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ABSTRACT

Simulation modeling was employed in a systems technique to

represent epizootics of nuclear polyhedrosis virus (NPV) in the lawn

ATMYWOTm.

An analytic approach which consisted of three research phases was
utilized. First, the basic life system of the insect was simulated by
developing data on the life history of the armyworm and integrating the
data into a proposed algorithm on temperature-development relationships.
Secondly, NPV epizootics were simulated by obtaining data on the
susceptibility of the armyworm to NPV and this was combined with the
basic life system to construct an epizootiological model. Thirdly, the
developed models were optimized so that the results could be used to make
appropriate pest management decisions. The computer simulation language,

GPSS (General Purpose Simulation Systems) was used to represent the life

gystem of the lawn armyworm.

Generally the data obtained from the model were in good agreement
with the actual data representing the quantitative and chronological
development of armyworm populations and their NPV epizootics. The
ability of the computer simulation language to predict and/or accommodate

epizootiological phenomena was demonstrated in this study.



The optimization of host plant protection and virus production
through the contour mapping indicated that the pattern of adult
introduction affected the characteristics of the progeny population. In
general, the earlier and the more aggregatedly the females were
introduced, the earlier was the optimized spray time for the host ﬁlant
protection. The more aggregatedly the females were introduced, the more
effective was the virus treatment. In addition the yield was greatly:
increased when the treatment was applied early in the infestation dbut

virus production was greatly increased when the treatment was made after

the population was more mature.

Although more tests are required to quantitatively substantiate the
reliability of the model, the simulation and optimization processes
developed in this study indicated that the systems technique and modeling
can be used as a practical strategic tool in pest management. This can

be accomplished by integrating the model with empirical knowledge of crop

protection or combining it with other optimization models.
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INTRODUCTION

The rapid development of chemical pesticides since the 1940's has
produced epoch-making progress in the history of crop protection. The
chemicals were fast in effect, economical and applicable to a wide
variety of insects, including agricultural pests, urban pests and
medically important insects. The ease at which these pesticides could
be applied and the early efficiency of these materials have led to a

contemporary pest control pattern which is heavily dependent on chemical

insecticides.

The long-term indiscriminate use of chemicals resulted in some
gerious side-effects, such as the development of resistance by pests,
abrupt abundance of minor pests, toxicity to man and animals, pollution

of the environment by chemical residues, etc..

To cope with these problems resulting from one-sided chemical
control, the concept of pest management has been introduced for crop
protection. By selecting the most appropriate control practices and
integrating them in the manner that the control methods caused least
adverse effects, pest management has produced maximum crop protection

with a minimum of environmental disruption.

Since pest management is an integrated science that covers all
related factors in plant protection, its development has been especially

accelerated by the recent advancement of three affiliated fields: 1)
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population ecology, 2) re-evaluation of alternative control
practices--biological, physical, cultural, etc.--, and 3) modeling and

systems technique.

While the development of principles in population ecology supports
understanding the complex of interrelationships between pest populations
and environmental factors, re-evaluation of importance of alternative
control agents provides a more and wide variety of control methods on
the practical basis. Regarding various harmful side effects have been
produced on the pest status and the ecosystem by the excessive use of
chemicals, these two biology-related affiliated fields have been playing

a very important role in guiding the future of pest control.

However, the introduction of the biology-affiliated fields to pest
management has produced complicated problems in the plant protection
system. Not only has the simple aspect of pest regulation by control
practices been an important concern, but all the interrelated effects
among pest populations, various conirol agents, environments and other
economically important factors have to be considered within the context

of the whole food production system.

This complex of pest control problems raturally requires an
integrated, and systematic methodology for problem solving so that it
can cover all the relational effects of variables in quantitative terms
to make it possible to maximize agricultural productivity with minimum

of pest damage.
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Systems approach, an organized attempt to consider all the
interactions among all components in pest management and
agro-ecosystems, serves as the best strategic tool for solving the
complicated situation of pest problems. With the help of quantitative
analysis and mathematical modeling, one may be able to predict the

future occurrence of pest and make right decisions for the development

of control strategies.

While population ecology and systems technique support the
theoretical or methodological development in control stirategy,
re-evaluation and improvement of alternative control agents have
contributed to advancing practical control practices to regulate pest
populations. One of the alternative control measures being extensively

investigated for use in pest management programs is insect disease.

Insect pathogens can be used either as microbial insecticides or
as introductions leading to establishment in pest populations (Burges
and Hussey 1971). When properly used, microbial control agents have
varioué advantages such as specificity, relative safety to man and
environment, no resistance problems, etc.. Among the insect pathogens,
the baculovirﬁses have been considered as one of the more promising pest
control agents due to their virulence to their hosts, safety to

nontarget organisms and ease of production and handling.

However, because these insect pathogens are organisms, a more

complicated control situation would be produced when they are used as
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the key control agent in a pest management program. In addition to all
the complex relationships between the pest population and environment,
the pathogen itself has its own complex relatiomships to the

environmental factors.

To cope with this complex of "pest-pathogen-environment"
relationships, the previously-mentioned modeling and systems technique
could be most appropriately used. The technique can quantitatively
analyze the partial impact of all the control components in the pest
management system, and synthesize them again in a manner to provide the
bagsic information on utilizing the control agent as a part of
system-based control practices within the whole framework of a pest

management program.

Although numerous reports have been published on systems and
modeling studies regarding gemeral pest management tactics and other
control methods--especially biological and chemical control--, very few
studies have been made on modeling in insect disease systems.
Considéring the importance of insect pathogens as one of the most
promising alternative control agents as well as their complexity in

relationships with pest populations and environments, a more

gystems-oriented study is desired in the field of microbial control.

Since there has been a considerable history of study on the
epizootics of the nuclear polyhedrosis virus (NPV) in the lawn armyworm

population in Hawaii, the NPV-armyworm relationship was chosen as the
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target disease system in this study. By using this pathogen-host
relationship as a subjeet of quantitative analysis and simulation
modeling, it was possible to formulate an epizootiological system of the

virus disease to predict the trend of the healthy and infected host

population.

Considering that NPV is one of the promising ‘control agents that
regulate the armyworm population, the simulation of disease development
under the systems concept would be given as a good example on how
modeling can be appropriately used as a practical tool in pest
management. With the same principle applied to simulation modeling in
microbial control in this study, it can be applicable to other control

factors, such as chemical control, biological control, etec..

Even though the study was to formulate an epizootiological system
of NPV in association with the host insect life system, another
important point had to be considered in simulation modeling. Because
the ultimate goal of systems study lies in finding the "total optimum"
status’among all components, numerous factors in the insect management
system have to be related from various aspects: agricultural
productivity, conservation of system resources, economics, safety to man
and animal, etc.. However it is practically impossible to integrate all

of these components to construct a model without first breaking them

down into a more amenable form.
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A more realistic and convenient way is an analytic process: to
consider all these factors separately and study the system by adding
important component one by one to the simplest form of the life system.
The simplest life system may be defined as a system where the conditions
for population growth are ideal, and the biotic potential of the insect

would be fully embodied under favorable environmental conditions.

Because it is assumed that the biotic potential of the insect is
not affected by other environmental factors in the simplest life systen,
the individual effect of target componeﬁt would clearly appear on the
life process of the insect. This makes it easy to determine
quantitative impact of the individual component on the insect
population. Through this step by step approach--adding factors to the
host population one by one--, a greater chance to adjust or compare with

the empirical (or experimental) results would also be available.

In realistic terms, however, it is very difficult to produce (or
simulate) the exact environmental conditions where all the components
-~-~or combinations of the components-- are optimal for the growth of the
population. Thus, in this study, it was assumed that the population
development would represent the simplest life system of the lawn

armyworm if the population was grown under the "empirically known"

favorable environmental conditions: sufficient food, free from natural

enemies, optimal weather conditions, etc..
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Although the population growth could also differ depending upon
the variation of components, the variation caused within the optimal
range was considered negligible. For this study, general rearing
methods in the laboratory or in semi-field conditions were assumed to
satisfy the empirical criteria for favorable environmental conditions.
Only temperature was considered to be a variable factor to regulate the
population development. The population develupment under these
favorable environmental conditions was called a basic life system, and

the simulation model to represent the basgsic life system was designated

as a basic life model.

To summarize the general scope of this systems study, the.
objectives of the research are: 1) to test predicting and accommodating
ability of a simulation language in representing a biological
phenomenon, insect life system, and 2) to check the applicability of the
developed model as a practical strategic tool in planning a pest
management program; in this case, the use of microbial agent, NPV. For
simplicity, the research process was conducted in three phases in this
study (Figure 1). They were 1) simulation of a basic life system of the
armyworm by the use of life history data under favorable environmental
conditions, 2) simulation of epizootic development based on the basic
life model and bioassay results, and 3) application of the developed

model through an optimization process to make decisions in pest

management planning.



Figure 1. -- Study process of systems approach and simulation modeling
in the lawn armyworm management with its virus epizootics
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As an initial step for obtaining biological data for the basic
life system, individual rearing tests were conducted under different
temperatures. Fecundity, periods for physiological development, age
structure, and survival rates were observed from the rearing at each

life stage of the armyworm.

After collecting biological parameters, the basic life model was
constructed to predict population development--quantitative and
chronological--based on the proposed algorithm on

temperature-development relationship. To represent the armyworm life

sytem, a computer simulation language, GPSS (General Purpose Simulation

Systems) was used in this study.

Subsequently, suspensions of NPV polyhedra were sprayed at various
concentrations on the armyworm larvae to observe stage-specific
mortalities and infection periods. Based on these disease development
results, regression analyses were made to express the quantitative
relationship between virus concentration and mortalities. By adding the
bioassay results to the basic life model, an epizootiological model was
constructed to predict disease development in the lawn armyworm

population with spray time, virus concentration and daily average

temperature as the variables.

After finishing the simulation process, an optimization process
was conducted to provide the basis for making decisions in pest control

strategy. By running the developed simulation model at different
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combinations of control practices--spray time and virus concentration--,
the contour mapping method was applied to determine the most effective
control impact on the host plant protection (i. e., minimizing feeding
damage) and virus recovery after the initial epizootic. Also the
applicability and problems of the simulation language in representing

the insect life system was further discussed in this study.
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LITERATURE REVIEW

A. Lawn Armyworm Biology and the Nuclear Polyhedrosis Virus

Because of its economic importance from the 1950's through the
early 1970's, the lawn armyworm has been the subject of a series of
studies in Hawaii. The insect was first correctly recorded by
Pemberton (1955) on Oahu in 1953. Within a year Tanada (1955) observed
the first outbreak of the lawn armyworm on Bermuda grass, Cynodon

dactylon (L.) Persoon, and soon it became one of the most serious pests

of the lawns in the islands.

In 1958 Tanada and Beardsley conducted an extensive biological
study of the insect. They reported that the entire life cycle in the
laboratory (temperature ranging from 22 © C to 29 % ¢) required about 42
days. It took approximately 28 days and 11 days respectively for the
completion of larval and pupal development. They also observed that
most larvae passed through seven larval instars with some exceptions for
eight larval instars, and that a female moth laid an average of 8.6 egg

masses.

About two years after the recording of the insect in Hawaii,
Bianchi (1957) reported the finding of a nuclear polyhedrosis-like virus
disease in the lawn armyworm caterpillars in Honolulu which was

apparently important in the natural control of this pest. Tanada and
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Beardsley (1957) believed that the virus entered Hawaii together with

its host and was probably disseminated by female moths through eggs.

Tanada (1960) found that the virus was rod-shaped and occurred
within a polyhedral inclusion body which developed in the nucleus of the
lost cell. The virus-infected larvae showed a "wilt condition", the
typical symptoms of nuclear polyhedrosis; their skins became fragile and
their internal contents turned to a fluid mass. The histopathology of
the virus was also similar to that of most nuclear polyhedroses in other

insects. The main sites of infection were the hypodermis, fat bodies

and tracheal matrix.

Based on these observations, Tanada concluded that the disease
causing organism in the lawn armyworm caterpillars was a nuclear

polyhedrosis virus, and named it as a species of Borrelinavirus. To

determine the lethal infection period (the period from exposure to the
virus until death of the larvae), he conducted bioassay tests by feeding

the larvae with grass leaves coated with massive doses of polyhedra.

In 1965 Raheja further explored the susceptibility of the armyworm
to the virus. He found that the susceptibility of the larvae decreased
with age. When larvae were fed on Napier grass bouquets dipped in
polyhedral suspensions at a concentration of 2.5 X 106 polyhedra/ml,
mortalities were 100 % for the first and second instar larvae, 81 % for

the third, 76 % for the fourth, 37 % for the fifth, 10 % for the sixth

and 3 ¢ for the seventh instar larvae.
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This differential susceptibility in relation to age was also
reflected in the length of the lethal infection period, showing similar

results to those reported by Tanada (1960). The younger the larvae were

infected, the shorter the lethal infection period was. It varied from 3
days when the first instar larvae were infected, to 7 - 11 days when the
fourth to seventh instar larvae were infected. By using the

"micro-feeding method", Raheja also determined the median lethal dose

(LD5O) of NPV to the fourth instar larva to be 270 polyhedra/larva.

The integrated effects of the virus and the other biological
agents on the armyworm population were also studied. Raheja (1965)
reported that mortality resulted mainly from the virus infection when
the NPV and a Nosema sp. were admininstered to fourth instar larvae of

the insect simultaneously or at different time intervals.

A comparative pathological study of the interactions of NPV, a

Nosema sp. and a parasite, Apanteles marginiventris (Cresson), in the
host insect was conducted by Laigo and Tamashiro (1966). According to
them, mortality of parasite larvae was due primarily to the premature
death of the host (mal-nutrition) rather than to the direct effect of
the pathogens. In addition they reported that wviral infection
apparently did not cause sufficient changes to render the host
nutritionally inadequate for the development of the parasite, while the
nosema infection did. They also observed that parasites allowed to
oviposit in diseased hosts successfully transmitted infective doses of

the virus at random rather than logical order.
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In 1971 Takei made a detailed physio-pathological study of the
lawn armyworm disease of NPV and a Nosema sp., along with developing an
axenic rearing technique of the insect. From bioassay tests he observed
that. in the disease development of the armyworm, the dosage-mortality
and time-mortality curves were generally of the sigmoid type. By
feeding the fourth instar larvae on polyhedral suspensions with an
artificial diet (6-33 + 0.14 gms per vial), he calculated LCgqy of the

larva as 9.29 X 104 polyhedra per vial.

Takei also reported that, after the recovery from virus dosages,
the surviving larvae showed no significant difference from the
controlled groups in developmental period or in the emergence of the
adults with exceptions for the case of extremely high dosage treatment.
From blood analyses it was obsérved that lethal doses of the virus
resulted in a general reduction of hemolymph proteins (hypo-proteinemia)
in infected larvae, and that this appeared to involve stress factors,

host reactions and the host endocrine systenm (Takei and Tamashiro,

1975) .

So far much resea?ch has been conducted on the life history of the
lawn armyworm and its NPV epizootics. Most of it dealt with the
qualitative aspects of the armyworm life cycle, while a small portion
was concerned with the quantitative side of NPV epizootics. There has

been no quantitative data to represent the life table of the armyworm

population in Hawaii. As for the epizootic development of the virus,
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quantified analysis on dosage-mortality relationships was made only for
the fourth instar larval stage. As the basis for constructing a model
to simulate the basic and epizootiological life system of the armyworm,
it is necessary to obtain a quantified data on the life process of the

armyworm population and its disease development.

B. Modeling

According to Ruesink's (1976) review, the earliest literature on
the systems approach to insect pest management appeared in 1961 (K. E. F.
Watt). Since then many scientists have been involved in developing
models and systems techniques for various use in agricultural entomology.
By integrating the data from population dynamics, environments and
control tactics, specifically designed models have been developed for

managing many pest species, important crops and natural enemies.

Although many models have been constructed in various fields of
rest management, very little research has been done on microbial control
and insect epizootiology. Quite recently seferal workers initiated a
study of modeling in fungal and bacterial diseases of pest insects:

development of a predictive equation to forecast Nomuraea rileyi (Farlow)

levels among the velvetbean caterpillar populations under various
environmental conditions (Kish and Allen, 1978) and application of a

mathematical model to predict persistency of Bacillus thuringiensis and

its host mortality in the environment after field application (Brand et

al, 1975 and 1976, and Pinnock et al, 1978). No publications have been
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found on modeling of virus epizootiology of agricultural insects except

for some presentations at the meeting of the Society of Invertebrate

Pathology (Stimac, 1979 and Stairs, 1979).

Even though modeling and sytems study in pest management have a
short history, the efforts to find a mathematical expression to predict
the speed of physiological development of the insect at different
temperature conditions have probably been going on since the end of the

last century. There have been many reviews on this subject (Shelford,
1927, Belehradek, 1935, Davidson, 1942 and 1944, Fry, 1947, Andrewartha

and Birch, 1967 and 1973, Wigglesworth, 1972 and Stinner et al, 1974a,

and b, and 197%).

Among these, an organized study on the historical development of
mathematical expressions has been done by Andrewartha and Birch (1967 and
1973). According to them, a number of proposed models were classified
into "physioiogical" or "biological,"” based on the purpose for which the
models were intended (Fry, 1947), or "theoretical"” or "empirical,"” based

on ecological applicability of the developed models (Davidson, 1944).

The traditional vant'Hoff (1884) and Arrhenius (1915) equations as
well as the BSlerhadek (1935) formula were designated as "physiological".
The equation of Janisch (1925) and the well-known "thermal summation”
method were called "biological" expressions. The "theoretical”

expressions, somewhat analogous to "physiological" models of Fry, comsist



- 18 -
of the equations of vant'Hoff and Arrhenius, while the rest of the

developed models were considered as "empirical"” by Davidson.

The theoretical or physiological equations of vant'Hoff and
Arrhenius were part of the earliest developed models to illustrate the
relationghip between temperature and the acceleration of chemical and
physical reactions. In essence both expressions imply the same idea that
the proportional increase in the speed of the development produced by a
given difference in temperature is constant throughout temperature range

at which an animal may develop (Andrewartha and Birch, 1967).

In practice, however, there have been many examples of the
parameters being far from constant. They remain stable only for a very
restricted part of the tested temperature range, and vary in a systematic
way with the temperature gradient (Davidson, 1944). By pointing out that
the developed parameters were originally designed to describe the
relationship of temperature to a single chemical reaction, Andrewartha

and Birch (1967) argued on the inadequacy of the application of the

theoretical expressions to the situation of animal morphogenesis, an

immensely complex chain of metabolic reaction.

Empirical equations, which seem to better serve the practical
purpose of the developmental ecology of the insects, were initially
developed from the concept of "thermal summation". According to Shelford

(1927), Becquerel (1853) considered Reaumur (1735) to be one of the

earliest investigators who contended that the product of the mean daily
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temperature and the number of days was useful for determination of
development in the field. But a modern type of thermal summation
study-~more mathematically-oriented and actually applicable to practical

use-~began around the latter part of the last century.

Oettingen (1879) was probably the first to use the term "threshold"
for the temperature at which development begins, and made thermal sums
from this in his study of the Dorpat woody plants. To determine the
threshold of development, he assumed a series of threshold values,
calculated the product of the developmental period and temperature for
each value, and selected the one which gave the most nearly constant

products for different mean temperatures.

