next age-class 
was defined as: 

XM,(K)+I,j+I(K + 1) 
11 

=Gj(K)~_,X~,j(K)P~EF (if Mj (K)  > 1) (15) 
i = 3  
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Simulation for the best strategy of release 

A number of different strategies for inundative release were tested in the 
simulation by varying the frequency, timing and number of parasites re- 
leased. Whenever the inundative releases were made in the simulation, the 
values of the survival rate for SBW egg populations were changed (Fig. 2), 
These changes were made according to the field data for releases conducted 
between 1983 and 1986, inclusive, near Hearst, Ontario (84°W; 5 0 ° N )  
(Smith et al., in press). Daily maximum/minimum temperatures were col- 
lected annually at this site between mid-June and Mid-August. For days 
outside the seasonal range (1 March-1 October), values were obtained from 
Atmospheric Environment Services for Mattice, Ontario (83°W; 50°N) .  
These values were input into the SBW simulation model. 

Houseweart et al. (1982) showed that SBW eggs are susceptible to 
parasitism by T. minutum for 5 days at 21°C and 3 days at 27 ° C. Lawrence 
and Houseweart (1985) and Smith et al. (1987) demonstrated that under 
average field conditions, a second generation of T. minutum could develop 
and emerge within ca. 14 days. If released early in the SBW oviposition 
curve, therefore, this second generation of parasites could still successfully 
attack susceptible SBW eggs laid at the end of the oviposition period (on 
average, SBW oviposition occurs during the first 3 weeks of July). In the 

[ ~  J CALCULATE NO. POPULATION (EVERY 
STAGE AND AGE) X(i,j) ON THE 

(K*l)th DAY 

/ I N P U T  NO. STAGES AND MAXIMUM AGES/  $ 

]PRINT DALLY SIMULATION OUTPUT X(I,a) I 
I (AGE-STAGE STRUCTURE MATRIX) I 

/ INPUT DAILY MEAN TEMP. T(K); / I I I 
/ NO. AGES Nj. THERMAL CONS. Dj. / I / 

/ DEVELOP. THRESHOLD Cj, AND / I V 
/ SURVIVAL RATES SNj OR SPj OF STAGE j / INol ALL 2NO INSTAR LARVAE AFTER ,] 
[ 1 / r ~  OVERWINTER HAVE BEGUN TO GROW I 

I I |YES 
/INPUT NO. 2ND INSTAR LARVAE ( F D ) /  | I • 

1' I I ITH'S'STHEOV'POS'T,ONPER'OOOPSSWI, 
CALCULATE NO. 2ND INSTAR LARVAE I NO IYES 
WHlCN CAN EEOIN TO GROW X,,,,, I 

~I I THIs IS THE DAY F°R RELEASE T'M'] 

FROM X(I,J) WITHIN THE Kth DAY CALCULATE I Vl=<~ THIS IS THE DAY FOR 
MORTALITY 2ND GENER. T.M. 

I -:DAUSE D BY ' T . M I N U T U M - - '  EMERGE AFTER REL. 
CALCULATE SURVIVAL RATE OF | 

X(I,J) WITHIN THE Kth DAY I N O  + 
2ND INSTAR LARVAE OF NEXT I 

GENER. BEGIN TO OVERWINTER 

I NO 

Fig. 2. Procedure for simulation the spruce budworm life system with inundative releases of 
the egg parasite. 
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present model, data on the mean developmental rate for strains of T. 
minutum from Smith and Hubbes (!986) were used to obtain the date prior 
to the end of SBW oviposition on which the 2nd generation of T. minutum 
emerged in the field. If a second generation was possible, the number of 
females emerging and their impact on SBW eggs was calculated based on: 
(1) the longevity, fecundity, production of progeny and sex ratio of the first 
generation (Smith and Hubbes, 1986); and (2) the number of susceptible 
SBW eggs as predicted by the model. 