The thermal summation method basically stems from the concept of a

straight line relationship between temperature and speed of development,

and can be expressed as a hyperbolic equation:

C=Y* (X-4) (1)

where Y is the developmental period, X is temperature, A is the
threshold of development, and C is the thermal constant. On the
condition that the relationship between temperature and speed of
development is a straight line, and if the developmental period is

plotted against temperature, the points would fall on a hyperbola

(Andrewartha and Birch, 1973).
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Based on the hyperbolic equation, Simpson (1903) first introduced
the concept of "day-degrees” in his study of the codling moth. Since
then the day-degrees, as a unit of thermal constant, was widely used for
the practice of predicting development until some researchers started to
find departures from 1linearity in the +temperature-development

relationship at the higher or lower ranges of the temperature.

In his study of effects of temperature on fish and frog eggs, Krogh

(1914) discovered that the threshold calculated by the thermal summation
method was not the real one and the graph representing the velocity of
development was flattened out at the lower end of temperature range,
falling off at the upper end. As for insect development, Glenn (1922)
was one of the earliest researchers to observe the retarding effect of

temperature on development of the codling moth at high temperatures,

allowing departure from linearity between temperature and development

speed.

On the same insect Shelford /1927) recognized the departures from
linearity at both ends of the temperature range. He also introduced the
term "developmental unit” to represent this unlinear relationship between
the developmental speed of the insect and temperature. While the
"effective day-degrees" simply means a physical and arithmatic collection
of temperatures over a certain threshold value, the developmental unit is
an actual representation for the unlinear progress of the physiological
development of the insect at different temperature. He defined the

developmental unit as the difference between the amount of development



- 21 -
taking place in one hour at a given degree of mean medial variable
temperature and the amount of development taking place in one hour at a

temperature one degree higher.

Based on this concept of the developmental unit, it became possible
to express the absolute velocity of development as the number of
developmental units per time period. Before, only the relative velocity
of development had been expressed as the reciprocal of the time required
to complete a life stage. Another important contribution by Shelford was
his measurement of the developmental unit on an hourly basis, rather than
on a daily basis. This important refinement made it possible to obtain =

more precise prediction of development.

The non-linearity relationship between development speed and
femperature has become more obvious as a result of measurement techniques
being more refined and development data were accumulated. Many workers
have suggested different types of curvilinear expressions to represent
the departures of development speed from linearity on the lower and

higher range of temperature.

Some of the previously developed models are: 1) the catenary curve
by Janisch (1925) where the curve is derived from two exponential
functions describing the accelerative action on the growth by the
increase in temperature and the decelerative action of high temperature
above the point of fast growth, 2) BSlehradek's (1935) exponential

expression of the developmental period and temperature which became
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linear on a logarithmic scale, 3) the sigmoidal curve by Davidson (1942
and 1944) to represent relative velocity of development in relation to
temperature, 4) Pradhan's (1946) symmetric bell-shaped curve of growth
rates against temperature on the assumption that the accelerative action
of increase in temperature decreases uniformly from the lower threshold
to the upper developmental unit, and 5) a parabolic curve used for

obtaining the coefficient of developmental velocity (Bubank et al, 1973).

Among these the well-known sigmoidal curve seems best fit for the
empirical purpose of developmental ecology and has been widely tested.
The early Janisch formula has been tested by many researchers, but the
use of this formula was not fully justified due to the unreliability of
the curve on its fitness to the observed data over the whole range of
temperatures. In Davidson's (1944) review, Volite (1936) considered that
the observed points at temperatures above the 'peak' do not fit a
catenary curve, while Messenger and Flitters (1958) have shown that the
Janisch formula can produce poor estimates particularly at lower

temperatures.

The double-log scale of Bélehradek's exponential expression can
greatly minimize the apparent discrepancies from the curve if an
appropriate statistical method for parameter estimation is developed
(Andrewartha and Birch 1967). However, as Davidson (1944) reported, the
B8lehrddek's function also does not fit over a wide range of temperature.
The Pradhans's bell-shape curve and a parabola, which were developed

later than the sigmoidal curve, have shown a promise of applicability to
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practical use by several workers, but still needs more confirmation
tests.

The sigmoidal (or logistic) equation, originally derived by
Verhulst and rediscovered by Pearl (Andrewartha and Birch, 1967), was
first used by Davidson (1942 and 1944) to describe the speed of insect
development. In reviewing Davidson's work, Andrewartha and Birch
recommended the sigmoidal equation as one of the most useful expressions
to represent the curvilinear relationship between temperature and
development speed. They said the logistic curve is realistic, easily
calculated from empirical data and gives the easiest comprehensive -
picture of the trend of development speed at different constant

temperatures. The logistic equation could be written as:

1Y =k/(1 +e® My (2)

where Y is the developmental period, x is the environmental

temperature, and a, b and k are constants.

Lately Stinner et al (1974a) modified the equation by replacing x
with corrected temperature, t' = 2 * T - t, where the tested temperature,
t, is over T--temperature at which the maximum developmental rate occurs.
To construct a temperature-development model, they also suggested the
usefulness of Beta distribution that can accurately simulate the
cumulative proportion of individuals developed under most variable

temperature regimes and could save some core storage requirement in

computation (Stinner et al, 1975).
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Recently in the seventies--with the development of computer
technique in pest management--, these developed mathematical expressions
in temperature~development relationship have been used as basic
algorithms for the construction of a simulation model to manage or
predict population densities of pests. By using the logistic equation,

Stinner et al (1974b and 1975) constructed a FORTRAN simulation program

to control Heliothis spp. populations in the field.

In 1977, noting the effectiveness of the temperature-development

models in the management of agricultural insects, Lee and Lewis applied
’ »
the thermal summation concept to formulate a linear regression model to

predict schistosome cercarial shedding. To determine the parameters of
the equation, they used the iterative method, which seems also applicable

to the models of insect populations.

As systems science develops, and more data on the
temperature-development relationship are collected, it is generally
expected that simulation modeling will become a more and more effective
strategic tool for monitoring the development of the insect populations

ag well as other poikilothermic animals.
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MATERIALS AND METHODS

A. Rearing

Lawn armyworm egg masses collected in the Manoa Campus area of the
University of Hawaii were used as the source for the experimental
population. To prevent inbreeding within the population, newly

field-collected eggs or first instar larvae were added to the laboratory

stock at about six month intervals.

Hatched larvae were reared in pots planted with a common variety of

Bermuda grass, Cynodon dactylon (L.) Pers.. About 7800 seeds (2.759 +

0.266 grams) were sown in the 1 : 1 soil and vermiculite (No. 2) mixture
per 800 cm? of surface area, to which 16 : 4 : 4 granulate fertilizer
(Brewer Chemical Cor., Gaviota-brand) was added at the rate of 1 gram of

fertilizer per 6,000 cm’ of the mixture at approximately one month

intervals.

Under green house conditions it took 4 - 6 weeks for the grass to
grow well enough to support young armyworm larvae. After being
established, the grass was mowed to 3 - 5 cm in height at 2 - 4 day
intervals. In order to keep the caterpillars from escaping, the soil and
vermiculite mixture was filled to only about two fifths of the pot height

so that a space could be left between top of the grass and the rim of the

pots.
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Observations of larval development were carried out on both

individual and collective specimens. Por individual larvae, daily
physiological development of each individual was observed. For the
larvae observed collectively, their age composition was recorded. For
obgservation of individual specimens, 1 - 3 newly-hatched first instar
larvae were reared in a 237 cc (8 ounce) wax paper cup (Maryland Cup
Corp., 7.5 cm in diameter and 9.5 cm in height). When the larvae reached
the third instar, they were transferred to a larger 10 cm (diameter) X 15
cm plant pot. In these small containers, it was easier to find each

larva and record its development individually.

To observe the development speed of the caterpillars at constant
and fluctuating temperatures, the pots containing the larvae were placed
in temperature monitored growth chamﬁers or outdoors. Computer
programmed growth chambers (Calumet Scientific Inc., Envirotrol, Rearing
space; 72 ecm X 75 cm X 124 cm) were used to monitor 5 levels of constant

o
temperature: 15, 20, 25, 30 and 35 C. These growth chambers were

programmed to provide 13 - 14 hours of light each day.

For outdoor observations, pots were placed on the roof of the
Entomology Department building (Gilmore Hall) of the University of
Hawaii. To protect the caterpillars on the roof from natural enemies and
other undesired environmental effects, the larvae containing pots were
placed on top of empty pots that were sitting in a water filled tray.
The trays in turn were placed inside wooden crates {40 cm X 60 cm X 25

cem) covered by a 0.65 cm mesh wire screen.
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Fifteen replications were made for each temperature. The larval
age and metamorphosis for each larva were recorded daily. After the
larvae pupated, the containers were covered with saran cloth (White Rose

Fabric, Fine combed organdy, 100% cotton) to collect emerging adults.

For observations of specimens reared in groups, 30 larvae were
placed in a 33 cm (diameter) X 29.5 cm plastic pot at ambient conditions.
For one test about 40 pots were initially infested with the same number
of newly-hatched first intar larvae. At 2 - 3 day intervals 3 pots were
randomly chosen, and the age composition of the larvae in éhese pots was
recorded. These larvae were discarded, and 3 new pots were selected for

the next observation. In the same manner 2 other trials were made on a

different time schedule.

To protect the caterpillars from natural enemies, the pots were
covered with saran cloth while the larvae were in the first to fourth

instars. For the older larvae, a 0.62 cm mesh wire screen was used to

cover the pots.

The Bermuda grass in the pots was sufficient food for the younger

stage larvaq. As the larvae grew older, however, food was consumed
faster. At about the fifth or sixth instar, the grass in the pots was
all consumed by the larvae. The larvae were transferred to pots already

prepared with fresh vegetation. After the larvae pupated, saran cloth

was used %o collect the newly-emerging adults.
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Hygrothermographs (Weather Measure Corp., Model H311) were used to
record temperatures. In the growth chambers, the hygrothermographs were
located in the middle of the rearing space. For outdoor observations,
they were placed in a Stevenson's screen at a 45 cm height from the

ground surface. The charts were changed weekly.

B. Oviposition

A pair of newly emerged male and female moths was introduced into a
white 474 cc (16 ounce) plastic container (American Can Co., Dixie squat
container, TF16-11, 11 cm in diameter and 8 cm in height). About 20 ml
of 1 : 3 honey and water mixture was provided for food. Before being
placed into the container, two sheets of 12.7 cm X 21.6 cm tissue paper
(Kimberly-Clark Corp., Kimwipes disposable wipers, Stock No. 34155)
folded 5 times were soaked in the mixture. Another two sheets of tissue
paper folded 2 times were placed inside the container to collect the

oviposited egg masses.

After the food mixture and tissue paper were provided, the
container was covered with a sheet of tissue paper as an inner layer and
a transparent plastic cover as an outer layer. The inner layer was used
to collect egg masses, since the female moth sometimes 1laid her eggs on
the underside of the cover. Fifteen to twenty holes (3 mm in diameter)

were made in the plastic cover to prevent the build up of excess

humidity.
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The containers were placed in the laboratory at 24 + 1 % ¢ and 65 +
5 # relative humidity. Oviposited egg masses were collected daily. The
oviposited egg masses were individually placed in 26 cc (7 dram)
transparent plastic vials (2.7 cm in diameter and 5 cm in height) topped
with a cover. After hatching, the larvae were placed on a 25 cm X 45¢cm X
2 cm white metal tray for counting under light conditions that enhanced
dispersal. Eggs from unfertilized egg masses were counted by separating

them individually with a sharp needle under a 10 X stereo-microscope.

C. Bioassay

The source for the virus stock used for this experiment was a
mrified polyhedra suspension (1.16 X 108 polyhedra/ml) from the lawn

armyworm larvae which was kept in the refrigerator at 4 % ¢ in the

laboratory since 1963.

The source suspension was fed by a "dipping method" to the third or
fourth instar larvae with a Napier grass bouguet. Generally the
virus-fed larvae died in 7 - 10 days after treatment. The dead larvae
were stored in the refrigerator until 100 - 200 fifth to seventh instar
cadavers were collected. The polyhedra were separated from the cadaver

and purified by differential centrifugation (Laigo 1964).

The concentration of the purified polyhedra suspension was

determined by the use of a Hausser and Levy-Hausser corpuscle counting
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chamber (Hausser Scientific) under a 500 X phase-microscope. Generally
concentration of the stock suspension ranged from 5 X 109 to 2 X 1010

plyhedra/ml.

For virus treatments, serial dilutions were made from the stock
suspension. Concentration ranges for the initial virus spray were
102 - 6 polyhedra/ml for the first instar larva, 103 = 7 polyhedra/ml
for the second and third, 104 -8 polyhedra/ml for the fourth, and

105 - 9 polyhedra/ml for the older instar larva.

Before spraying, 3 parts of Triton B 1956 (Rohm and Haas) were
aided to 1000 parts of polyhedral’suspension as a wetting agent. The
suspension was applied with a 250 ml glass atomizer (Pyrex, 24/40) and a
vacuum pump at a pressure of about 0.90 kg/cm2. Initially to establish
the dosage-mortality curve, individual larvae were treated with 3.5 + 0.4
ml of the polyhedral suspension for-the first or second instar larvae,
and 8.3 4+ 0.6 ml for the older larvae. While spraying, the automizer was
kept at an 9 - 12 cm distance from the surface level of the containers.
For the population tests, where 30 larvae per container were reared, 25.2

+ 2.4 ml of the polyhedral suspensions were sprayed into the container.

The spray was generally applied in the late afternoon on a clear
day. Treated pots were placed outdoors in the same manner as in the
rearing experiment. For the test of individual specimens, daily
observations were made on physiological and disease development for each

larva for 2 - 3 weeks. For the test of collective specimens,
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obgservations were made on the age composition of treated larvae and
cadavers at 1 - 3 day intervals for 3 - 4 weeks. After completion of the
observations, treated pots were washed and exposed to the sun for 4 - 5
weeks. The ultra violet of the sun efficiently killed all the virus that

may have been left in the pots. The dried pots were recycled for the

next test.

D. Food Consumption Test

The feeding capacity of the lawn armyworm was established by
measuring the amount of natural food (fresh weight) consumed by the
larvae. Although the fresh weight method was not as precise as
measuring biomass or dry weight, it was closer to the natural situation

than other methods.

Food consumption by the armyworm larvae was established in the
laboratory. Although it would have been desirable to determine food
consumption at different temperatures, this was not possible due to
limitation of time and space. Fortunately ambient temperatures in

Hawaii jare mild with relatively small variations around the mean

temperature (about 25 ° ¢).

Fresh Bermuda grass was provided to the newly-hatched first instar
larvae. The top 3 - 5 cm of the grass was cut, weighed, and formed into

a bouquet. The leaves were given to the larvae individually in a petri

dish. There were 30 replications.
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Each day the uneaten grass was removed and weighed to determine
the amount of grass consumed by the larvae. Before measuring the fresh
weight for the next day, the wet end of the grass (due to the

water-soaked tissue paper) was cleaned with dry tissue paper and
air-dried for 2 - 3 minutes. The weight loss in the control grass which
had no larvae was less than 1 4. The larvae, except for the first

instar, were also weighed each time the grass was weighed.

E. Number of Polyhedra Produced per Larva

Since the polyhedra were large enough to be observed under a
compound microscope and easily collected from the cadavers, the direct
counting of polyhedra was chosen for fhis study to measure inocula.
That there are some variations in the number of virus rods occluded by

each'polyhédra, is known, but these variations are not large enough to

significantly effect the results.

To make the counts, a fresh NPV-killed larva was collected in a

small (5 - 10 ml) screw cap vial. Since the skin of the cadaver was
very fragile, extreme care was required to transfer the individual to

the vial. After adding a small amount of water, the vial was capped and
vigrously shaken for 1 - 2 minutes. Usually for the individual with

well developed NPV symptoms, the skin and internal contents were easily
disintegrated, and suspended uniformly. If the cadaver was not easily

liquified because of early harvest, or the polyhedra suspensions were
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too contaminated with other organisms due to late harvest, the sample

was discarded.

Since the size of the cadaver varied greatly with the larval age,
the initial amount of distilled water mixed with the cadaver in the vial
was adjusted to the age of cadaver. Generally 1 ml was mixed with the
first and second instar cadaver, 5 ml to the third to fifth instar and 8
ml to the sixth and the last instar cadaver. The initial suspension was

further diluted for counting polyhedra in a haematocytometer.

B. Data Process

In this study the data treatment was divided into three processes:
1) collection and analysis of biolgical data from rearing experiments
and virus spray results, 2) integration of the obtained biological
parameters with a mathematical algorithm to construct a simulation
model, and 3) utilization of the results from the simulation model for

an optimization process to determine the most effective control

practices.

For the process 1), the data were summarized and analyzed with a
statistical package, SAS (Statistical Analysis System). Most linear
regression and probit analyses were conducted through the statistical

methods specified in SAS. To estimate parameters in some non-linear

regression tests, a BMDP (Biomedical Data Process) program was also

used.
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For process 2), a computer simulation language, GPSS (General
Purpose Simulation Systems), was used. With assistance of FORTRAN
subroutines, the simulation was conducted through two steps. First,
based on the results of individual rearing tests and a mathematical
relationship between physiological development and temperature, a basic
life model was constructed. Subsequently, by adding the virus spray

results to the basic life model, an epizootiological model was also

formulated to predict disease development in the armyworm popuiation.

For process 3), the contour mapping method was used to connect the
same level of feeding damage (or virus recovery) at different spray time
(x axis) and virus concentration (y axis). For interpolation and
drawing of contour curves a SPLOT (Bridges and Becker, 1976) program was

applied.
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RESULTS, SIMULATION AND DISCUSSION

A. Basic Life System

Figure 2 is a modified GPSS flowchart to represent the overall
life cycle of the armyworm. Prior to simulating the life system of the
insect, it was assumed that a mated healthy female produced eggs in a
closed environmental system where oviposition of the female is the only
source of the lawn armyworm, i.e., there is no emigration and

immigration of the insect from the system. For the time being, it was

also assumed that the female always produced fertilized eggs.

The first block of the flowchart represents the generation of a
transaction; in this case it simulates +the introduction of a mated
female to a closed environmental system. After being generated, the
original female produces progenies by the use of a "split" block. The
reproduced daughter transactions (eggs) proceed to the subsequent
population development. At each life stage of the insec%, population
development was simulated through two phases: 1) quantitative change in

population size, and 2) speed of physiological development.

The diamond shaped "transfer" block represents the quantitative
change in population size. Dependent upon a probability criterion
(survival rate in this case), the block randomly determines the pathway

of an individual transaction to lead to survival or death. The
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Figure 2. -- A modified GPSS flowchart for simulating the life cycle of
the lawn armyworm
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rectangle shaped "advance" block stands for the time process of

mysiological development of the armyworm to complete each life stage.

Repeating this quantitative and chronological development for each
immature life stage--i. e., egg, first to seventh instar larva and
papa--by the use of "transfer" and "advance" blocks, the individual
reaches the adult stage. The newly produced adult returns to the

"split" block to oviposit, and the whole life cycle starts again.

In a broad sense, this basic life system of the insect can be
divided into two main biological aspects: 1) egg production, and, 2)
development of the produced eggs to the subsequent life stages. A
detailed simulation process for each aspect is discussed in this

section.

1. Egg Production

Seventy-three newly mated female moths were used for the
oviposition test. Table 1 shows quantitative results on daily egg
production of the armyworm: percent of females ovipositing each day
(oviposition rate), mean daily number of eggs produced by an ovipositing
female (individual egg production) and percent of the total egg

production.

A mated female laid an average of 1505 + 603 eggs in the

laboratory 2 - 13 days after emergence. As shown in Table 1, the
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TABLE 1

DAILY EGG PRODUCTION, UNDER LABORATORY CONDITIONS, BY A LAWN ARMYWORM
FEMALE AFTER EMERGENCE OR FROM INITIAL OVIPOSITION

AFTER EMERGENCE FROM INITIAL OVIPOSITION
D  PERCENT OF EGG PRODUCTION D PERCENT OF EGG PRODUCTION
A FEMALES ~ INDIVIDUAL TOTAL* A FEMALES ~ INDIVIDUAL TOTAL¥
Y OVIPOSITING (EGGS) (%) Y OVIPOSITING (EGGS) (%)
2 1.7 343 + 249 0.0 1 100.0 486 + 264  34.1
3 42.5 513 £ 242 15.5 2 94.5 395 £ 175  26.2
4 78.1 450 + 222  25.0 3 90.4 280 £ 148 17.8
5 91.8 351 & 218  22.9 4 76.7 180 £ 106 9.7
6 84.9 261 £ 157 15.8 5 63.0 141 + 88 6.2
7 73.8 174 £ 106 9.2 6 43.8 110+ 55 3.4
8 57.5 128 + 84 5.2 7 30.1 86 £+ 56 1.8
9 35.6 103 £ 57 2.6 8 11.0 58 + 39 0.4
10 21.9 85 ¢ 63 1.3 9 6.9 45 £ 54 0.2
11 11.0 59 + 55 0.5 10 1.4 13 0.1
12 4.1 86 + 44 0.3 11 - - -
13 2.7 55 0.1 12 - - -

* Percentage of total eggs laid.
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percentage of females ovipositing increased rapidly from the third day
after emergence (42.5 %), to a peak being reached on the fifth day (91.8
%4). Subsequently, the percentage of females oviposting continuously
decreased until the thirteenth day when only 2.7 % of the tested females
laid eggs. More than half of the tested females produced eggs between 4

~ 8 days after emergence. With few exceptions, once a female started to

lay eggs, she oviposited every day until production was permanently

terminated.

Generally more eggs were laid per egg mass early in the
oviposition period. More than 250 eggs were produced each day per
female between 2 - 6 days after emergence, while less than 200 eggs were
produced daily in the later period. The largest number of eggs was
produced on the third day after emergence. The number of eggs laid

decreased from the fourth day until it reached 50 - 90 eggs 10 - 13 days

after emergence.

Generally, the first egg mass laid contained the largest number of
eggs and the number decreased with each subsequent oviposition. This

first egg mass was usually deposited on the third and fourth day after

emergence.

About 80 % of the total number of eggs were laid between 3 ~ 6
days after emergence. The maximum egg production, 25 percent, was on

the fourth day after emergence, and from the fourth day on, the daily
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total egg production decreased until the thirteenth day after emergence

when only 0.1 ¢ of the total eggs was produced.

The cumulative data on individual egg production from the day of
oviposition show that females laid the largest number of eggs on the
first day and the number of eggs laid each day decreased with each
subsequent day. Starting at 100 ¢ from the initial oviposition day, the
oviposition rate decreased--slowly in the earlier, and rapidly in the
later period--until it reached 1.4 % on the tenth day. More than one
third of the total eggs were laid on the initial oviposition day, and

about 78 % of the eggs were produced during the first three days from

initial oviposition.

When the wvalues of daily individual egg production were
itransformed to the natural logarithm, they showed a good negative iinear
relationship with time--days from the initial oviposition--with r2 of
0.918 (Figure 3). The regression equation was Y = 6.69 - 0.35 * X,
where Y is the logarithm of number of produced eggs, and X is days.
countiﬁg from the initial oviposition. This linear relationship was

used later as a parametric source for determining the quantitative egg

production on a daily basis by a female in the oviposition model.

To observe the time pattern in oviposition of the lawn armyworm,
the preoviposition and oviposition periods of 91 females were observed
under 1laboratory conditions. In Table 2, the frequency for a

combination of specific preoviposition (column) and oviposition (row)
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Figure 3. -- .Regression of egg production (natural logarithm of number
of eggs) by the lawn armyworm female on the days from initial
oviposition
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TABLE 2

PERCENT FREQUENCIES OF THE LAWN ARMYWORM FEMALES OVIPOSITING DURING
VARIOUS PREOVIPOSITION AND OVIPOSITION PERIOD COMBINATIONS

PREOVI- OVIPOSITION PERIOD (IN DAYS)
POSITION
2 3 4 5 6 7 8 9 10 TOTAL CUMU
PERIOD
2 0.0 0.0 0.0 0.0 3.4 2.2 2.2 0.0 0.0 7.8 7.8
3 0.0 2.2 5.6 7.8 7.8 4.4 2.2 2.2 0.0 32.2 40.0
2 4 3.4 2.2 10.0 7.8 4.4 6.7 2.2 2.2 0.0 38.9 178.9
g 5 1.1 2.3 2.2 3.3 1.1 1.1 1.1 1.1 1.1 14.4  93.3
6 2.2 1.1 0.0 1.1 0.0 1.2 0.0 0.0 0.0 5.6 98.9
7 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 1.1 100.0

TOTAL 6.7 7.8 17.8 20.0 16.7 15.6 8.8 5.5 1.1 100.0

CuMu 6.7 14.5 32.3 52.3 69.0 84.6 95.4 98.9 99.9 100.0
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periods recorded from the tested females was shown as a percent value.
Generally the frequencies were higher when the preoviposition period was
3 or 4 days and the oviposition period was between 4 - 7 days. In total
about 54.5 € of the females tested produced eggs during the combinations

of these preoviposition and oviposition periods.

The last two columns of Table 2 show the total and cumulative
frequencies of the opreoviposition periods. As expected, the
preovipostion of 3 and 4 days showed distinctively higher frequencies
than those for other periods. About 71.1 % of tested females started to
produce eggs in these periods. The maximum appeared on the 4th day
affer emergence with a frequency of 38.9 4. The preoviposition period

averaged 3.75 + 1.07 days.

The two bottom rows of Table 2 represent the total and cumulative
frequencies for the oviposition periods. Again, as expected, a large

number of females produced eggs for 4 - 7 days. About 70.1 % of the
tested females oviposited for this length of time with maximum of 20.0 %
for the 5 day oviposition duration. The oviposition duration average

was 5.51 + 1.92 days, which is relatively shorter than generally

believed.

With the regression results between egg production and time--days
counting from initial oviposition--, the total frequencies of preovi-
and ovi- position periods were used as a parametric source for

simulating egzg production in the oviposition model.
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2. Simulation of Oviposition

Figure 4 is a modified flowchart of GPSS to simulate armyworm
ovipositon. After generation of a mated female, the preoviposition
period was determined by the next "assign" block. As mentioned
before, the cumulative frequency of the preoviposition period (Table
2) was used as a probability criterion to determine the days before a

female started to oviposit.

The actual time process for the preoviposition period (in days)
in the system was simulated by the next "advance" block. By passing
this block, the transaction becomes as old as its preoviposition
period. After the preoviposition development, the transaction enters
another "assign" block for determining the oviposition périod.
Similar to preoviposition period, the cumulative frequency of the
total oviposition period (Table 2) was used as a probability criterion

to determine the time period for the generated female to oviposit.

After simulation of oviposition time (preovi- and ovi- position
period), the transaction enters the phase for quantitative egg
production. For daily oviposition, it was assumed that once a female
started to oviposit, she continuously produced eggs each day until the
assigned oviposition period ended. This repeated daily oviposition

was simulated with the use of a "loop" block (the rectangular-shaped

block with a triangle at the end).



- 47 -

Pigure 4. -- A modified GPSS flowchart for simulating oviposition by the
lawn armyworm female
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By assigning the previously determined oviposition period as a
counter of the "loop" block, it was possible to repeat the linkage of
certain blocks as many times as the value of the countef. After
assigning its_oviposition period, the transaction enters a linkage of
the "split"-"advance"-"loop" blocks, and cycled through these blocks

as many times as the value of oviposition period.

As previously mentioned, the "split" block represents the
quantitative egg production by a female moth. Upon entering the
"split" block, the original transaction reproduces new daughter
transactions. The newly produced transactions have the same
attributes as the original transaction. Each daughter transaction can

represent each individual insect.

As mentioned before, the number of eggs produced daily (daughter
transactions) was determined by the regression equation of individual
egg production on the days counting from the initial oviposition. For
generaéing a calculated number of produced eggs on each day for the
oviposition model, the number obtained from the regression equation
was considered as a mean value. The actual numbers were generated to
show the normal distribution around the mean value with the

empirically-given standard deviation of egg production on each day

(Table 1).
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Based on this regression equation, initial entrance of the
transaction to the "split" block generated the number of eggs produced

on the first day of oviposition. After producing eggs, the

transaction passes through the "advance" block which simulates daily
time process (one day) of oviposition, and enters the "loop" block.
From the "loop" block the transaction goes back to the "split" block,
producing eggs for the next day according to the regression equation

of the quantitative egg production.

After ovipositing for the second day, the original transaction
passes through the "advance" and "loop” blocks again, and repeats this
cycle as many times as the assigned counter of the "loop" bdblock. This
eventually represents the egg production by a female during the
generated oviposition period. After completing oviposition, the
original transaction enters another "advance" block that represents
the time procesé of tﬁe postoviposition period. Postoviposition was
assigned as the longevity of adults minus the total of the preovi- and
ovi- position periods. Based on the preliminary test, the adult

longevity was 9.32 + 1.54 days.

After the post-oviposition period, the original transaction
reaches the "terminate" block which stands for the death of a female
moth. While the mother (original) transaction is terminated after its
life span is reached, the daughter transactions proceed to the

population development of the subsequent life stages.
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3. Population Development at Immature Stages

Population development in the basic life system of the insect was
observed in two aspects: 1) quantitatively, i. e., change in population
size, and 2) chronologically, i. e., speed of physiological development.
In this study the speed of population development was represented by
measuring the developmental period for each instar from the individual
rearing test, while natural mortality through the life cycle of the

insect was used as a basic parameter for determining population size in

the basic life systenm.

Table 3 shows the observed survival rate (in percent) for each
immature life stage at different constant temperatures between 15 and 35
© ¢. At the egg stage 20 - 35 egg masses were tested for each
temperature. After the egg stage, the results were obtained from
observations of the individual rearing test. For this test, 30 - 60
newly hatched first instar larvae were held until emergence at each

temperature.

In the egg stage the hatching rate was considered as the survival
rate. As shown in Table 3, the hatching rate was 27.8, 46.0, 89.5, 87.5
and 25.8 percent respectively for each temperature at 15, 20, 25, 30 and
35 O C. At the lowest and highest temperatures, less than one third of

the tested egg masses survived.
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TABLE 3

SURVIVAL RATE (PERCENT) OF THE LAWN ARMYWORM AT EACH IMMATURE LIFE
STAGE AT DIFFERENT TEMPERATURES

WITHIN LIFE STAGE

TEMP LIFE STAGE
(° ¢) EGG I 11 11l LAR¥3 i VI VII _ PUPA
15 27.8 83.2 8.4 9.9 99.9 97.4 89.2 51.5 -
20 46.0 90.0 99.9 99.9 99.9 92.6 96.0 91.7 86.4
25 89.5 93.3 93.9 92.9 99.9 99.9 96.2 96.0 91.7
30 87.5 93.3 99.9 99.9 92.9 9.2 92.0 95.7 90.9
35 5.8 95.2 98.3 99.9 98.3 98.3 98.3 92.9 T1.2

CUMULATIVE
15 - 832 M.7T M.T T.T 69.8 62.3 32.1 -
20 - 90.0 90.0 90.0 90.0 83.3 80.0 73.3 63.3
25 - 93.3 93%3.3 86.7 86.7 86.7 83.3 80.0 73.3
30 - - 933 93.3 93.3 86.7 83.3 76.7 73.3 66.7
35 - 95.2 93.7 93.7 92.1 90.5 88.9 82.5 58.7

AVERAGE (20 - 30 2 ¢)

WITHIN 88.5 93.3 99.9 97.6 97.6 96.3 94.7 94.4 89.7
cuMu - 92.2 9Z2.2 91.1 9t.1 84.4 80.0 175.5 67.8




- 5% -«

At 20 © C, less than half of the eggs hatched. Because the
survival rates at 25 and 30 % ¢ were much higher than those at other
temperatures, the optimal range for egg hatching was considered to lie
within these temperatures. In the basic life model, the average
survival rate (88.5 %) at these two temperatures was used as a

probability criterion to determine the natural hatching of produced

eggs.

During the larval period the observed survival rate of each instar
was generally high and similar among different temperatures. With a few
exceptions at 15 o C, the survival rates were generally over 90 %. The
survival rates at the first, second and sixth instar larval stages at 15

© ¢ were relatively lower than those at other temperatures.

The lowest survival rate was observed in the last instar at 15 °
C. As shown in Table 3, 51.5 % of the population of the last instar

larvae survived. Furthermore, all of the remaining larvae died during

the pupal stage.

The decrease in survival rate (within each life stage) was also
reflected in the total cumulative survival at 15 ° ¢. Only 32.1 % of
the test population survived at the end of the larval period at 15 ° g,
while 73.3, 80.0, 73.3 and 82.5 % survived at temperatures from 20 to 35

° .
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For the pupal stage the emergence was used to establish the
survival rate. Aside from the 100 % mortality at 15 ° C, the emergence
rate was lowest at 35 © C with 71.2 % followed by 86.4 % at 20 © C. The
emergence rates at medium temperatures were higher; 91.7 and 90.9 % at
25 and 30 © C, respectively. In terms of cumulative survival rates,
63.3, 73.3, 66.7 and 58.7 % of the initial population of the first
instar larvae reached adulthood at 20, 25, 30 and 35 ° ¢, respectively.
From cumulative survival rates, it was observed that the lawn armyworm

population has the highest survival during the immature stage around 25

© ¢, followed by 30 and 20 ° C.

In this study for modeling, it was assumed that the temperatures
of 20, 25 and 30 ° C fall in the optimal range for development of the
insect, and the average survival rates at these temperatures were used

as ‘the probability criteria for survival of each immature life stage in

the basic life model.

The cumulative survival rates of each immature life stage were
92.2, 92.2, 91.1, 91.1, 84.4, 80.0, 75.5 and 67.8 % from the first to
last instar larva and the pupal stage, respectively. This implies that,
if a newly hatched first instar larva is generated in the basic life
model where temperature is in the optimal range, the probability of

survival for the first instar larva was 75.5 ¢ until pupation, and 67.8

4 until emergence.
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Table 4 shows the developmental period average at each immature

life stage at different (constant) temperatures from 15 to 35 ° C. As
expected, the developmental periods became shorter with the increase in
temperature. From the highest to the lowest temperature, the
developmental period ranged 2.4 - 15.1, 1.9 - 11.0, 1.1, - 8.1, 1.0 -
9.1, 1.1 - 10.0, 1.3 - 11.1, 1.8 - 12.0 and 2.5 - 46.9 days for the egg
and the first to last instar larval stage, respectively. The

developmental periods for the pupal stage ranged between 6.2 and 23.0

days at higher temperatures from 35 to 20 ° C.

Aside from the pupal stage, the longest developmental period was
observed at the last instar larva. This may be partly due to the
pooling of developmental periods for the seventh and eighth instar
larval stages when a larva went through an extra instar. It seemed that
the armyworm larvae had a relatively higher chance of molting more than

six times at the lower temperatures, but this needs confirmation.

The next longest developmental period for the larval stage was
observed at the sixth instar. Besides the two oldest larval stages, the
developmental periods for the younger instars were similar for each
tested temperature. For completion of the total immature period--from
oviposition to emergence--, it required 77.8, 40.3, 25.9 and 19.2 days

respectively at 20, 25, 30 and 35 ° C.

Since the average daily Hawaiian ambient temperature is relatively

close to 25 © C, about forty days would be required from oviposition to
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TABLE 4

DEVELOPMENTAL PERIOD (IN DAYS) OF THE LAWN ARMYWORM AT EACH IMMATURE
LIFE STAGE AT DIFFERENT TEMPERATURES

LIFE STAGE

TEMP
(°¢) TARVA

EGC i IT TIT IV v VI VII _ PUPA
15 15.10 11.00 8.08 9.05 10.00 11.11 11.97 46.94 -
20 6.50 5.07 4.26 4.96 5.19 5.64 5.92 17.23 22.95
25 4.30  3.25. 2.46 2.23 2.42 2.77 3.72 6.88 12.23
30 2.9 1.96 1.75 1.32 2.3 2.08 3.09 4.00 6.50

35 2.3 1.93 1.05 1.00 1.12 1.26 1.82 2.52 6.16
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emergence of the lawn armyworm in the Islands. Since the longevity of
the adult was found to be 9 - 10 days from the preliminary test, the
total life cycle of the insect would take a little more than one and a

half months in Hawaii.

These observed developmental periods were used as the bases for
determining the mathematical relationship between temperature and
physiological development of the insect at each life stage. Among many
proposed models, two approaches were chosen for this study: 1) the
traditional thermal summation method, and 2) the widely used logistic

equation for temperature-development relationships.

To determine threshold temperatures and the total\ effective
day-degrees in the thermal summation method, the. previously mentioned
hyperbolic equation, (1), was used. If Yi and X, respectively represent
the (observed) developmental period and tested temperature for each

individual, i, where n samples were investigated in total, the equation

can be transformed as a linear form of xi on 1/Yi;

Xi’A+C*1/Yi

Since A and C can be considered as parameters in the linear
regression equation, the least square method can be conducted to
determine the values of parameters. If A' and C' respectively stands
for the estimated value of A and C, the calculated value of Xi can be

' 2 _ X 2 _&
. ' L = - X! = - A' -
expressed as: Xi = A" + C 1/Yi. If G Z;=;-(xi Xi) Z (Xi A

1=t
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C'/Yi)z, the following two equations have to he satisfied to obtain A'

and C' by the least square method:

9¢%/oa' = Siz(xi -4 - C'/Yi)z}/SA' R — (3)
o@/ac' = 9{H(X, - &' - ¢'/1)21/0C" = 0 —memmmoenm- (4)

Equations (3) and (4) were further simplified as:

RS T AR MRV Sp— (5)
il 1=
n , n 2\ % n n
20178) A+ %(1/Yi ) ¥ C' = %(xi/yi) ........ (6)

&

In this study the temperatures between 20 - 30 ® ¢ were assumed to
be in the optimal range for development of the armyworm, and the
developmental periods observed at these temperatures--20, 25 and 30 °
C--were used to determine the threshold temperature by solving the

simultaneous equations, (5) and (6).