Frequency. Two frequencies of release were examined, based on informa- 
tion obtained in previous studies (Smith et al., 1987, in press). A 'single 
release' of T. minutum entailed either: (1) the release of 12 x 1 0  6 ~ 
parasites per ha in one 24-h period and emergence over 24 h (single 24-h 
release), or (2) the release of 12 x 1 0  6 ~ ~ per ha in one 24-h period and 
emergence over 5 days (single staggered release). 

For the 'single staggered release', the daily pattern of emergence from day 
1 to day 5 was defined as: (1) Strategy A: increasing from 10, 15, 20, 25, and 
30% per day; (2) Strategy B: normally distributed at 10, 20, 40, 20, and 10% 
per day; or (3) Strategy C: decreasing from 30, 25, 20, 15, and 10% per day. 
'Double releases' consisted of two 'single 24-h releases' conducted at differ- 
ent points along the SBW oviposition curve. Parasites were assumed to 
emerge within a 24-h period following each of these two releases. 

Timing. In order to examine the effect of timing of these two types of 
releases, both were applied at different points over the SBW oviposition 
period. For the 'single 24-h release', releases of T. minutum were made in 
separate 24-h periods beginning on the 1st day of egg-laying and continuing 
consecutively, until the 2nd day following the peak deposition of susceptible 
egg masses. Houseweart et al. (1982) showed that, at field temperatures, T. 
minutum is only capable of parasitizing SBW eggs successfully within the 
first 4 days of oviposition. Egg masses older than this, therefore, were not 
considered susceptible and were not included in the model. The dynamics of 
the model predicted that 4 days would be equivalent to nine age-classes 
within the egg stage of SBW. 'Double releases' were made as for 'single 24-h 
releases' by using a series of combinations for the number of days between 
each 24-h release (1-12 days). For example, the first 24-h release was fixed 
on a given day and the second 24-h release was shifted from day to day 
during the oviposition period (Table 2). The given day on which the first 
release was conducted also changed over the oviposition period as for the 
'single 24-h releases'. 

Rate. After the best frequency and timing for the two release strategies 
were established, the rate of release was examined using one year of data 
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TABLE 2 

Timings used to test 'double releases' of T. minutum for suppression of spruce budworm in 
the simulation model 

Date of Date of 2nd release in July 

1st release 13 14 15 16 17 18 19 20 21 22 23 24 25 
in July 

12 X X X X X X X X X X X X X 

13 X X X X X X X X X X X X 

14 X X X X X X X X X X X 

15 x x x x x x x x x x 

16 x x x x x x x x x 

17 x x x x x x x x 

18 x x x x x x x 

19 x x x x x x 

20 x x x x x 

21 x x x x 

22 x x x 

23 x x 

24 x 

(1983). Those  rates of  release selected for  the ' s ingle  24-h release '  were 2, 4, 
6, 8, 10 and  12 x 106 ~ ~ per  ha. Each  release ra te  was set for  22 July  
because  this r ep resen ted  the best  t iming for  a ' s ingle  24-h release' .  ' D o u b l e  
releases '  were  m a d e  by  examin ing  all possible  combina t ions  for  each of  the 
two releases at the same rates.  As with the ' s ingle  24-h release' ,  the t iming 
for  each of  the ' doub l e  releases '  was set by  the best  s t ra tegy der ived  
previously:  21 Ju ly  for  the first release and  24 Ju ly  for  the second  release. 
T h e  pe rcen tage  of  SBW egg masses and  eggs which would  be  paras i t ized  at 
each  rate  were  der ived  f rom Smith  et al. (in press). 

SIMULATION RESULTS AND ANALYSIS 

Simulation of  spruce budworm population dynamics 

T h e  s imula t ion  mode l  of  SBW p o p u l a t i o n  dynamics  deve loped  here  m a d e  
use of  m e a n  stage morta l i t ies  f r om some 80 life tables  col lec ted  in N e w  
Brunswick  by  Mor r i s  (1963). T o  date,  this m e a n  life table ( table  2.1 in 
Morr is ,  1963) is the on ly  one  avai lable  for  the s imula t ion  of  SBW popu la -  
tions. 