As shown in Table 5, the obtained (minimum) threshold temperatures
for immature life stages were 10.7, 13.7, 14.4, 13.5, 13.6, 13.3, 12.2,
17.4 and 15.1 © ¢ for the egg, each larval instar and pupal stage,
respectively. The egg had the lowest threshold temperature, 10.7 ° c,

while the last instar had the highest threshold temperature at 17.4 °c.
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TABLE 5

MINIMUM THRESHOLD TEMPERATURES (ALPHA VALUES) AND THE TOTAL EFFECTIVE
DAY-DEGREES REQUIRED TO COMPLETE EACH LIFE STAGE OF THE LAWN ARMYWORM

IMMATURES

LIFE STAGE THRESHOLD (° C)  TOTAL EFFECTIVE DAY-DEGREES
EGG 10.7 59.5 & 10.0
I 13.7 33.3 £ 4.3
L II 14.4 26.5 £ 4.9
A III 13.5 28.8 £ 5.2
R v 13.6 32.5 £ 7.0
v v 13.3 ‘34.5 + 8.4
A VI 12.2 43.9 + 9.0
VII 17.4 50.8 = 15.5

PUPA 15.1 110.4 + 15.6
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Except for the last two instars, the threshold temperatures during
the larval period were around 14 © ¢. The reason why the threshold
temperature was distinctively high at the last instar larval stage may
be due to: 1) pooling of the developmental periods of the seventh and
eighth'instars in some observations in the calculation for temperature
threshold, or 2) the physiological instability of older larvae before

pupation. These observations need further confirmation.

Even though the threshold temperature can be obtained by
calculation, there was a possibility that these obtained values did not
reflect the true threshold temperatures for the development of the
insect. There have been many cases where insects actually developed
below the calculated threshold values. Other researchers also reported
that there is variation in threshold temperatures among individual
insects. Because of this reasoning, Shelford (1927) and other workers
believed that the calculated threshold value has only theoretical

meaning, and called it "alpha" value instead of threshold temperature.

Table 5 also shows the calculated total effective day-degrees at
each immature life stage. The maximum thermal requirement was observed
at the pupal stage with 110.4 day-degrees. The next longest thermal
réquirement was around 59.5 day-degrees at the egg stage. Similar to

threshold values, the total effective day-degrees at the larval stage

were relatively stable. Except for the last two instars, they were in

the range of 26.5 and 34.5 day-degrees.
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While this thermal summation method is mainly effective in the
optimal range of temperatures, the logistic equation is generally more
applicable to a wide range of temperatures for insect development.
Instead of using just 3 levels of temperature for the thermal summation
method, all five tested temperatures were used for determining the

parameters in the logistic equation.

The previously mentioned logistic equation, (2), can be

transformed as follows:

e(a-b*X)=k/y_1

log,(k/y - 1) =a - b *X (7)

where y is the relative developmental unit (reciprocal of

developmental period, Y).

For simplicity of analysis, the parameter k was empirically
determined by plotting the results from the individual rearings. Once k
is known as a constant, equation (7) can be considered as a linear
regression form of Z(y) om X if 2Z(y) = loge(k/y -1). The unknown
parameters, a and b could be estimated through the least square method.
Teble 6 enlists the estimated parameters for k, a and b in the logistic
equation. Since only one day was required to complete each instar for
many individuals from the second to third instar larvae at higher

temperatures, the k value was assumed as 1.0 for those stages.
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TABLE 6

ESTIMATED PARAMETERS IN THE LOGISTIC EQUATION®* FOR DETERMINING THE
RELATIVE DEVELOPMENTAL UNIT TO COMPLETE EACH LIFE STAGE OF THE LAWN
ARMYWORM IMMATURES

LIFE STAGE k** a b
EGG 0.44 4.783418 0.202023
I 0.53 6.113860 | 0.285421
L II 1.00 5.721318 0.226826
A III 1.00 T.251770 0.299121
R Iv 1.00 5.320467 0.195736
v v 0.84 5.847562 0.228837
A VI 0.57 5.569131 2.232723
VII 0.42 7.254417 0.271231
PUPA 0.17 6.538893 0.282580

* (a - b*x) . .

y = k/{1 + e }, where y is the relative developmental
unit, X is temperature, k is the asymptote of the logistic equation, and
a and b are constants.

** ¥ was empirically determined through the graphic method.
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Besides parameters, the variance of the relative developmental
wnit, V(y), was also needed to give a variation to the generated
developmental period in the model. To estimate V(y), Taylor's theorem

was applied (Snedecor and Cochran, 1978). Since;

v(z) = {2'(y)}12*v(y) (8)

where V(Z) is varience of Z, and 2'(y) is derivative of Z on y.

The equation (8) can be re-written as:

V(y) = v(z)/{z'(y)}? (9)

Because variance of Z can be obtained from regular regression
analysis on the equation (7), only Z'(y) is required to be known to

estimate variance of y. Since Z(y) = log (k/y - 1),

2'(y) = 42/dy = d{log (x/y - 1)}/dy

= ¥/ (3% - ky) (10)

By putting (10) to (9), variance of y can be obtained as:

V(y) = v(2) * {y * (y - k)/x}2.
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4. Temperature

The daily ambient temperature was chosen as the thermal input
source for monitoring armyworm development in the simulation model.
Table 7 and 8 show summary of the daily ambient temperatures measured in
the Manoa area on the monthly and seasonal basis from September 18, 1979
to September 17, 1980. In the table, the term, mean temperature, is
used to represent the mean of temperatures observed at two hour

intervals each day, while the term, average temperatiure, designates the

mean of the daily maximum and minimum temperatures.

Generally there were very little differences between the average

and mean temperatures. All through the year, differences between two

t

temperatures were small with the average temperature consistently higher
than the mean temperature by 0.4 - 0.6 © ¢. For both temperatures, the
maximum was observed in October (26.6 © C for the average temperature
and 26.2 © C for the mean temperature), and the minimum was observed in
February (23.3 ° ¢ for average temperature and 22.9 © ¢ for the mean

temperature) .

The pattern of the monthly averages of daily maximum and minimum
was gimilar to those for the mean and average temperature. The daily
maximum average appeared highest in October with 29.1 ® ¢, and lowest in
March with 25.3 © C. The highest of daily minimum average was shown in
September and October with 24.1 © ¢, while the lowest was in February

with 20.3 © ¢. The ranges of the daily maximum and minimum averages
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TABLE 7

DAILY AMBIENT TEMPERATURES (° C) ON THE MONTHLY BASIS AT THE MANOA AREA
FROM SEPTEMBER 18, 1979 TO SEPTEMBER 17, 1980

MONTH MEAN* MAXIMUM MINTIMUM AVERAGE™*
JAN. 23.1 + 1.07 26.0 + 1.68 20.8 + 1.37 23.4 + 1.07
FEB. 22.9 t 1.34 26.2 + 1.48 20.3 + 1.57 23.3 + 1.37
MAR. 23.2 + 0.45 25.3 + 0.81 21.8 = 0.61 23.6 £ 0.57
APR. 25.3 + 0.92 25.9 + 1.46 21.8 £ 0.78 23.8 + 0.93
MAY. . 24.7 + 0.67 27.3 2 1.31 22.8 + 0.61 25.1 £ 0.84
JUNE. 25.3 + 0.66 27.9 *+ 1.09 23.8 + 0.74 25.8 £ 0.77

JULY. 25.4 £ 0.72 27.9+1.09 23.8 + 0.74 25.8 + 0.80
AUG. 25.9 ¢ 0.51 29.0 + 0.95 24.0 + 0.69 26.5 + 0.60

SEPT . 26.0 + 0.53 28.8 + 0.92 24.1 £ 0.74 26.5 £ 0.67
oCT. ’ 26.2 + 0.75 29.1 £ 1.15 24.1 £ 0.92 26.6 £ 0.78
NOV. 24.6 £ 1.31 27.4 £+ 1.77 22.6 + 1.51 25.0 £ 1.34
DEC. 23.9 + 1.52 26.9 * 1.93 21.7 £ 1.58 24.3 £ 1.58

*Mean of temperatures observed at every two hour intervals.

**Mean of maximum and minimum temperatures.
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TABLE 8

DAILY AMBIENT TEMPERATURES (° C) ON THE SEASONAL BASIS AT THE MANOA AREA
FROM SEPTEMBER 18, 1979 TO SEPTEMBER 17, 1980

SEASON MEAN%* MAXTMUM MINIMUM AVERAGE™*

MAR. - MAY. 23.7 £+ 0.97 26.2 + 1.48 22.1 + 0.81 24.2 + 1.02

+

AUG. 25.6 + 0.68 28.3 + 1.16 23.9 £+ 0.71 26.1 + 0.78

JUNE. -

SEPT. - NOV. 25.6 + 1.16 28.5 + 1.50 23.6 + 1.31 26.0 + 1.21

DEC. - FEB. 23.3 +1.39 26.3 +1.74 21.0+ 1.59 23.6 + 1.41
YEAR 24.6 + 1.50 27.3% + 1.81 22.6 + 1.65 25.0 £ 1.57

*Mean of temperatures observed at every two hour intervals.

**Mean of maximum and minimum temperatures.
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were relatively small. Difference between the highest and the lowest
was 3.8 © C for both maximum and minimum temperatures. These results on
daily ambient condition confirm that temperatures at the experimental

area were mild with little variation.

When the daily temperatures were summarized on the seasonal basis,
it appeared largely of two types: 1) the lower "Spring-Winter" type with
the mean temperature of 23.3 - 23.7 % ¢ and the average temperature of
2%.6 - 24.2 ° C, and 2) the higher "Summer-Fall" type with the mean

o]

temperature of 25.6 ° C and the average temperature of 26.0 - 26.1 cC.

While the difference of temperatures between seasons within the same
type (i. e., Spring vs. Winter, or Summer vs. Fall) ranged only 0.0 -
0.6 ° C, the difference between different types were more than 2 ° ¢.
By combining all the seasonal temperatures, the total mean and average
of daily ambient temperature for the year was 24.6 and 25.0 ° ¢

respectively, while the maximum and minimum was 27.3 and 22.6 °¢.

Two methods were chosen to include the daily average temperature
in the model: 1) applying the actually-observed temperatures to the
model for descriptive purposes, e. g., comparison of actual and
calculated data for testing reliability of the developed model, or 2)
artificially generating expected temperatures as a function in the model

so that it could be used for predictive purposes, e. g., estimation of

population development in the future.
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A normal distribution was assumed when temperatures were
generated. TFor the statistical parameters, the mean and standard
deviation of the average seasonal temperature were used in this study.
Because the period of the armyworm life cycle in Hawaii was between one
and three months, the seasonal data could fully cover the population
development of the insect in one generation without changing the thermal

input in the model.

Becaugse the descriptive model was constructed based on the
actually measured temperatures from +the experimental site, the
reliability of the predictive model could be better compared with the
descriptive model if its statistical parameters for the thermal input

source were obtained from the temperature data measured at the same

gite.

5. Simulation of Population Development after Oviposition

A population development model was constructed by integrating
all the biological, mathematical and environmental information on the
}ife gystem of the armyworm. Figure 5 is a modified GPSS flowchart.
simulating population development in the basic life system of the
insect after oviposition. The simulation was conducted through two
phases: 1) quantitative change in population size, and 2)

determination of speed of physiological development.
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Pigure 5. -- A modified GPSS flowchart for simulating population
development of the lawn armyworm immatures at each life stage after
oviposition
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The quantitative change in population size resulted from the
mortality occurring at each life stage. At the first "transfer"
block, the entering transaction was determined to survive or to be
killed depending upon a probability criterion. The obtained survival
rates (within a life stage) from the individual rearing test (Table 3)
were used as the probability criteria to represent natural survival

under favorable environmental conditions in the basic life systen.

If the newly generated daughter transactions (eggs) enter the
first "transfer" block in the flowchart, and that the survival rate at
egg stage, 0.885, was assigned as the probability criterion for the
block, about 88.5 € of entering traﬁsactions were randomly chosen to
survive, while the remaining 11.5 % were determined to be dead at the
egg stage. This determination on survival and death was made for each

entering individual.

The transactions leading to death pass through a chain of
“"advance" and “terminate" blocks. The "advance" block represents the
time p;ocess for the lethal developmental period of the insect, while
the "terminate" block stands for the death of the entering individual.

The lethal period was determined by multiplying a randomly generated

number between 0.000 - 0.999 by the developmental periods of the

armyworm at 25 O ¢. After termination, the transaction was eliminated

from the whole simulated life system of the armyworm.
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On completing simulation of quantitative change in population
size, transactions entered the phase for determining speed of
development. Once chosen to survive, transactions passed through a
series of blocks in the main pathway. The mathematical relationship
between temperature and developmental period was represented by two
methods: thermal summation and logistic equation. To represent the
process of physiological development of the armyworm at each life
stage, the accumulated effective day-degrees were used in the thermal
summation method, while the sum of developmental proportion
(cumulative relative developmental units) was employed in the logistic

equation.

At the first "assign" block in the main branch of the flowchart,
the total developmental unit to complete each life stage of the
armyworm was initially determined. ©For the thermal summation method,
the calculated total effective day-degrees (Table 5) were used as the
developmental total. In the simulation model, variation was given to
the thermal constant by individually generating the obtained total

effective day-degrees with a normal distribution.

When the logistic equation was applied, the number, 1, was used
to represent the developmental total. The daily accumulation of
relative develoﬁmental units in the logistic equation represented the
proportional development (less than one) of the armyworm at each

stage. If relative development exceeded 1, this represented the
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completion of a life stage. For simplicity of calculation, the

developmental unit in this study was multiplied by 1000.

After the total developmental unit was assigned, the "present”
daily developmental unit for each transaction is calculated by the
next "assign" block based on the thermal input source given to the
basic life system everyday. For the thermal summation method,
effective day-degrees--daily temperature minus threshold values--were
assigned, while the daily relative developmental unit for each

individual was used for applying the logistic equation.

The "agsign" block for the daily developmental unit forms a loop
by linking with the subsequent "advance" and "test" blocks. The
"advance" block in the loop represented the daily time process of the
development of each individual in the basic life system. The next
"test" block compares the previously-assigned developmental total and
the present daily developmental unit; if the present developmental
unit is smaller than the total developmental unit, the transaction was
sent béck to the "assign" block, receiving the next day's effective
day-degrees calculated from the newly-generated daily temperature.
The next day's developmental unit is then added to the previous
developmental unit to form the cumulative developmental unit of the'

individual for the second day.

After passing the one day "advance" block for simulating daily

time process, the cumulative developmental unit for the second day was
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compared again with the total developmetal unit. This process wasv
repeated until the present cumalative developmental unit was larger
than the previously assigned total developmental unit. The difference
of the present unit over total developmental unit represented the

completion of a life stage.

The transactions that finished a life stage proceeded to the
development of the next life stage, which was essentially a repetition
of the above mentioned simulation process: quantitative determination
by the "transfer" and "termination" blocks and a series of "assign",
"advance" and "test" blocks to represent the speed of the

physiological development of the armyworm.

Since the developmental units of temperature were assigned in
increments, there were instances where the entire increment was not
used before the insect molted into thé next stage. In these cases,
the unused units were converted to the initial developmental units for

the next life stage by the use of following correction formula:

W=(X/Y-1)*3Z

where W is the corrected developmental units on the initial day

of the next life stage, X is the accumulated developmental units for
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the previous stage, Y is the total developmental units assigned for
the previous stage, and Z is the total developmental units assigned

for the next stage.

The construction of the basic 1life model was made possible by
combining this simulation on population development with the
previously mentioned oviposition process. The basic life model could
be used to calculate the future change in age structure of the

population as the time variable (day) proceeded if the initial age
gtructure of the population and the daily average temperature were

known.
L J

6. Test of the Basic Life Model

If a mated, one-day-o0ld female moth was introduced into a closed
and favorable environmental system, the development of the progenies
(first generation) by the thermal summation method would proceed as
shown in Figure 6. In the model the daily average ambient temperature
measuréd at the Manoa area in the fall season (26.0 + 1.21 % ¢) (Table
8), was used. For the predictive purpose, temperature was individually

generated for each insect on each day in the normal distribution

pattern.

As shown in the figure, the peak of the egg stage appeared on the
sixth day after the introduction of the female. The peaks for the

subsequent life stages in the larval period were shown on 11, 13, 16,
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Figure 6. -- A calculated population development (single generation) by

the thermal summation method when a mated lawn armyworm female was

introduced into a closed and favorable environmental system under fall
temperature condition
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18, 21, 24 and 28 days after introduction of the female respectively for
the first to seventh instar. The pupal population peaked on the 38th
day, and the adult population peaked on the 47th day. It took

approximately 70 days for all of the armyworm to complete development.

The figure also shows the quantitative change in ﬁopulation gize.
Starting from one ﬁfmalé, the population rapidly increased on the sixth
day to show the peak of egg production with ca. 1110 individuals. After
the egg stage, the peak abundance decreased continuously until it
reached the third instar. Approximately 880, 720 and 640 individuals
occured in the peaks of the first to third instar, respectively. From
the fourth to sixth instar, the peaks were relatively stable, about 650
individuals. After the sixth instar, however, the peaks rapidly
increased, showing 950 individuals for the seventh ingtar larva and 1140

individuals for the pupal stage.

,The reason why higher peak densities were shown for the last
instar larva and {the pupal stage was that, these stages took a longer
time té complete, so more individuals could be found in those stages.
The peak of adult was distinctively lower than that of the previoué
pupal stage although the adults did live a relatively long time. The
adundance of the adult peak was about 930 individuals on the 47th day.
Because the developmental period at the pupal stage (12 days) was longer
than that of adult stage (9 - 10 days), the input speed from pupa to

adult was slower than the output speed of adult to death.
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The results from the model--calculated peak time for each life

stage and the quantitative trend--seemed to agree with what generally
was expected in the fall in Hawaii. However, to check the reliability
of the model, the calculated values were compared with the actual data
from mass-rearing tests in the descriptive manner. For simplicity of

comparison, population development was observed from the first instar

larva to adult in a single generation.

The mass-rearing tests were conducted three times--on September
18, October 15, and December 22, 1979. Por calculating the
developmental period in the descriptive model, the actually-measured
daily average temperatures (arithmetic mean of daily maximum and

minimum) from the initial day of each rearing test were used.

Pigure 7 - 9 and Table 9 compare the calculated and actual data on
the population development (see also Appendix A). The values in the
figures and tables were percent abundance of each life stage when the
initial population of the first instar larvae was considered as 100 %.
Since the observations on the rearing tests were made at 2 - 3 day
intervals during the larval period and {1 - 2 times during the pupal
period, the abundance curves for the actual data in the figures

appeared discrete. For the adults the number emerging each day was

recorded.

The trend of population development between the actual and

calculated data was generally quite similar. Quantitatively, however,
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Figure 7. -~ Comparison of the actual and calculated data on population
development (percent abundance) of the lawn armyworm when the first
instar larvae were introduced into a closed and favorable environmental
system as the initial population (100 percent) on September 18, 1979
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Figure 8. -~ Comparison of the actual and calculated data on population

development (percent abundance) of the lawn armyworm when the first

instar larvae were introduced into a closed and favorable environmental
gystem as the initial population (100 percent) on October 15, 1979
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Figure 9. -- Comparison of the actual and calculated data on population

development (percent abundance) of the lawn armyworm when the first

instar larvae were introduced into a closed and favorable environmental
system as the initial population (100 percent) on December 22, 1979
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TABLE 9
COMPARISON OF THE ACTUAL AND CALCULATED DATA ON THE EMERGENCE (PERCENT
ABUNDANCE) OF THE LAWN ARMYWORM MOTH WHEN THE FIRST INSTAR LARVAE WERE

INFESTED AS THE INITIAL POPULATION (100 #) UNDER FAVORABLE ENVIRONMENTAL
CONDITIONS

( INFESTED ON SEPTEMBER 18, 1979)

DAYS AFTER
INFESTATION 25 27 29 3 33 35 37 TOTAL
ACTUAL 3 10 29 5 3 . . 51
THERMAL 2 3 14 21 23 9 1 73
LOGISTIC . 17 33 18 3 . ) 71

( INFESTED ON OCTOBER 15, 1979)

DAYS AFTER

INFESTATION 26 28 30 32 34 36 28 TOTAL
ACTUAL . 1 12 27 22 4 1 67
THERMAL 3 5 12 18 16 13 4 T

LOGISTIC 2 18 26 14 6 1 . 67

(INFESTED ON DECEMBER 22, 1979)

DAYS AFTER
INFESTATION 30 32 34 36 38 40 42 44  >46 TOTAL

ACTUAL . 12 12 14 14 10 2 1 . 63
THERMAL 1 1 2 3 10 14 18 1" 1" Al
LOGISTIC . . 1 10 14 23 8 10 4 70
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the total population from actual observations were generally lower than
that from the model, especially in the early instars. In addition,
beyond the fifth instar, the calculated peak for each life stage

appeared slightly later than that from actual observation.

For the rearing test conducted in winter, more time was required
to complete the life cycle. However the trend of population development
between the actual and calculated data was similar. The difference in
peak times for the older life stages beyond the sixth instar larvﬁ
seemed larger than that from the fall rearing test. This may be due to

the requirement of the longer period to complete each life stage in the

winter.

The calculated population development by the logistic model was
similar to that by the fhermal summation model. Generally the logistic
model predicted the appearance of the older stages slightly earlier than
the thermal summation model. The logistic model is applicable over a

wider range of temperatures than the thermal summation method.

Table 9 shows percent emergence of adults in the actual and
calculated data. For the September test, the peak emergence from actual
observation and the logistic model appeared on the 29th day, while it
was shown on the 31st to 33rd day in the thermal summation model. TFor
the October rearing test%, the logistic model predicted the peak time on

the 30th day, while the actual observation and the thermal summation

model showed the highest emergence on the 32nd day. In the winter test
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the earliest peak time was shown in the actual observation on the 36th
to 38th day after infestation, followed by the 40th day in the logistic

model and the 42nd day in the thermal summation model.

It was also observed that the thermal summation model showed a
more dispersed emergence of adults on the time scale than the logistic
model. In total, the emergence of adults in the two models were
similar, averaging around 70 percent, while those from actual
obgservations were 51, 67 and 63 percent for September, October and

December, respectively.

As shown from the adult emergence as well as the quantitative
development of the immature stages, the estimates of population size by
the models were generally higher than those from actual observations.
This indicated that the probability criteria used in the model for
determining survivability of the armyworm-~-which was the survival rates
obtained from individual rearing tests of each life stage-~were higher

than those of the actual survival of the armyworm. An adjustment was

needed in the model.

Initially, to obtain the natural survival rate under favorable
environmental conditions, the quantitative trends of the population
sizes in the mass-rearing tests were utilized. For convenience of
comparison, it was assumed that a "population age" was represented by

the life stage which was most abundant in the population at that time.
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Using this technique, it was possible to combine all the results of

different mass-rearing tests.

Figure 10 shows the average of percent survival at each life stage
of the lawn armyworm when the results from all the mass-rearing tests
were combined. In the model the calculated population trend steadily
decreased, from 93%.8 to 67.8 percent from the first instar to the adult

stage. The actual observations, however, showed a peak at the third

instar.

The apparent low survival in the first and second instars was
probably due to sampling error. The first and second instar larvae were
so small that it was very difficult to find all of the larvae in the
sampling plot. After the second instar larva, the difference in actual
observation and calculation was relatively small and constant ranging
from 6 to 11 %. With the exception of the first two instars, these
newly calculated survival rates from mass-rearing tests were used to
replace the previous input obtained from the individual rearings in the

basic life model.

Although both models predicted the population development equally
well, the thermal summation method was used to develop the
epizootiological model in this study; because the ambient temperature in
Hawaii is in the optimal range and its variation is relatively small.
Also the thermal summation model is relatively simple to run in the

simulation program.



- 90 -

Figure 10. -- Comparison of the actual and calculated data on population
size (percent survival) when the results of mass-rearing tests were
combined on the basis of population age
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B. BEpizootics

1. Bioassay

To obtain the basic data for simulating epizootic development,
biocassays were made by spraying NPV on the food of the lawn armyworm
larvae at various virus concentrations. The seventh instar was not

included in the tests since it was highly resistant to the virus.

The effective range of lethal concentrations--which caused 5 to 95
% mortality in the population was respectively 2.3 X 103 - 5.2 X 107,
3.3 X 107 - 8.1 X 107, 1.3 X 102 - 9.1 X 10%, 4.3 X 10° - 6.3 X 102, 2.3
X 10° - 7.8 X 10? and 2.5 X 107 - 1.4 X 10'0 polyhedra per 100 cm? of
lawn surface at each larval stage from the first instar. The’median
lethal concentrations (LCSO) and fiducial limits are shown in Table 10.

As expected, LCSO rapidly increased with the age of treated larvae.

The rate of increase in susceptibility (virulence index for LCSO)
is also given in Table 10. For the second and third instar, less than

15 times of LC_. of the first instar larvae was required to produce the

50
median mortality, but more than 1700 times was required to kill the same

proportion of the sixth instar larvae.

When LCSO's of two succeeding stages were compared, LCSO of the
present instar divided by that of the previous instar, the rapid

increase in virulence index was more clearly shown. At each succeeding
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TABLE 10

; NUMBER OF POLYHEDRA/100 CMZ) OF NPV
FROM THE FIRST TO SIXTH INSTAR

MEDIAN LETHAL CONCENTRATIONS (LC
IN THE LAWN ARMYWORM LARV

RATE OF INCREASE

INSTAR g LOWER UPPER FROM FIRST BETWEEN

LIMIT LINIT INSTAR STAGE
I 3.47 X 10°  2.01 X 107 5.78 X 10° 1.00  1.00
I 5.13 X 10°  3.24 X 10° 8.03 X 10° 1.48 1.48
111 112105 5.09 X 105 1.99 X 106 3.20 2.2
IV 5.20 X 108 2.89 x 105 9.72 x 108 14.99  4.68
v 4.25 X 107 2.03 X 107 7.60 X 107 122.48 8.17
VI 5.95 X 105 3.62 x 10® 8.83x10® 1714.70  14.00
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instar, the index increased approximately two times. This geometric
increase in virulence index between subsequent stages confirms that
there is a strong age immunity in the armyworm larvae, and that the

immunity is accelerated with the increase in larval age (Takei, 1971).

The LCSO'S obtained in this study were generally higher than those
reported by previous workers. Takei (1971) obtained an LC50 for the
fourth instar larvae as 9.29 X 104 polyhedra per vial where the NPV was
included in an artificial diet. Raheja (1965) reported the median
lethal dose (LDSO) of the fourth instar larvae as 270 polyhedra per
larva when the NPV was microfed. It was apparent that spraying the NPV,
which was the normal way the virus is applied in the field, was a less

efficient method to treat the armyworm.

Figures 11 and 12 show the change in the stage-specific and total
mortality of the lawn armyworm larvae treated with different virus
concentrations (see also Appendix B). With very few exceptions, the
larvae treated with NPV were killed in the instar at which they were
treéted or within the next two larval instars. For simplicity of
analysis, it was assumed that the proportion of the larvae killed three
instars after treatment was insignificant in the total disease
development. The few larvae that did die three instars after treatment

were included with those dying two instars after treatment.

The stage-specific mortality, i. e. whether the larva died in the

instar in which it was treated or in the subsequent two instars, was
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Figure 11. -- The total and stage-specific mortalities when different
virus concentrations (common logarithm of number of polyhedra/

100 cm“) were sprayed on each instar of the lawn armyworm larvae
(younger instars). A. First instar, B. Second instar, C. Third instar
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Figure 11 (continued). -- The total and stage-specific mortalities when

different virus concentrations (common logarithm of number of polyhedra/

100 cm®) were sprayed on each instar of the lawn armyworm larvae ({older
instars). D. Fourth instar, E. Fifth instar, F. Sixth instar
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Figure 12. -- The proportion of the stage-specific mortality to the

total mortality at each infection stage when different virzus

concentrations (common logarithm of number of polyhedra/100 cm®) were

sprayed on each instar of the lawn armyworm larvae (younger instars).
A. First instar, B. Second instar, C. Third instar
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Figure 12 (continued). -- The proportion of the stage-specific mortality
to the total mortality at each infection stage when different virus
concentrations (common logarithm of number of polyhedra/100 cm®) were
sprayed on each instar of the lawn armyworm larvae (older instars).

D. Fourth instar, E. Fifth instar, F. Sixth instar
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termed, initial, secondary or tertiary mortality. For the sixth instar
larvae the tertiary infection stage was the pupal stage which was
generally refractile to infection. Therefore, for the sixth instar,
stage-specific mortality was recorded for just the primary or secondary

atages.

Although many studies have been made on the relationship between
the total mortality and virus concentration (Tanada, 1960, Raheja, 1965
and Takei, 1971), no reports are available on stage-specific mortality
due to NPV treatment. This information was required to form a
mathematical relationship between the stage-specific mortality and virus
concentration to be able to predict the stage at which the infected
larva died. This was then related to determine how much virus was
produced in the dead larvae (on the populational basis). The older and
larger larvae produced more virus since they had more tissues to be
infected. The amount of virus produced determined how much inoculum was

~

released into the environment to infect other larvae.

The stage-specific mortality curves appeared in various patterns
"depending upon larval age and virus concentration (Figure 11). In the
first instar larvae, mortality at the initial infection stage showed the
typical sigmoidal shape, reaching to asymptotic (100 %) mortality at
high concentrations. When the concentration of NPV was over 2.21 X 107

polyhedra per 100 cm2, more than 90 4 of the larvae died in the initial

stage (see also Appendix B).



- 104 -
At low concentrations, however, there were more individuals dying
in the secondary and tertiary infection stages. At the lowest
concentration, most larvae were killed at the tertiary stage. At
concentrations between 6.40 X 104 and 5.65 X 105 polyhedra per 100 cm2,

more than 40 percent of the virus-killed larvae were dead at the

secondary infection stage.

For the second to sixth instar larvae, most of the mortality
occurred in the secondary stage. This phenomenon was more pronounced as
the virus concentration was increased. 1In the second instar, however,
there was a slight drop in the mortality for secondary stage at the
highest virus concentrations. Larvae treated with high concentrations
died more in the initial stage. The data also indicated that the
duration of the lethal infection was a function of age of the larva and
the concentration of NPV. The younger the larva and the higher the

concentration of NPV, the shorter was the lethal infection period.

$he stage-specific mortality was better compared when the
mortality was transformed to the proportion of the total mortality
{relative mortality; (stage-specific mortality)/(total mortality) X
100}. As shown in Figure 12, the relative mortality at the tertiary
infection stage appeared highest at +the 1lower end of virus
concentrations, and decreased as virus concentration increased in each
larval stage (see also Appendix B). It was the converse of the initial

stage mortality. Even in the third to sixth instars, initial stage
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mortality probably would have increased if higher concentration of virus

was used.

In general the mortality in the armyworm after NPV treatment could
be summarized as follows: 1) The mortality patterns were divided into
two types depending on the age of treated larvae: (a) the "first instar
type" where the‘initial mortality was most responsible for the total
mortality, and (b) the "older instars type" where most of the larvae
died in the secondary stage. 2) The stage-specific mortalities which
were the most important component of the total mortality generally had a
sigmoidal shape. 3) When stage-specific mortalitj was transformed into
a proportion, tertiary mortality appeared as a negative sigmoidal
pattern with the increase in virus concentration, and 4) the mortality
proportion of the secondary stage (except for the first and sixth

instar) was represented by an asymptotic curve (Table 11).

The mathematical relationship between mortality and virus
concen#ration was investigated by running regression analyses.
Generally dosage-mortality curves were calculated by using probit
analysis, which is a weighted curvilinear regression on the logistic
equation (Finney, 1962). In probit analysis, the variance is weighted

to increase the accuracy of the estimated mortality around LCSO' This

was not desirable, so a weighted curvilinear regression on the logistic

equation was used for modeling in this study.
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TABLE 11

ESTIMATED PARAMETERS IN THE ASYMPTOTIC EQUATION* TO DETERMINE THE

MORTALITY PROPORTION OF THE SECONDARY INFECTION STAGE OF THE LAWN

ARMYWORM LARVAE SPRAYED WITH DIFFERENT NPV. CONCENTRATIONS (NUMBER OF
POLYHEDRA/100 CM2)

INSTARS A B c
II 0.756 7.3160 0.7784

III 0.731 : 3.4669 0.5344
Iv 0.802 4.2605 0.5176
v 0.941 381337 0.6181

_O*
C x’ where y' is mortality proportion, x is

*y':A_B*e
)
’

logarithm (common) of virus concentration (number of polyhedra/100 cm
.and A, B and C are constants. Constant A was obtained empirically
through the graphic method, and B and C were calculated by the least
square technique specified in BMDP (1979).
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Since three infection stages were considered in modeling, the
formulation of mathematical relationship on only two stages was
sufficient to determine the third stage. Therefore, the logistic
relationships for the secondary (stage-specific mortality) and tertiary
(mortality proportion) infection stages were used for simulating disease
development. For the first instar larvae, however, the initial
mortality was used instead of the secondary mortality because the
stage-specific mortality at the initial infection stage was most
responsible for the total mortality, and showed the good logistic

relationship with virus concentration.

The parameters in the 1logistic equation for the
mortality-concentration relationship were determined by linear
transformation. The equation, y' = k'/{1 + e(a' - b'*x')}’ where y' is
mortality, x' is the logarithm (common) of virus concentration, k' is
asymptote of the logistic curve, and a' and b' are constants, was used

to estimate the values for the parameters as shown in Table 12.

For simplicity of parameter estimation, the asymptote, k'--the
maximum limit. of mortality shown at each infection stage--was
empirically determined by observing the response curve on the
stage-specific mortality (Figure 11 and 12). For the first instar
larvae, k' was close to 1.000, meaning that, if virus concentration
increased without limit, virtually all the armyworm larvae would die at
the initial stage (first instar in this case). At the second instar,

however, the asymptote for the secondary mortality appeared low, showing
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TABLE 12

ESTIMATED PARAMETERS IN THE LOGISTIC EQUATION* TO DETERMINE THE TOTAL
AND STAGE-SPECIFIC MORTALITIES OF THE LAWN ARMYWORM LARVAE SPRAYED
WITH DIFFERENT NPV CONCENTRATIONS (NUMBER OF POLYHEDRA/100 CM<)

(YOUNGER LARVAE)

(FIRST INSTAR)

STAGE M/pH* o' a' o r?
TOTAL M 1.000 10.220100  -1.824072 .903
INTITIAL M 1.000 13.318398  -2.095524 .955
TERTIARY P 0.694  -11.139353  2.283949 792

{SECOND INSTAR)

TOTAL M 1.00 10.184272 1.764551 .854
SECONDARY M 0.669 9.545506 1.615561 .876
TERTIARY P 0.591 -8.318631 -1.498302 .T44

(THIRD INSTAR)

TOTAL M 1.000 10.193414 1.639333 .865
SECONDARY M 0.712 7.449209 1.170588 .770
TERTIARY P 0.666 -13.650186 -2.338851 183
» [ ' (3' - b'*x') v . N .
y' = k'/{1 + e }, where y' is mortality or mortality

proportion (of the stage-specific mortality to total mortality), x' is
logarithm (common) of virus concentration (number of polyhedra/100 cm“),
k' is aymptote of the logistic curve, and a' and b' are constants.

** M represents that the calcualted value for y' is the total or
stage-specific mortality, and P represents that the calculated value is

mortality proportion.

*%*¥* k' was empirically determined through the graphic method.
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TABLE 12 (continued).

ESTIMATED PARAMETERS IN THE LOGISTIC EQUATION TO DETERMINE THE TOTAL AND
STAGE-SPECIFIC MORTALITIES OF THE LAWN ARMYWORM LARVAE SPRAYED WITH
DIFFERENT NPV CONCENTRATIONS (NUMBER OF POLYHEDRA/100 CM<)

(OLDER LARVAE)

(FOURTH INSTAR)

STAGE /P k' a' b’ 2

TOTAL M 1.000 7.593563  1.146190 .850

SECONDARY M 0.743 7.449200  1.170588 .864

TERTIARY P 0.730 -4.679671  0.783778 .783
FIFTH INSTAR)

TOTAL M 1.000 13.621614  1.805412 .912

SECONDARY M 0.894  16.340271  2.030765 .914

TERTIARY P 1.000  -15.894713  -2.020251 742
(SIXTH. INSTAR)

TOTAL M 1.000 27.901957  3.151054 .910

SECONDARY P 1.000 27.177353 3.058661 -898
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k' as 0.669. From the second instar on, the k' increased gradually with
each succeeding instar. The observed k' for the secondary mortality was

respectively 0.712, 0.743, 0.894 and 1.000 from the third to sixth

instar.

The asymptote for the proportion of the mortality occurring
tertiary infection stage was also shown in table 12. This proportion
increased as virus concentration decreased. However, there was a
minimum concentration below which mortality did not occurr. This was at
virus concentrations below 103 polyhedra/100 cmz. For virus
concentrations below this level, k' was gmpirically determined based on
results from the lowest virus concentrations tested. Because of this,
the k's for the tertiary infection stage did not reach 100 % except for
the fifth instar. Therefore, the sum of the mortality proportions for
the initial, secondary and tertiary infection stages was less than 100 %
from the first to fourth instar at the low concentrations (Figure 12).
Except for the first instar, the k' increased as treated larvae matured.
This implied that, at low virus concentrations, the o0ld larvae took a

longer time to be killed. Most of the larvae lasted to the tertiary

stage.

The lethal infection period was also an important concern for the
construction of the epizootic model. Table 13 shows the observed total
lethal infection periods for each instar larvae sprayed with NPV at
various concentrations. As expected, the lethal infection periods

decreased as the polyhedra concentration increased. The shortest lethal
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TABIE 13

THE IETHAL INFECTION PERIODS (IN DAYS) OF THE LAWN ARMYWORM LARVAE
INFECTED BY NPV AT DIFFERENT RANGES OF VIRUS CONCENTRATIONS (NUMBER OF
PO LYHEDRA/100 CM?)

VIRUS INSTAR
CONCENTRATION T 1T TIT IV 7 VI
> 107 8.57  7.90 - 10.63 - -
10° - 10° 6.98  7.29  9.64  9.69  13.33 -
10% - 107 6.34  6.81 8.35  8.92  11.00 -
107 - 108 4.39  6.16  7.20  8.26  10.07  9.80
108 - 109 5.40 - - 6.89 8.2  9.18
109 - 100 - - - - - 8.61
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infection period was 4.4 - 5.4 days which occurred when the first instar
larvae were sprayed with high virus concentrations (107 to 109 polyhedra
per 100 cmz), while the longest lethal infection period, 13.3 days,
occurred when the fifth instar larvae were treated at low concentrations
(105 to 108 polyhedra per 100 cm?) of NPV. The reason why the longest
lethal infection period was shown at the fifth instar rather than at the

sixth instar was that the latter pupated at the tertiary stage.