T o  init ialize the  mode l  and  begin  a s imulat ion,  values were  first ass igned 
to each  of  the s ta te  var iables  X u (i  = 1, 2 . . . . .  19; j = 1, 2 . . . . .  10). Th e  
in i t ia t ion  of  emergence  and  feeding  for  overwin te r ing  2nd  ins tar  larvae was 
de f ined  as tha t  da y  on  which the m e a n  dai ly  t e m p e r a t u r e  exceeded  the 
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developmental  threshold for that stage (4.4°C).  The mean daily tempera- 
ture, number  of ages, thermal constants and developmental  thresholds for 
various stages were also established so that the developmental  rates and the 
number  of ages for those individuals of the j t h  stage which would continue 
to grow could be calculated. 

Once the model was initialized, the dynamic simulation proceeded from 
day to day according to the accumulation of degree-days from the mean 
daily temperatures provided. The age-stage-structure matrix (output  of the 
simulation model) was printed for each day. The current simulation began 
from the emergence of the 2nd instar larvae and stopped when the 2nd 
instar larvae of the following generation went into overwintering diapause. 

A comparison of the observed and simulated SBW populat ions for 
Hearst,  Ontario in 1985 is shown in Fig. 3. Because only observed data  from 
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Fig. 3. Comparison of simulation results with observed data for spruce budworm oviposition 
during 1985 at Hearst, Ontario. Initial population of overwintering 2nd instar spruce 
budworm assumed to be 800000 larvae per ha. 
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19 June to 6 August of that year were available, the comparisons are given 
for only 6th instar larvae, pupa, adult and egg stages. All simulation results 
of the stages fit well with the observed data according to the 'timing' and 
shape of the curves. Although minor differences can be seen between 
observed and simulated population densities, these may be the result of 
either sampling errors in the field for observed data or a slight discrepancy 
in values for the mortalities from the life table used in the simulation; i.e. 
mean values from Morris's table versus real values from SBW life tables in 
the Hearst area. Although the work by Morris (1963) represents a classic life 
table study for SBW, the values were developed in New Brunswick and may 
not necessarily reflect survival rates for SBW populations in other geo- 
graphical regions of North America such as Hearst, Ontario. 

Simulation for the best strategy of release 

In order to compare the different strategies for frequency and timing of 
parasite release, an initial SBW density of 800 000 2nd instar larvae per ha 
and a release rate of 12 × 106 ~ ~ T. minutum per ha per release was 
assumed, based on previous field data (Smith et al., 1987). The best strategy 
was obtained by looking at the resultant SBW larval population and 
comparing the last two columns of the simulation results; i.e., the density of 
1st and 2nd instar larvae for that generation. 

Timing. The simulation results for the different timings of a 'single 24-h 
release' for one year are shown in Table 3. These results suggest that the best 
timing for a 'single 24-h release' in 1983 would be 14 days after the 1st day 
of oviposition on 6 July. This date represented the lowest total SBW 
population density (lst and 2nd instars). Although the model predicted a 
large number of eggs available on all days between 19 and 23 July inclusive, 
20 July was the best date for the 'single 24-h release' because more of the 
eggs were susceptible to parasitism then than on the other days (Table 3). 