The lethal infection periods decreased with the increase in virus
concentration in each stage (Table 13). Even within stage-specific
mortality, there was a correlation between age of the larva and virus
concentration. Within a given stage, where all the larvae were killed
in that same stage, there were still correlations with the virus
concentration, i. e., the higher the virus concentration, the shorter
the 1lethal periods. This negative relationship between the
stage-specific lethal period and virus concentration confirms the fact
that the armyworm larvae become less susceptible to infection by NPV as

they mature (see also Appendix B).

The effect of virus treatment on the total lethal infection period
can be analyzed in two aspects: 1) the change in age structure of
cadaver population, and 2) the negative relationship of virus

concentrations and lethal infection periods within each infection stage.

In the model the stage-specific lethal infection period was

generated through two phases: 1) developmental period after treatment
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for the host to reach the stage {initial or secondary) in which it is
killed, and 2) the period in the terminal stage before the host died.
Since there were no significant differences in the developmental periods
of healthy and infected larvae until the terminal stage, the model for
the basic life system was used to generate the developmental periods for
the pre-terminal stages. To estimate the time that the larva was in the
terminal stage bvefore dying, the actually observed lethal periods in
spray tests were empirically utilized. These data were arranged in a

frequency table according to the day on which the larva died.

2. Simulation of Epizootics

The simulation model for NPV epizootics in the lawn armyworm was
constructed from the data obtained in the previous experiments. The
developmental process of the epizootiological model was: 1) to transform
the biological data on NPV epizootics to simulation language, and 2) to

combine this simulation of disease development with the basic life model

of the insect.

Figure 13 shows the modified GPSS flowchart for simulating disease

development in the insect population after virus spray. At each larval

stage, the simulation of epizootics was inserted Dbetween the

quantitative and chronological phases of the basic life model.

After passing the first "transfer" block in the flowchart for

determining natural mortality in the basic life system, a decision--
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Figure 13. -- A modified GPSS flowchart for simulating development of
epizootics in the lawn armyworm population by NPV spray
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whether the virus will be sprayed or not--is made at the next "test" and
"savevalue" blocks. Spray time was determined by certain decision
criteria in the "test" block, e. g., host density, control schedule,
etec.. If the entering transaction was sprayed, a level of virus
concentration was assigned by the use of the "savevalue" block. If the
decision was not to spray, the individual proceeds to the subsequent

larval development in the basic life model.

After simulafing spray time and virus concentration, the total
mortality was determined by using a "tragsfer" block. The logistic
equation of the total mortality for the virus concentrations, was used
in this study (Table 12) as the probability criterié for determining
mortality for each entering individual. The death or survival for each
infected larva was individually determined based on the probability
criteron. The variation in mortality at each virus concentration was

generated in a normal distribution pattern by the use of the obtained

variance from the regression analysis.

thle the transactions chosen to survive the virus infection were
transferred to the blocks for the subsequent development of healthy
insect, the individuals chosen to be killed enter the next "transfer"
block to determine the stage-specific mortality. Generally the logistic
equation for the secondary stage-specific mortality (initial mortality
for the first instar) was used as the first probability criterion, and
that for the mortality proportion of the tertiary infection stage was

used as the second probability criterion. After the stage-specific
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mortality was determined, the individual was transferred to the chain of

"advance" and "terminate" blocks for simulating the time process of the

lethal period and cadaver production.

3. Test of the Epizootiological Model

To compare the calculated epizootic development from the model
with actual observations, bioassays were conducted with NPV in

mass-reared populations of the armyworms. On September 10, October 22,

and December 30, 1980, different concentrations of virus were sprayed on
second, fourth and fifth instar larval populations, respectively.
Figure 14 - 16 compare the cumulative occurrence (percent) of cadaver

population between the actual and calculated data (see also Appendix C).

As shown in the figures, the general trend of disease
development--the total and stage-specific mortalities amd the occurrence
of cadaver population--appeared similar for both the actual and
calculated data. For both estimates, there was a good correlation
betweeﬁ total mortality and virus concentration. In general the

difference between the actual and calculated total mortalities ranged

between 1 and 9 percent.

The stage-specific mortalities, generally showed good agreement
between the actual and calculated data. In most cases the secondary
infection stage was most important to the total mortality. At the

lowest concentration for the fifth instar larvae, however, the tertiary
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Figure 14. -- Comparison of the actual and calculated data on cadaver
abundance (in percent) when different virus concentrations were sprayed
on the second instar larvae on September 10, 1980
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Figure 15. -- Comparison of the actual and calculated data on cadaver
abundance (in percent) when different virus concentrations were sprayed
on the fourth instar larvae on October 22, 1980
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Figure 16. -- Comparison of the actual and calculated data on cadaver
abundance (in percent) when different virus concentrations were sprayed
on the fifth instar larvae on December 30, 1980
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infection stage--seventh instar--occupied the largest proportion of the
total mortality for both actual and calculated data. At the

concentration of 8.16 X 107 polyhedra/100 cm? for the same instar, both

the secondary and tertiary infection stages appeared important to the

total mortality.

Although most stage-specific mortalities showed good agreement
betweeﬁ'the actual and calculated data, the deviations became larger as
the virus concentration was increased. This was especially true for the
mortality in the second stage which accounted for the highest proportion

of the total mortality.

As expected, the difference for the low and medium concentrations
was smaller than that for the highest concentration. At the medium

concentration the difference ranged 5 - 10, 2 - 6 and 4 - 9 %,
respectively for the initial, secondary and tertiary mortality, while
the corresponding deviation at the low concentration was respectively O
-1, 0-3and 2 -5%. In total the differences between the actual and
calculéted data ranged between O - 22 4 for the high concentrations, 2 -

10 4 for the medium, and 0 - 5 % for the low concentrations.

The time of appearance of cadavers in the environmental system at
each infection stage was also similar between the actual and calculated
data. In both results, the higher the virus concentrations, the shorter

the periods. Another general trend observed on the lethal infection

periods was that the older larvae died over a longer span of time (on
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the populational basis) than the young larvae. For the second instar
larvae, death occurred in 5 - 11, 5 - 14, and 4 - 14 days after
treatment at the lowest to the highest virus concentration in the actual
observations respectively, while it occurred in 5 - 13, 5 - 15, and 4 -
14 days for the fourth instar and 7 - 16, 5 - 16, and 5 ~ 17 days for
the fifth instar for each concentration from the lowest to the highest
level. Between the calculated and actual data, generally {1 - 4 day

differences occurred in the time required for the larvae to die.

Peak mortality also occurred at a similar time for the actual and
calculated data. In both instances, the peak mortality appeared 6 - 8
dayé after treatment for the second instar larvae, 7 -~ 9 days for the
fourth instar and 9 - 10 days for the fifth instar larvae. The
stage-specific peak mortality also was similar between the actual and

calculated data with differences of O - 3 days between the two figures.

Although more quantitative data were probably required to severely
test the reliability of the epizootiological model, the calculated
results in the present study seemed, on the empirical basis, to fall in
an acceptable range to represent the general trend of disease

development of the armyworm.
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C. Application of the Model in Pest Management

1. Feeding Damage and Polyhedra Production

So far it has been shown that the developed simulation model can
be used to predict population development of the pest insect. This
predictability, alone, would be helpful for pest control--e. g.,
determining the peak time of pest abundance, estimating current pest
density after treatment, etc.. But, through an optimization process,
the model can be further utilized as a basic strategic tool for making

decisions in pest management.

Two important factors were linked to the model in this study.
These were, feeding damage (by the armyworm larvae) and virus
replication (after initial epizootic). For feeding damage, the
relationship between feeding and temperature was investigated because it
is known that temperature plays an important role in insect appetite.

Although it would have been desirable to conduct feeding tests in the

field,lthis was not possible. As an alternative, the feeding tests were

conducted in the laboratory.

Table 14 shows the fresh weight of the average amount of Bermuda
grass consumed by an armyworm larva at each instar. In total about 2670
mg of grass was eaten by an individual armyworm before it pupated. Food

consumption rapidly increased after the fifth instar stage. Less than

one percent of grass was consumed during the period from the first to
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TABLE 14

DAILY AND TOTAL FOOD CONSUMPTION (FRESH WEIGHT OF BERMUDA GRASS IN
MILLIGRAMS) BY A LAWN ARMYWORM LARVA AT EACH INSTAR UNDER LABORATORY

CONDITIONS
INSTARS
T 1T TIT TV v VI VIT
DAILY (mg) 0.5 1.1 2.9 9.7 27.4 83.6 316.7
S.D- 002 0-4 007 404 10'7 3807 6600
TOTAL (mg) 1.6 2.8 6.6 10.7 176.0 267.5 2308.6
PERCENT <0.1 0.1 0.2 0.4 2.8 10.0 85.9
LARVA? W?IGHT* <0.1 0.64 2.34 8.88 37.09 170.31 821.11
ng *
S.D. - 0.19 0.57 4.13 16.41 80.85 156.25

* Maximum among daily measurements of fresh weight (mg) during the
developmental period at each larval stage.
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fourth instar. For the fifth and sixth instar larval period,
approximately 2.8 and 10.0 ¢ were consumed respectively. The largest
proportion of the grass, more than 85 %, was consumed at the last instar
stage. The average daily food consumption for each instar was used %o
estimate the total grass consumption by the armyworm population in the

basic life model.

Table 14 also shows the fresh weight of a larva at each instar.
The value in the table was the maximum weight of larva during each
instar. Proportionally, in terms of body weight, the young larvae
consumed more grass than the older larvae. The first instar consumed

more than 50 times its own body weight of grass. For the last instar,

about one third of its body weight of grass was consumed daily.

Figure 17 shows the total amount of Bermuda grass consumed by a
single generatibn of Armyworms,produced by one mated female in the fall.
The feeding curve started to increase rapidly two weeks after the
introduction of the original female. This was about the time that the
peak of the third instar larvae appeared. On the 28th day when the most

food was consumed, the 1last instar larvae occupied the largest

proportion of the total population. The fresh weight of Bermuda grass
consumed at this time was about 330 mg. From the 28th day on, the
feeding amount decreased as the last instar larvae pupated. In total,
the armyworms from a single generation consumed approximately 3.4

kilograms of fresh Bermuda grass. Since the weight of Bermuda grass in
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Figure 17. -- Daily feeding amount (fresh weight of Bermuda grass in
grams) of the lawn armyworm progenies produced by a single female
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TXTXT7 cm3 was 4.2 mg, 3.4 kg represented a lawn about 400 m2 area

with grass 7 cm tall.

In order to utilize the model to determine the total amount of
virus produced by an epizootic, information on the amount of virus
produced in an armyworm killed by NPV was required. Table 15 shows the
number of polyhedra recovered from a single NPV-killed larva. The

number increased more than 4,000 times from the first to last instar.

Figure 18 shows the cumulative polyhedra production from the
second and fifth instar larvae when sprayed with three different

concentrations of NPV. The initial population size was assumed to be

100 individuals for both instars.

Generally, the production curve appeared sigmoidal between 3 - 16
days. This pattern was more clearly shown at the higher virus

concentrations. At the highest concentration, the second instar larvae

started dying on the third day and the fifth instar on the fifth day.

The total amount of virus produced was dependent upon the
concentration of the NPV and the age structure of the population. For
the second instar, virus production distinctively increased as the
sprayed concentration increased. For the fifth instar larvae, however,
the virus production at concentrations of 8.16 X 107, and 8.16 X 108

2

polyhedra per 100 cm® of lawn surface was similar. This may be because,

even though the total mortality was higher at the 8.16 X 108 polyhedra
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TABLE 15

NUMBER OF POLYHEDRA RECOVERED FROM A CADAVER OF A LAWN ARMYWORM LARVA
KILLED BY NPV

LARVAL STAGES NUMBER OF POLYHEDRA PER CADAVER
I 1.11 X 10% + 5.62 X 10°
II 6.40 X 10° + 2.92 x 105
III 2.30 X 107 + 1.75 X 108
v 1.12 X 10% + 6.05 X 107
i 5.15 X 108 + 2.65 X 108
VI 1.55 X 107 + 8.37 X 10°

+

VII 4.61 X 107 + 1.98 X 10°
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Figure 18. -- Cumulative virus production (number of polyhedra, x 109)
from the lawn armyworm population when different virus concentrations
were sprayed on the second and fifth instar larvae
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per 100 cm?, a large proportion of the infected larval population died
at the secondary infection stage; while, for 8.16 X 107 per 100 cm2. a

large number of larvae died at the tertiary infection stage--which has

more polyhedra recovery per cadaver.

The epizootiological model was combined with food consumption to
estimate the amount of food consumed by an infected population of
armyworms. The data for food consumption for healthy larvae were used
in this study with the assumption that: 1) the individual does not
consume food in the stage (or instar) in which it dies, 2) the infected
individual consumes about half as much as untreated healthy individuals
in the stage immediately before death, and, 3) the feeding ability of an
infected individual in the two stages before death is as same as a

healthy one.

Figure 19 shows the food consumption when fourth instar larvae
were treated with different concentrations of NPV. As expected, food
consumption decreased as the concentration of NPV increased.
NPV-treated armyworm consumed about 9, 32, and 75 percent of the grass
eaten by untreated populations at 4.54 X 107, 4.54 X 106 and 4.54 X 105

polyhedra per 100 cm? of lawn surface, respectively.

2. Optimization

The epizootiological model can provide the basis for making

optimized decisions in pest management such as determination of spray
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Figure 19. -- Cumulative food consumption (in percent) by the lawn
armyworm population when different virus concentrations were sprayed on
the fourth instar larvae
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time and virus concentrations to maximize host plant protection and
virus production. Since the model can be used to calculate total food
consumption or the amount of virus production on the daily basis for any
given set of variables, optimization is possible through the contour
mapping method. This can be accomplished by connecting similar levels
of food consumption and virus production at different combinations of
virus concentrations and spray times.. For ease of comparison, the
amount of food saved by the virus treatment was used instead of the

amount of food consumed. This was the difference between the amount of

food consumed by an untreated population and one that was treated.

For optimization, it would have been desirable to include actual
data on the introduction of armyworm into the environment in the field,
but, since this was not possible, some hypothetical patterns were used.

For simplicity of modeling, a homogeneous population of newly mated

females was used as the original pest source.

Three simple theoretical frequencies were used to introduce the
females: 1) the same number of females introduced each day during a

certain introduction period, 2) females introduced in a symmetric

pattern following the curve for normal distribution, and 3) a large
number of females introduced in an aggregated manner early in the
introduction period. The patterns 1), 2) and 3) were respectively

called as the "uniform”, "normal" and "aggregated" introductions in this

study.
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A hypothetical 100 mated females were introduced according to the
selected pattern into a closed and favorable environmental system over a
14-day period. Fourteen days were used as the duration of the
introduction period because: 1) this was about the lag period before the
food consumption curve rapidly increased (Fiéure 17), 2) the period was
sufficiently short so that there was no overlapping of progenies from
the first generation females with those from the second generation
females, and 3) the short period was relatively easier to follow in the

model.

For simulating the uniform introduction, an equal probability
(reciprocal of the introduction period) was given on each day as the
frequency of appearance of the females during the introduction period.
Since no statistical parameters are known from actual data, the
probabilities for the normal and aggregated introduction were calculated
by the use of the binomial distribution. For simplicity of data
analysis and modeling, the probabilities in the binomial distribution
with p = 0.5 and p = 0.1 were used to represent the normal and
aggregated introductions respectively. The binomial distribution with p
= 0.5 approximated as the normal distribution, while that with p = 0.1
for the early introduction was fitted to a Poisson distribution. Table

16 shows the probability of female introductions into the environmental

system for the three different introduction patterns.

Figure 20 shows population development of the progeny from the

egg to the last instar for the three different introduction patterns of
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EXPECTED FREQUENCY OF DAILY FEMALE INTRODUCTION IN THREE DIFFERENT
PATTERNS: WITH EQUAL PROBABILITY, OR IN THE BINOMIAL DISTRIBUTIONS WITH

P = 0.5 AND P = 0.1

DAYS UNIFORM BINOMIAL(p = 0.5)  BINOMIAL(p = 0O.1)
0 0.0714 0.0001 0.2542
1 0.0714 0.0016 0.3672
2 0.0714 0.0095 0.2448
3 0.0714 0.0349 0.0998
4 0.0714 0.0873 0.0277
5 0.0714 0.1571 0.0051
6 0.0714 0.2095 0.0008
7 0.0714 0.2095 0.0001
8 0.0714 0.1571 <0.0001
9 0.0714 0.0873 <0.0001
10 0.0714 0.0349 <0 .0001
11 0.0714 0.0095 <0.0001
12 0.0714 0.0016 <0.0001
13 0.0714 0.0001 <0.0001
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Figure 20. -~ Population development and the change in age structure of

the lawn armyworm progenies (first generation) when 100 females were

introduced into a closed and favorable environmental system with an

equal frequency (uniform introduction) or with binomial distribution

patterns (p = 0.5 for normal introduction and p = 0.1 for aggregated
introduction) over a 14 day period
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females. The pattern of adult introduction--input time and
compactness--was reflected in the development and age structure of the
progeny population. For the uniform introduction, the curve for the
total occurrence was relatively smoother and lower than those for the

aggregated and normal introductions. Also the total developmental

period was the longest, approximately 49 days from the initial day of

adult introduction.

Among the three patterns, the early aggregated introduction, where
a large number of females were introduced simultaneously in the early
period, caused the most compact and fastest population development.
Approximately 41 days were required after the initial day of adult
introduction to complete population development. The total abundance
curve for the normal introduction appeared to be between the other two
patterns. Since the females were introduced with a high frequency in
the middle period, the outline of population development was relatively
smoother than the aggregated introduction, but was more compact than the
uniform introduction. The population developmental period for the
normal introduction, 48 days, was almost as long as the uniform
introduction because the female input was relatively widely dispersed on

the time scale.

The difference in population development among different
introduction patterns of adults was more clearly shown when the age

structure of the population was analyzed on the daily basis. On the

25th day after the initial introduction of the females, for example, the
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uniform introduction consisted of all the age classes from the egg to

the last instar larval stage.

In contrast, the progenies from the aggregated introduction
consisted of only the older larvae from the fourth to last instar, which
demonstrated the effect of aggregated introduction of the females to
show the homogeneity (in the age structure) and fast development of the
progeny population. For the normal introduction, the speed of
population development was about the same as the uniform introduction.
But the age composition was not as diverse as the uniform introduction
consisting of the age classes between the first and sixth instar

larvae.

These differences in progeny populations--compactness and
developmental speed-~-were tied into the model with the feeding damage to
the host plant population. Figure 21 shows the food consumpt.on curves

for the three different introduction patterns of the females.

As expected, the peak in the curve for the aggregated introduction
appeared earliest and was the most compact. The peak appeared on the

31st day, and the larvae ate 29.3 kg of grass on the peak day.

The feeding periods for the uniform and normal introduction were
similar with peaks appearing on the same 36th day, but the
compactness--kurtosis--of the curves appeared differently. The uniform

introduction produced a smoother and lower curve with a peak consumption
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Figure 21. -- Daily food consumption (fresh weight of Bermuda grass in

kilograms) by the lawn armyworm progenies when 100 mated females were

introduced into a closed and favorable environmental system with an

equal frequency (uniform introduction) or with binomial distribution

patterns (p = 0.5 for normal introduction and p = 0.1 for aggregated
introduction) over a 14 day period
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of 21.4 kg of grass while the normal introduction showed a peak
consumption of 25.5 kg. This difference in the occurrence of damage
caused by different patterns of adult introductions indicated that a
lawn would be more severely affected if the adults appeared over a short
period. A lawn may be able to withstand a higher total population of
larvae if the introduction was uniform sincelthere would be time for

some regrowth in the lawn.