An interesting result is seen when T minutum is released on 15 and 16 
July; both dates show the same density of 1st instar larvae (Table 3). This 
occurs in the model because, for both release dates, the second generation of 
T. minutum emerges and has an impact on the SBW population on the same 
day (26 July). Releasing T. minutum early in the SBW oviposition curve, 
therefore, obviously allowed sufficient time for progeny of released parasites 
to complete development, emerge and oviposit in SBW eggs deposited later 
in the curve. The number of individuals occurring in the 2nd generation of 
T. minutum from these early releases, however, was limited because there 
were relatively few SBW eggs available and susceptible to parasitism in the 
very early part of the oviposition curve. 
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TABLE 3 

Simulation results for different timings of a 'single release' of 12 × 106 ~ ~ T. minutum per 
ha per release for suppression of spruce budworm in Hearst, Ontario during 1983 

Date of Date 2nd Spruce budworm eggs Simulation results (No. larvae) 

release generation Available Susceptible 1st instar 2nd instar Total 
T. minutum ( X 10 6) 
emerges 

12 July 23 July 127439 127417 81895 2184119 2.27 
13 July 24 July 436335 436044 26518 2084869 2.11 
14 July 25 July 1072929 1071264 4793 2141648 2.15 
15 July 26 July 1903 703 1895 754 33 361 2114417 2.15 
16 July 26 July 2 889 096 2 856900 33 361 1756 605 1.79 
17 July 27 July 3 860 040 3 753 728 90 558 1406 391 1.50 
18 July 27 July 4636092 4427252 90422 1068412 1.16 
19 July 28 July 5139644 4473505 126639 876302 1.00 
20 July 29 July 5457085 4520052 123677 810745 0.93 
21 July 29 July 5549181 3671783 103926 916681 1.02 

Initial density of 2nd instar overwintering spruce budworm assumed to be 800000 larvae per 
ha. 

The best timing for a 'single 24-h release' in 1984, 1985 and 1986 is shown 
in Table 4. The relatively early timing in 1983 compared to the other years 
was not unexpected because weather conditions were warmer in July 1983 

TABLE 4 

Best timing for 'single and double releases' of T. minutum at 12 × 10 6 ? ~ per ha per release 
for suppression of spruce budworm 

Release Year Release date Best simulation results (No. larvae) 

strategy 1st release 2nd release 1st instar 2nd instar Total a 
( X 106) 

Single 
24-h 

Double 

1983 20 July - 123 677 810745 0.93 
1984 22 July - 316 339 942 530 1.26 
1985 24 July - 320565 869702 1.19 
1986 25 July - 291662 881549 1.17 
1983 18 July 22 July 66 363 342570 0.41 
1984 20 July 24 July 80 020 363 420 0.44 
1985 22 July 26 July 76941 412945 0.49 
1986 23 July 27 July 84461 429628 0.52 

Initial density of 2nd instar overwintering spruce budworm assumed to be 800000 larvae per 
ha. 
a Values below 0.80 represent declining spruce budworm populations (assuming an initial 
spruce budworm population of 0.80 × 106 larvae per ha). 
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(monthly mean = 20.6 o C) than in the other years (monthly mean = 17.7 °C 
in 1984, 18.3°C in 1985, and 17.6°C in 1986). The best date for release was 
also earlier in 1984 than in 1985 and 1986 because weather conditions were 
warmer in the spring of 1984 than in the spring of either 1985 or 1986. This 
resulted in the earlier emergence of overwintering larvae in 1984 (10 April) 
than in 1985 or 1986 (18 April), as well as an earlier date for first oviposition 
in 1984 (2 July) than in 1985 (5 July) and 1986 (6 July). 

The best timing for double releases in the years 1983, 1984, 1985 and 1986 
is also shown in Table 4. For all years, the time between the 1st and 2nd 
release was 4 days. As for the 'single 24-h release', the warmer conditions in 
1983 resulted in earlier dates for both releases than in the other years. 

Frequency. The outcomes from different frequencies for 'single 24-h re- 
lease', 'single staggered release' and 'double release' and 'double release' 
were compared to determine the best strategy (Table 5). The results indicate 
that if T. minutum is applied at 12 x 10 6 ~ ~ per ha per release, in either 
'single staggered releases' or 'double releases', SBW populations can be 
reduced and outbreaks controlled; the final density can be reduced below 
the original starting density of 0.80 x 10 6 larvae per ha. A 'single 24-h 
release', however, will not control the population. 