Since the required data were generated, the subsequent step was to
investigate the feasibility of the use of this model in the management
of the armyworm. This model was used to estimate feeding damage when

the concentrations of NPV and the application times were varied.

To give an overall estimation on the grid values, the contour
mapping method (Bridges and Becker, 1976) was applied to the
optimization process by connecting the same level of grass yield (or
grass saved by virus treatment) through an interpolation (among the
obtained grid values). The contour curves then provided a basis for
determining the optimum virus concentration and spray time for the
armyworm management with NPV. Figures 22, 23 and 24 show the contour
graphs of the amount of food saved (fresh weight of Bermuda grass in 100
grams) when the spray time (x axis) and virus concentration (y axis)
were combined. For simplicity of optimization, the spray time was set
between 12 and 39 days after the initial introduction of females. NPV

was sprayed at 3 day intervals at concentrations ranging from 4.0 and

10.0 (common logarithm of the number of polyhedra per 100 cm2 of lawn
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Figure 22. -- Changes in yield of grass (fresh weight of Bermuda grass

in 100 grams) at different combinations of virus concentration and spray

time when 100 mated females were uniformly introduced into a closed
environmental system over a 14 day period
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Figure 23. -- Changes in yield of grass (fresh weight of Bermuda grass

in 100 grams) at different combinations of virus concentration and spray

time when 100 mated females were introduced into a closed environmental

system in a binomial distribution pattern with p = 0.5 (normal
introduction) over a 14 day period
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Figure 24. -- Changes in yield of grass (fresh weight of Bermuda grass
in 100 grams) at different combinations of virus concentration and spray
time when 100 mated females were introduced into a closed environmental
system in a bionmial distribution pattern with p = 0.1 (aggregated

introduction) over a 14 day period
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surface) at intervals of 0.5 in the logarithmic scale. The
normally-generated fall temperature was used. These contour graphs were

made for each of the three adult introduction patterns.

In general, some common points were observed among the contour
graphs. These were: 1) the least amount of damage occurred (or the

highest amount of grass was saved) at the highest virus concentration,
2) the contour curves formed a concentric gradient, 3) the curves were
close together, and formed a belt zone between 60 and 200 kg, and, 4)
the contour curves appeared flat-hook-like, "L/" in shape, consisting of

three phases--vertical, horizontal, and diagonal.

The specific characteristics of the contour graphs reflected the
patterns of adult introductions (input time and compactness). A good

example was the time of appearence of the peaks which indicated when the
least amount of damage was expected. For the early introduction of
females, the peak appeared at about 18 to 21 days after the initial
introduction of females, while the peaks for the uniform and normal

introductions were shown to be around the 24th day.

The time interval of the introduction of the adults also affected
the level of damage. The peak weight of the grass saved was more than
340 kg for the early aggregated introduction. For the normal
introduction, about 320 kg, and for the uniform introduction, a total of
290 kg of grass was saved. These results showed that: 1) the earlier

the females were introduced, the earlier the optimum control time
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appeared, 2) the shorter the time interval for female introduction, the
greater the effect of the NPV treatment, and, 3) the earlier and the

more aggregated the introduction, the more critical the early spray

time.

The optimum spray time changed as the concentration of NPV

2

changed. At a concentration of 106 polyhedra per 100 cm“ for the normal

introduction, the most effective date of application was around the 21st
day after the first female was introduced. Approximately 160 kg of
grass could be saved when treated at this time. For the highest
concentration of 1010 polyhedra per 100 cm2, on the other hand, the
optimum spray date was around the 24th day. If the introduction period

was set other than 14 days, the optimum spray date would also vary.

The differential impact of control practices on grass protection
appeared more clearly in the belt zone. Between 18 - 30 days for the
normal introduction (figure 23), the contour curves were divided into a

dense (belt) zone and a sparse zone at a concentration of 107

polyhedra/100 cm2. In the belt zone, an increase in spray concentration

2, increased the amount of grass saved

from 10° to 107 polyhedra/100 cm
by more than four times, while in the sparse zone an increase of 107 to
1010 polyhedra/100 cm? increased the amount of grass saved by only 1.5
times. This shows that changes in the NPV concentration in the belt

zone had a greater effect than outside the belt zone. If related to the

data on the economic threshold and the cost of pathogen production, this



- 156 -
information can be most effectively used to develop a realistic, and

optimized strategy on armyworm management.

Another important characteristic of the contour graphs was the
shape of the curves. As previously mentioned, the three different types
of adult introductions produced generally the same "L/" shaped contour

curves, consisting of the "early-vertical", "middle-horizontal” and

"late~-diagonal” phases.

Initially, the curves formed almost vertical lines above a low
level of virus concentration in the early period (Figure 22, 23 and 24).
This suggested that above that low level of NPV concentration, spray

time (rather than virus concentration) was the most important variable
in determining how much grass was saved. Spraying the grass too early
resulted in poor control because more eggs were still being laid by the
adult. The spray application had to be made after all of the egzgs had

hatched. Spraying too late, of course, did not help.

The duration of the vertical phases was dependent upon the speed
of development of the population. For the early aggregated introduction
of adults, the vertical zone ended before the 15th day after the
introduction of females, while, for the uniform and normal

introductions, it ended around the 20th day. This was about the time

all of the eggs had hatched.
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At the time that the vertical phase ended, the population
consisted of the first to the fourth instars. This may be the reason
why there did not seem to be any concentration-related control effect
above a certain level. The young larvae were susceptible at low
concentrations of NPV and increasing the concentration could not have
any additional effect. Therefore, above the concentration that is
required for 100 % mortality, spray time was the only factor that had

any effect on the amount of damage sustained.

After the vertical phase, the contour curves moved into the
horizontal phase. This was shown in the belt zone at the lower levels
of virus concentration (generally below 107 polyhedra per 100 cm2). The
duration of the horizontal phase was also dependent upon the patterns of
adult introductions. With the uniform and normal introductions, it
lasted approximately 10 days between the 18th and 27th day after the
initial introduction of females, while, for the early aggregated

introduction, the horizontal phase lasted only about 5 days between the

14th and 18th day.

In contrast to the vertical phase, virus concentration was more
important than spray time in the horizontal phase. Since the virus
concentrations, which showed a horizontal phase, were the lower
concentrations, the treatment did not minimize in absolute terms. 1In
the relative terms, however, changes in the concentration of NPV had a

more significant effect than in the vertical phase.
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The last part of the contour curves was generally diagonal,

showing that in this phase grass protection was positively related to
virus concentration, and negatively related to spray time. If the virus
was sprayed early, a lower virus concentration was needed. If the virus
was sprayed late, a higher concentration of virus was required to .
achieve the same results. In the contour graph for the normal
introduction (Figure 23), for example, about 60 kilograms of grass were
saved when the virus was sprayed at 106 polyhedra per 100 cm? on the
27th day, but, if the virus was sprayed on the 33rd day, more than 108

polyhedra per 100 cm2 was needed to obtain the same yield of grass.

The duration of the diagonal phase was also dependent uﬁon the
introduction pattern of females. It was 32 days for early aggregated

introduction, 38 days for the normal introduction, and 42 days for the

"uniform introduction.

The contour graphs for virus production (Figure 25, 26 and 27)
were derived for virus concentration and spray time, using the same
techniques as used to determine yield. The results indicated that: 1)
the most virus was produced at the highest virus concentration in each
introduction pattern, and, 2) the contour curves formed the concentric

gradient with the changes in spray time and virus concentration.

Compared to grass yield, however, the peaks for polyhedra
production appeared later. This was generally expected because the

older and larger larvae produced more polyhedra per individual. The
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Figure 25. -- NPV production (number of polyhedra, X 1011) at different

combinations of virus concentration and spray time when 100 mated

females were uniformly introduced into a closed environmental systenm
over a 14 day period
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Figure 26. -- NPV production (number of polyhedra, X 10'!) at different

combinations of virus concentration and spray time when 100 mated

females were introduced into a closed environmental system in a binomial

distribution pattern with p = 0.5 (normal introduction) over a 14
day period
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Figure 27. -- NPV production (number of polyhedra, X 1011) at different

combinations of virus concentration and spray time when 100 mated

females were introduced into a closed environmental system in a binomial

distribution pattern with p = 0.1 (aggregated introduction) over a 14
day period
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peak of polyhedra production appeared about a week later than the peak
for grass yield when the females were introduced uniformly or in a
normal distribution. For the aggregated introduction the peak was on
the 26th day, which was about five days later than the peak for grass

yield.

The effect of aggregation on the introduction of females was also
reflected in the amount of virus produced. The more aggregated the
introduction, the higher the production of virus. This was in part due
to the homogeneity of age structure. The aggregated introduction
produced 3.2 X 1014 polyhedra in total while the normal introduction
produced 2.9 X 1014 polyhedra. The most widely dispersed uniform
introduction produced the lowest amount of virus with 1.7 X 1014

polyhedra. The contour curves reflected this phenomenon.

The patterns of adult introduction were also reflected in forming
the specific characteristics of the belt zone. For the aggregated and
normal introduction of females, the range of the belt zone was 1.2 - 2.6
X 1014 polyhedra, while it was 0.8 - 1.6 X 1014 polyhedra for the

dispersed uniform introduction.

Overall, the optimization study through the contour mapping method
can be summarized as: 1) the pattern of adult introductions determined
the characteristics of progeny population--age structure, developmental
speed, etc.. 2) the contour curves of the three patterns of adult

introductions had some common characteristics such as the peaks at the
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highest virus concentration, formulation of the concentric gradients
from the peaks, existence of a belt zone, and appearance of the curves
as the flat-hook-like shape. 3) the hook form appeared more clearly in
the graphs for grass yield and consisted of the early-vertical,
middle-horizontal, and late-diagonal phases. 4) within these general
categories of common points, the specific characteristics of the contour
curves--e. g., the yield of grass, the appearance time of the peaks, the
range of the belt zone, etc.--were dependent upon the patterns of adult
introductions, and 5) the yield was more significantly affected by early
treatment while the population was still young, while virus production
was more affected by treatments at a later period when the population

was more mature.

This study, therefore, has explained the feasibility of the use
of the simulation model in terms of optimizing the two control
practices--spray time and virus concentration--for the best protection
of the host plant and the maximum virus recovery. There are, however,
other components of armyworm management that could be included in the
model. Unfortunately, these studies were beyond the scope of this
study. The followings are some of the important aspects.to be included

to the simulation model.

First, it would be desirable to add the concept of "space" to the
gimulation system. For simplicity of modeling, the abundance of the
insect was mainly discussed in terms of "time scale", and not of

density. The environmental system was assumed to be capable of
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supporting an unlimited number of insects without causing the

space-related problems such as crowding, food shortage, etec..

By extending the dimension of "space" into the simulation system,
a physical ecosystem which has a spatial boundary, e. g., the lawns of
parks, golf courses, etc., can be represented. Also, all the
density-related problems such as feeding competition, determination of

economic threshold, differences in disease transmission rates, etc., can

be studied in the system. However, to successfully transfer these
gspace-oriented effects in the simulation model, more data on spatial
distribution of the insect and host plant, vegetation status, effect of
feeding damage on tﬁe host plant, spatial dispersion and transmission

patterns of the pathogen in environment, etc., are needed.

Secondly, it would be desirable to add more climatic data to the
system. In this study only temperature was included. But there are
numerous other components of weather which affect the life process of
the insect, pathogen and host plant such as humidity, rain, wind,
sunlight, etc.. Not only the quantitative effect of each component, but
also the combinational impact of different components on the insect life

system should be determined and added to the system.

Thirdly, it would be desgirable to determine persistency and

frequency of outbreaks of the disease in the environment. This requires
data from the long-term studies of the pathogen-pest-environment

relationships.
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And fourthly, for a precise estimate of food supply for the
insect, a model for the growth of the host plant should be developed and
linked to the simulation model. By introducing the plant development
model into the system, a more realistic assessment of the feeding damage

can be made by monitoring input variables such as environmental factors,

insect appetite, spray times, virus concentration, etc..

The model can effectively integrate these additional components
relating to the insect disease systen. Additionally, the
epizootiological model can be effectively linked to the other important
key factors in the armyworm management, such as the effect of natural
enemies, chemical control, etc.. If the cost factors are also included,

the crop protectors can utilize the model to make decisions to maximize

the cost benefit ratios in the management of the pest.

The modeling tool, GPSS, used in‘this study, demonstrated its
excellence in the ability of simulation, prediction and accommodation of
system components. By considering the individual as a basic unit
(transaction) of simulation, it provided a very close representation of

the natural phenomena of insect life processes.

Due to its individual approach, however, GPSS required more
computer time and the cost to run the program was high. Also, GPSS was
originally designed to represent an engineering and marketing system in

which there were lines, e. g., customers waiting in line for service,



- 169 -
cars in traffic to pass the toll gate in rush hours, etc.. These

conditions generally did not occur in this study.

In this study, therefore, a basic epizootiological model was
developed for the lawn armyworm. The model can be used in the
management of the armyworm with NPV. However, the utility of the model
can be enhanced by developing and including additional biological,

ecological and physical data.
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SUMMARY AND CONCLUSIONS

The lawn armyworm, one of the most serious lawn pests in Hawaii,

was used to develop an epizootiological model.

An analytic approach was applied with the three research steps.
First, the basic life system of the insect was simulated by developing
data on the armyworm life history and integrating them into a proposed
algorithm on the temperature-development relationship. Secondly, the
simulation of NPV epizootics was combined with the basic life sytem to
construct an epizootiological model. And thirdly, the developed models
of the basic and epizootiological life systems of the armyworm were

optimized so that the results could be used to make appropriate pest

management decisions.

For the basic life system, the population growth was divided into
twé biological phases: 1) egg production and 2) development of the eggs
to subsequent life stages. In each phase, there were two aspects for
simulating the population development, quantitative, i. e., population

size, and. chronological, i. e., developmental period.

A large proportion of females had a preovipostion period of 3 - 4
days with an average of 3.75 + 1.07 days. The frequent oviposition
period was 4 - 7 days with an average of 5.51 + 1.92 days. Observation

of egg production showed that a large proportion of eggs was laid in the
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early period of oviposition. On the average, 1505 *+ 603 eggs were

produced by a female under laboratory conditions.

Individual rearing tests were conducted at temperatures between 15
and 35 ° C at 5 degree intervals. 1t required 77.8, 40.3, 25.9 and 19.2
days from oviposition to emergence at temperatures of 20, 25, 30 and
35 0 ¢, respectively. The observed survival rate at each life stage of
the armyworm varied from 89.7 to 99.9 percents at temperatures between
20 and 30 © C. About 70 percent of the larvae survived from the first

instar to emergence when the rearing was initiated from the first

instar.

The developmental period for each life stage of the armyworm was
determined using the thermal summation method and the logistic equation.
The minimum threshold temperature obtained by the thermal summation
method was 10.7, 13.7, 14.4, 13.5, 13.6, 13.3, 12.2, 17.4 and 15.1 ° C
for the egg, first to seventh instar larva and the pupal stage,

reapectively.

The computer simulation language, GPSS (General Purpose Simulation
Systems), was used to represent the life system of the lawn armyworm in

this study. The simulative ability of the model was tested through the

predictive and descriptive manner.

When the basic life model was run in the predictive manner, the

peak days for abundance of the progeny from the egg to adult were 6, 11,
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13, 16, 18, 21, 24, 28, 38 and 47 days after the initial female
introduction. Approximately 70 days were required to complete a single

generation of the armyworm.

There were approximately 1110 eggs on the peak day. From the egg
stage on; the peak abundances gradually decreased in the larval stages
until it reached ca. 650 in the sixth instar. For the last instar
larval and pupal stages, however, the peak increased to ca. 950 and 1140
individuals. This was due to the longer developmental periods at these
stages. Therefore more individuals could be accumulated in these

stages. For the adult stage, there were approximately 930 individuals

on the day of peak abundance.

There was general agreement in the trend of population
development--calculated peak time and population size--between the

actual and calculated data. Quantitatively, however, the total

populations from actual observations were generally lower than those

from the model.

The calculated populations by the logistic model was similar to
that by the thermal summation model. The logistic model predicted the

appearance of the older stages slightly earlier than the thermal

summation model.

The thermal summation method was further used to develop the

epizootiological model in this study because the ambient temperature in
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Hawaii is in the optimal range and the variation is slight. Also the
thermal summation model was relatively simple to run in the simulation

program.

To develop epizootiological data, suspensions of NPV were sprayed

on armyworm populations.

The calculated median lethal concentration was 3.47 X 105, 5.13 X

6 6 8

, 4.25 X 107, and 5.95 X 10° polyhedra per

10°, 1.11 X 10°%, 5.20 X 10

100 cm? of lawn surface for the first to sixth instar, respectively.
The older the larva, the more resistant it was to infection. The
virulence index indicated that the resistancé between each succeeding
larval stage increased geometrically. This confirmed that the immunity

of the armyworm larva against the virus infection increases as the

larvae mature.

The observed mortality was further analyzed stage-specifically.
The mortality patterns were largely divided into two types depending
upon the age of the treated larvae. In the "first instar type", most of
the larvae died in the treated instar, and, in the "older instars type",
most of the larvae died in the next instar. The stage-specific
mortality that was the most important component of the total mortality
generally had a sigmbidal shape. When the stage-specific mortality was
transformed to the proportion of the total mortality, that for the
tertiary mortality appeared as the negative sigmoidal pattern with the

increase in virus concentration, while the mortality proportion of the
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secondary stage (except for the first and sixth instar) fitted an

asymptotic curve.

Besides mortality, the total and stage-specific lethal infection
periods were also observed at various virus~concentrations at ambient
conditions. As expected, the younger the larvae and/or the higher the
virus concentration, the shorter the lethal infection period. The
shortest lethal infection periods were around 4.4 to 5.4 days when the
first instar larvae were sprayed with virus concentrations of 10'7 and
109 polyhedra per 100 cm2, while the longest infection period was around
1%2.3 days when the fifth instar larvae were treated at virus

6 polyhedra per 100 cm2.

concentrations of 105 and 10
When the 1lethal infection periods were further analyzed
stage-specifically, generally two kinds of gradients were found, within

and between infection stages. Within each infection stage, the

stage-gpecific lethal infection periods decreased as virus concentration

increased.

Comparative tests of +the developed model and actual
epizootiological data showed that the general trends of disease
development--the total and stage-specific mortalities and the time

occurrence of the cadaver population--appeared similar between the

actual and calculated data. 1In general the difference of the actual and

calculated data on the total mortalities ranged between 1 and 9 percent.
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The stage-specific mortalities were also similar between the

actual and calculated.data in quantitative terms, and the secondary

infection stage was most responsible for the total mortality in most

cases. The total and stage-specific lethal infection periods--the
appearence time of cadavers at each infection stage--were also similar

between the actual and calculated data.

One of the objectives of the present study was to test the
feasibility of using the developed model to maximize control practices.
Two important factors in the management of this pest were linked to the
epizootiological model. These were, feeding damage and virus
replication. The basic data required for determining feeding damage

were obtained in the laboratory.

By linking the daily food consumption data to the simulation
model, it was possible to predict the total feeding damage by the
armyworm population with time. The calculated feeding damage appeared
to rapidly increase two weeks after the introduction of the female.
Feeding damage reached its peak on the 28th day. Most of the larvae
were in the last instar at that time. According to the model, the
armyworm larvae from a single female consumed approximately 3.4
kilograms of Bermuda grass (fresh weight). This was equal to a lawn

about 400 n? in which the grass was 7 cm tall.