Of the three 'single staggered release' strategies, the best distribution of 
emergence was Strategy A; increasing the proportion of T. minutum emerg- 

TABLE 5 

Best frequency for releasing 12 x 106 ~ ~ T. minutum per ha per release for suppression of 
spruce budworm 

Strategy Release date Release rate 
(x106 ~ ~ per ha) 

Simulation results (No.) 

1st 2nd 1st 2nd 1st 2nd Total a 
release release release release release release ( x 106) 

Single 
24-h 20 July 
Staggered 
A 18 July 
B 18 July 
C 18 July 
Double 

12 - 123677 810745 0.93 

12 - 95464 317762 0.41 
12 - 106599 329502 0.44 
12 - 107379 314698 0.42 

18 July 22 July 12 12 66363 342570 0.41 

Initial density of 2nd instar overwintering spruce budworm assumed to be 800000 larvae per 
ha. 
a Values below 0.80 represent declining spruce budworm populations (assuming an initial 
spruce budworm population of 0.80 × 106 larvae per ha). 
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ing each day following release over the 5 days by 10, 15, 20, 25, and 30% per 
day, respectively. All three staggered strategies at 12 x 10 6 ~ ¢ per ha 
produced almost a 50% reduction in the population and, therefore, were 
twice as effective in reducing SBW populations as a 'double release' at a 
total of 24 x 10 6 ~ ~ per ha. Future field studies should concentrate on 
examining the actual response of SBW populations to such releases. 

Rate of release. To determine the best strategy for using T. rninutum to 
suppress SBW, the impact of different rates of release were simulated in the 
dynamic model. Hypothetical releases were made at the best time in one 
year: 20 July 1983 for the 'single 24-h release', and 18 and 22 July 1983 for 
the 'double release'. As expected, the model predicted an increasing impact 
on the SBW population as the rate of release for a 'single 24-h release' 
increased from 2 to 12 x 1 0  6 ~ ~ per ha. As shown previously, however, 
even at the maximum of 12 x 10 6 ~ ~ per ha, 'single 24-h releases' of T. 
minutum did not successfully suppress SBW populations. Higher rates may 
be more effective, although at the present time, the cost of parasite rearing 
does not make this alternative feasible for SBW control. 

With 'double releases', the total number of parasites required to reduce 
the SBW population (below 800000 larvae per ha) ranged from 10 to 
24 x 10 6 ~ ~ per ha (Table 6). The best strategy for release with these rates 
appeared to be 6 x 10 6 ~ ~ per ha in the first release and 4 x 10 6 ~ ~ per 
ha in the second release. This provided a slight reduction in SBW popula- 
tions of 1% (from 0.80 x 10 6 tO 0.79 x 10 6 larvae per ha). In order to 
achieve a 49% reduction in the population (0.41 x 10 6 larvae per ha), equal 
to that with Strategy A for a 'single staggered release' of 12 x 106 ¢ £ per 
ha, a 'double release' totalling 24 x 10 6 ~ ~ per ha would be required. 

TABLE 6 

Total number of spruce budworm larvae predicted following increasing rates of 'double 
releases' of T. minutum on 18 and 22 July 1983 in Hearst, Ontario 

Rate of 
1st 
release 
( x  106 ~ ~ per ha) 

Rate of 2nd release ( x 10 6 £ ~ per ha) 

2 4 6 8 10 12 

2 1.38 1.14 1.05 0.97 0.90 0.85 
4 1.11 0.90 0.83 0.76 0.69 0.65 
6 1.02 0.79 0.75 0,69 0.62 0.58 
8 0.94 0.75 0.69 0,63 0.56 0.52 

10 0.84 0.66 0.60 0,55 0.48 0.45 
12 0.78 0.61 0.55 0,50 0.44 0.41 
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Obviously, the impact of inundative release will become greater as the 
rates of release increase, however, these higher rates will be associated with 
increasing costs. Reducing the application rate from 24 to 12 x 10 6 ~ ~ per 
ha (eg. Strategy A; 'single staggered release' to 'double release') and retain- 
ing the same level of population suppression (0.41 x 10 6 larvae per ha) could 
almost halve the total cost. In the future development of inundative releases 
with Trichogramma, it would be most valuable to investigate such findings 
under field conditions. 

DISCUSSION AND CONCLUSIONS 

The success of releasing natural enemies such as Trichogramma is usually 
assessed by taking field measurements at one point in time to determine the 
extent of parasitism in the target stage of the host. This approach often leads 
to errors in assessment because not all hosts in the population are suscepti- 
ble at the same time. Percentage parasitism (the ratio of individuals parasi- 
tized to the total number of individuals in the population), therefore, may 
not reflect the true impact of the natural enemy (Van Driesche, 1983). A 
more accurate assessment would be made by comparing population densities 
in the same stage of the host between two consecutive generations (e.g. 2nd 
instar to 2nd instar). A life system simulation model, such as developed here, 
can be extremely valuable because it makes such comparisons without the 
associated error of sampling or expense of large-scale field programmes. 

Normally, detailed information is needed on the cause-effect relationship 
between environmental factors and the rates of SBW survival and oviposi- 
tion, in order to adequately describe SBW population dynamics (Rrgni~re, 
1982, 1987). With the life system approach, however, only survival rates of 
the insect are required because these rates reflect the 'inputs' and 'outputs' 
of the system as a whole without considering the interacting mechanisms 
inside the system. Survival rates can be readily obtained from life table data. 
The benefit to be gained by employing such a general analysis, at the 
systems level, has been demonstrated in the present paper. Predictions on 
the potential success of parasite releases or other biological control pro- 
grammes can be made without detailed cause-effect information on host 
survival or natural enemy interaction and behaviour under field conditions. 
Obviously, further refinements in life table data for SBW from the actual 
release site in northern Ontario will improve the predictability of the model. 

The feasibility of using T. minutum as a biological control agent in 
Canada against forest insect pests such as SBW will depend, to a large 
extent, upon financial considerations (Smith et al., 1987). It is necessary, 
therefore, to determine the best strategy for release rates, timing and number 
of releases which will provide the most cost-effective suppression. The 
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present model has allowed us to evaluate such strategies by means of 
computer simulation without the prohibitive expense of field studies. 

Results from our simulation suggest that, in the future, it will be possible 
to determine the optimal strategy for inundative release of T. minutum for 
suppression of SBW. Our study has shown that, if properly timed, a 'double 
release' of parasites will be more effective than a 'single 24-h release' at the 
same release density. Similar conclusions were reached in developmental 
studies by Lawrence and Houseweart (1985) and field studies by Smith et al. 
(1987). Our model also predicts that a 'single staggered release', with 
increasing rates of emergence, can provide a 49% reduction in SBW popula- 
tions equivalent to a 'double release' at twice the rate. This type of 'single 
staggered release', therefore, currently represents the best strategy for using 
inundative releases of Trichogramma and suggests that field studies should 
be conducted to verify the model predictions. 

The present paper concentrates on a life system simulation model for 
improving inundative releases of the egg parasite, Trichogramma minutum 
against the SBW using life table data. Further development of this model 
would allow us to explore the potential for integrating parasite releases with 
other control agents, either simultaneously (within the same year) or sequen- 
tially (in consecutive years). It would also enable us to investigate the 
long-term impact of parasite releases on different levels and phases of the 
host population and determine the effect of such releases on the host's 
dynamics over a complete outbreak cycle. The life system approach, there- 
fore, provides a broader context in which effective pest management pro- 
grammes can be designed. 
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