To estimate virus replication, the number of polyhedra produced in

a single NPV-killed larva was counted. The number increased more than
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4,000 times from the first to the last instar stage. In general the
total amount of virus produced was dependent upon the spray

concentration and the age structure of the cadaver population.

Since the simulation model can be used to calculate the total
feeding damage and the amount of virus production on a daily basis under
any given condition, optimization was possible by using a contour

mapping method.

Three simple theoretical frequencies were used to introduce the
armyworms into the system. In the first introduction a similar number
of females were introduced each day over a certain introduction
period--uniform introduction. In the second, females were introduced
with a relative high frequency in the middle of the introduction period
in a symmetric way--normal introduction. In the third method, a large
number of females were introduced in an aggregated manner during the

early part of the introduction period--aggregated introduction.

The patterns of adult introductions were reflected in the
developmgpt and age structure of the progeny population. For the
uniform introduction where the female input was the most dispersed on
the time scale, the curve for the total population was smoother and
lower, and encompassed a longer time than those for the normal or

aggregated introductions. The population development for the aggregated
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introduction was compact and fast. The total abundance curve for the

normal introduction appeared to be between the other two patterns.

Contour mapping of these data revealed that the highest virus
concentrations produced the highest yields of grass. The contour lines
from this peak formed a concentric gradient with the change in virus
concentration and spray time. The contour lines were dense, and formed
the belt zone at a certain level. The contour lines appeared in a

flat-hook-like, "L/" shape, consisting of vertical, horizontal and

diagonal phases depending on spray time and virus concentration.

In general these results of optimization showed that, the earlier
and the more aggregated were the females introduced, the earlier was the
optimized control time for the host plant protection. The more

aggregatedly were the females introduced, the more effective were the

control practices.

The input time and compactness of adult introduction were also
reflected in the amount of virus produced in the epizootic. Because of
its high abundance and homogeneity of age structure, the aggregated

early introduction produced the largest amount of virus.

Overall, the optimization study through the contour mapping method
on the host plant protection and virus production indicated that the
pattern of adult introduction affected the characteristics of progeny

population--age structure, developmental speed, etc.. In addition, the
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yield was greatly affected by measures taken in the treatment during the

early period, while that for virus production was more affected by

measures taken when the population was more mature.

Although more tests are required to further investigate the
reliability of the model on a quantitative basis, the simulation and
optimization process developed in this study indicated that the systems
technique and modeling can be used as a practical strategic tool in pest

management .

Although the simulation modeling with GPSS showed some

disadvantages, such as, the cost of computer time and the repeated
execution of the model for optimization processes, crop protectors can
use the model by integrating it with their empirical knowledge of crop

protection or combining it with other optimization models.



APPENDIX A - 1. - 179 -

TABLE 17

COMPARISON OF THE ACTUAL AND CALCULATED POPULATION DEVELOPMENT

(PERCENT ABUNDANCE) OF THE LAWN ARMYWORM IMMATURES WHEN THE FIRST

INSTAR LARVAE WERE INFESTED ON SEPTEMBER 18, 1979 AS THE INITIAL
POPULATION (100 %)

(ACTUAL)
DAYS AFTER 3 5 8 10 13 14 17 22
INFESTATION
I 3 . . . . . .
L II 76 2 . . . . . .
A III . 79 4 . . . . .
R v B 2 62 1 . . . .
v v . . 17 72 1 . N .
A VI . . . 7 43 24 . .
VII . . . . 38 52 51 .
PUPA . . . . . . 19 61
TOTAL 79 83 83 80 82 76 70 61

( THERMAL SUMMATION MODEL)

I 14 . .
L II 79 2 . . . . . .
A III . 86 9 . . . . .
R Iv . 4 79 38 . . . .
v v . . 1 49 31 . .
A VI . . . 2 55 69 16 .
VII . . . . . 10 60 28
PUPA . . . . . . 3 50
TOTAL 93 92 89 89 86 79 79 8
(LOGISTIC MODEL)
I . . . .
L II 92 . . .
A ITI . 66 9 1 . .
R IV . 21 64 18 1 1 . .
v N . . 1 60 15 3 . .
A VI . . . 5 59 58 5 .
VII . . . . 7 20 74 6
PUPA . . . . . . . 67

TOTAL 92 87 84 84 82 82 79 73
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_TABLE 17 (continued)

COMPARISON OF THE ACTUAL AND CALCULATED POPULATION DEVELOPMENT (PERCENT
ABUNDANCE) OF THE LAWN ARMYWORM IMMATURES WHEN THE FIRST INSTAR LARVAE
WERE INFESTED ON OCTOBER 15, 1979 AS THE INITIAL POPULATION (100 %)

(ACTUAL)

DAYS AFTER
INFESTATION 2 4 6 7 9 10 12 14 16 18 2 23

I 82 1% . . . . .
L II . 71 18 2 8 . . .
A III . . 69 29 7 . . . . . .
R IV . . . 58 40 9 . . . . .
v v . . . . 27 T 24 o . . . .
A VI . . . . . 51 31 16
VII . . . . . . . 42 56 13 5
PUPA . . . . . . R . . 56 69 69
TOTAL 82 84 87 8 8 "0 75 7173 T2 69 T4 69

(THERMAL SUMMATION MODEL)

I 83 . . . . . . . . . . .

L II 10 73 1 . . . . . . . . .

A III . 20 T8 26 . . . . . . . .

R v . . 13 65 50 16 . .

\ v . . . . 37 65 38 5 . . .

A VI . . . . . 6 45 56 19 2 . .

VII . . . . . . 2 18 56 67 30 7

PUPA . . . . . . . 1 3 8 46 66

TOTAL 93 9% 92 91 87 87 8 8 T8 T 16 13

(LOGISTIC MODEL)

I B8 . . e e e

L I 4 T3 . . ... ..
A III .19 57T 18 1 . .. ...
R v . . 33 67T 30 12 1 . . . .
v v .+ . 2 51 5 17 2 . . .

A VI .+« . 3 13 59 32 8 . . .

VII .+« . . 3 a4 6 6 10 .

PUPA R C T o

TOTAL 92 92 90 87 8 84 8 178 76 716 Tt 70
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TABLE 17 (continued)
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COMPARISON OF THE ACTUAL AND CALCULATED POPULATION DEVELOPMENT (PERCENT
ABUNDANCE) OF THE LAWN ARMYWORM IMMATURES WHEN THE FIRST INSTAR LARVAE
WERE INFESTED ON DECEMBER 22, 1979 AS THE INITIAL POPULATION (100 %)

{ ACTUAL)
DAYS AFTER
INFESTATION 3 5 7 9 11 13 15 17 19 21 23
: I 27 . . . . . . .
L II 5% 69 . . . . . .
A ITI . 15 61 1 . . .
R Iv . . 21 T8 7 . .
v v . . . 2 76 35 1 . . .
A VI . . . . . 49 79 1 . . .
VII . . . . 82 172 59 8
PUPA . . . . . . . 8 15 63
TOTAL 80 84 8 8 835 84 8 83 8 74 T
( THERMAL SUMMATION MODEL)
I 32 . . . . . . . . .
L II 61 74 . . . . . . . . .
A III . 19 87 32 . . . . . . .
R Iv . 5 58 67 13 . . . .
v v . 1 29 63 3. 9 . . .
A VI . . 6 50 63 38 11 .
VII . . . . . . 9 3 63 T
PUPA . . . . . . . . 1 4 6
TOTAL 93 93 92 91 83 87 8 8 T8 T8 17
({LOGISTIC MODEL)
I 26 . . . . . . . .
L II 66 64 3 . . . . . .
A III . 28 68 28 8 . . . . .
R Iv . . 20 5 52 18 4 . . . .
v v . . 4 30 5 37 16 5 . .
A VI . . . . 14 44 52 35 14 2
VII . . . . . . 16 3% 63 T3
PUPA . . . . . . . . . 1 3
TOTAL 92 92 91 91 90 8 8 84 79 718 78
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TABLE 18

STAGE-SPECIFIC MORTALITY (PERCENT) AND LETHAL INFECTION PERIOD (DAY) OF THE LAWN ARMYWORM WHEN THE
FISRT INSTAR LARVAE WERE TREATED WITH VARIOUS CONCENTRATIONS OF NPV

VIRUS . __MORTALITY ___ _MORTALITY PROPORTION  LETHAL INFECTION PERIOD
CONCENTRATIQN ~TOTAL  INI SEC TER iNi SEC  TER  TOTAL _ INI SEC TER
(POLY/100CM“)

8.50 X 103  15.0 0.0 5.0 10.0 0.0 33.3  66.7 12.33 - 9.00 14.00
6-40 X 104 30.7 5.1 13.7 12.0 17.0 44.3 38.7 7.84 5.67 6.78 10.17
5.65 X 105 55.7 22.0 23.4 10.3  39.0 42.2  18.8 7.00 5.89 6.86 10.13
5.02 X 106 80.0 65.0 13%.8 1.3  80.3 18.0 1.7 6.34 6.18 6.70  8.00
2.2¢ X 107 90.0 80.0 10.0 0.0 88.9 11.1 0.0 4.39 4.25  5.50

8.50 X 108 99.9 99.9 0.0 0.0 99.9 0.0 0.0 '5.40 5.40 - -

= ¢81 -
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TABLE 18 (continued)

STAGE -SPECIFIC MORTALITY (PERCENT) AND LETHAL INFECTION PERIOD (DAY) OF THE LAWN ARMYWORM WHEN THE
SECOND INSTAR LARVAE WERE TREATED WITH VARIOUS CONCENTRATIONS OF NPV

VIRUS __ MORTALITY MORTALITY PROPORTION LETHAL INFECTION PERIOD

CONCENTRATIQN ~TOTAL  INI SEC TER TINI SEC  TER _ TOTAL INT SEC TER
(POLY/100CM°)

8.67 X10° 11.1 0.0 5.0 6.1 0.0 44.5  55.6 7.89 - 7.33  8.33
8.65x 10 284 0.0 17.4 11.0 0.0 60.1 39.9  8.18 : 7.56  8.96

8.63 X 10° 60.1 4.9 35.6  19.7 8.2 59.0 32.8 7.371  5.75  6.91  8.54

8.63 X 106 80.9 8.7 63.4 8.8 10.6 78.2 11.2 6.77 5.81 6.68 8.40

8.64 X 107 95.6 30.0 62.8 2.8 31.4 65.7 2.9 6.08 5.20 6.37 8.00

- €31 -
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TABLE 18 (continued)

STAGE-SPECIFIC MORTALITY (PERCENT) AND LETHAL INFECTION PERIOD (DAY) OF THE LAWN ARMYWORM WHEN THE
THIRD INSTAR LARVAE WERE TREATED WITH VARIOUS CONCENTRATIONS OF NPV

N
VIRUS MORTALITY MORTALITY PROPORTION LETHAL INFECTION PERIOD

CONCENTRATIQN TOTAL INI SEC TER INI SEC TER TOTAL INI SEC TER
(POLY/100CH%)

150 x10) 115 00 3.7 7.8 0.0 324  67.8 11.25 -  10.05 12.78
1.50 X 105 30.0 5.0 15.0 10.0  16.7 50.0  33.3  10.33  9.00  9.33 12.50
4.28 X 105 42.4 5.9 23.0 13.5 14.0 54.2  31.9  9.47 7.17  8.88 11.45
4.28 X 106  63.3 12.6  40.3  10.4 20.0 63.4 16.6  8.35  7.05  8.06 11.11
3.48 X 107  79.6 21.5 54.6 3.4 27.2  68.7 4.2  7.33  5.61  7.76  11.40
5.29 X 107 85.0 25.0 60.0 0.0 29.4 70.6 0.0  6.76  5.20  7.42

- 81 -
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TABLE 18 (continued)

STAGE-SPECIFIC MORTALITY (PERCENT) AND LETHAL INFECTION PERIOD (DAY) OF THE LAWN ARMYWORM WHEN THE

FOURTH INSTAR LARVAE WERE TREATED WITH VARIOUS OF CONCENTRATIONS OF NPV

VIRUS L _MORTALITY  MORTALITY PROPORTION _ _ LETHAL INFECTION PERIOD
CONCENTRATIQN TOTAL  INI SEC TER INT SEC TER  TOTAL _ INT SEC TER
(POLY/100CH°)

7.78 X 107 7.6 0.0 2.5 5.1 0.0 25.0 75.0 11.75 - 10.00  12.50
7.1 x 10 2204 0.0 103 1.8 0.0 44.5 55.6  10.25 - 8.50 11.72
6.73 X 10°  36.3 1.3  21.3  13.8 3.4 58.5  38.4  9.73  7.00 8.69 11.46
6.89 x 10° 52.0 3.0 35.7 13.3 5.7 68.3  32.5 8.91  7.80 8.33 10.77
6.89 x 107 T3.7 6.1 57.6 10.1 8.42 8.0 13.6 8.27 T7.10 8.08 10.27
8.01 x 108 94.7 21.1 68 .4 5.3 22.2 T72.2 5.6 6.89 5.75 6.92 11.00

- 88T -
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TABLE 18 (continued)

STAGE-SPECIFIC MORTALITY (PERCENT) AND LETHAL INFECTION PERIOD (DAY) OF THE LAWN ARMYWORM WHEN THE
FIFTH INSTAR LARVAE WERE TREATED WITH VARIOUS CONCENTRATIONS OF NPV

VIRUS L __ MORTALITY MORTALITY PROPORTION  _ LETHAL INFECTION PERIOD
CONCENTRATIQN TOTAL  INI SEC  TER ~ INT SEC  TBR — TOTAL TRT  SEC TER
(POLY/100CM)
8.15 X 10° 18.8 0.0 0.0 18.8 0.0 0.0 99.9  13.33 . - 13.33
8.6 X 10° 3.5 0.0 12.5  25.0 0.0 33.3  66.7 11.00 - 9.50 11.75
6.15 X 100  55.0 1.1 32.3  21.6 1.9 58.2 39.9  10.04 5.00 9.91 10.43
2.65 X 108  70.0 0.0 53.3  16.7 0.0 75.9  24.1 8.49 - 8.34  B8.92
7.86 X 10® 8.3 0.0 75.0 1.3 0.0 87.0 . 13.0 7.79 - 7.60  9.00

- 981 -
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TABLE 18 (continued)

STAGE-SPECIFIC MORTALITY (PERCENT) AND LETHAL INFECTION PERIOD (DAY) OF THE LAWN ARMYWORM WHEN THE
SIXTH INSTAR LARVAE TREATED WITH VARIOUS CONCENTRATIONS OF NPV

VIRUS MORTALITY MORTALITY PROPORTION LETHAL INFECTION PERIOD
CONCENTRATIQN TOTAL ~ INT  SEC  TER INT  SEG  TBR  TOTAL  INI _ SEC  TER
(POLY/100CH%)
6.80 X 100 26.3 0.0 2.3 0.0 0.0 99.9 0.0  9.80 - 9.80 -
3.8 X 102  44.4 0.0 44.4 0.0 0.0 99.9 0.0  9.49 - 9.49 -
7.18 X 108 54.2 2.5 51.7 0.0a 4.6 95.5 0.0 9.24 T.00 9.28 -
151 x10° 72.2 0.0 72.2 0.0 0.0 99.9 0.0  8.89 - 8.89 -
3.40 X 10° 82.1 0.0 82.1 0.0 0.0 99.9 0.0  8.99 - 8.99 -

7.56 X 107 94.7 5.26 89.5 0.0 5.6 94.4 0.0 7.94 7.00 8.00

- (81 -
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TABLE 19

COMPARISON OF THE ACTUAL AND CALCULATED DATA ON PERCENT ABUNDANCE OF
CADAVERS WHEN DIFFERENT CONCENTRATIONS OF NPV WERE SPRAYED ON THE SECOND
INSTAR LARVAE ON SEPTEMBER 10, 1980

9.07 X 104 POLYHEDRA/100 CM2

DAYS AFTER SPRAY 5 7 9 11 13 15 TOTAL
INSTARS
A II 1 3 2 0 0 0 6
c III 0 3 7 0 0 0 10
T v 0 1 5 3 0 0 9
TOTAL 1 7 14 3 0 0 25
c II 1 4 0 0 0 0 5
A III 2 3 4 1 0 0 10
L v 0 0 1 3 0 0 4
TOTAL 3 7 5 4 0 0 19
9.07 X 10° POLYHEDRA/100 CM2
A II 2 6 1 1 0 0 10
c III 0 4 21 3 2 0 30
T v 0 0 2 11 5 0 17
TOTAL 2 10 24 - 15 7 0 57
c II 2 9 6 3 0 0 20
A III 0 3 18 13 2 0 36
L v 0 0 2 5 1 1 9
TOTAL 1 12 26 21 3 1 65
9.07 X 105 POLYHEDRA/100 CM?
A II 5 9 3 1 0 0 18
c III 4 34 12 9 1 0 60
T Iv 0 1 5 1 3 1 11
TOTAL 9 44 20 11 4 1 89
c II 6 14 6 1 0 0 27
A III 1 12 31 10 1 0 55
L v 0 0 2 3 1 0 6
TOTAL 7 26 39 14 2 0 88
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TABLE 19 (continued)
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COMPARISON OF THE ACTUAL AND CALCULATED DATA ON PERCENT ABUNDANCE OF
CADAVERS WHEN DIFFERENT CONCENTRATIONS OF NPV WERE SPRAYED ON THE FOURTH

INSTAR LARVAE ON OCTOBER 22, 1980

4.54 X 10° POLYHEDRA/100 CM®

DAYS AFTER SPRAY 5 7 9 11 13 15 TOTAL
INSTARS
A v 1 3 1 0 0 0 5
c v 0 5 9 3 1 0 18
T VI 0 0 3 2 1 0 6
TOTAL 1 8 13 5 2 0 29
¢ IV 0 1 3 0 0 0 4
A v 0 1 9 5 0 0 15
L VI 0 0 0 2 1 1 4
TOTAL 0 2 12 7 1 1 23
4.54 X 108 POLYHEDRA/100 CM2
A v 2 4 3 1 0 0 10
c v 0 2 15 8 1 0 27
T VI 0 0 1 1 3 1 5
TOTAL 2 6 19 10 4 1 42
v IV 0 1 3 1 0 0 5
A v 0 2 14 10 3 0 29
L VI 0 1 4 5 2 2 14
TOTAL 0 4 21 16 5 2 48
4.54 X {07 POLYHEDRA/100 CM?
A Iv 3 7 3 0 0 0 13
c v 2 16 22 5 2 0 47
T VI 0 3 2 1 1 2 9
TOTAL 5 26 27 6 3 2 69
c Iv 0 2 7 4 0 0 13
A v 1 12 27 26 8 0 63
L VI 0 0 0 2 0 0 2
TOTAL 1 14 34 32 8 0 8
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TABLE 19 (continued)
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COMPARISON OF THE ACTUAL AND CALCULATED DATA ON PERCENT ABUNDANCE OF
CADAVERS WHEN DIFFERENT CONCENTRATIONS OF NPV WERE SPRAYED ON THE FIFTH

INSTAR LARVAE ON DECEMBER 30, 1980

8.16 X 10% POLYHEDRA/100 CM2

DAYS AFTER SPRAY 6 8 10 12 14 >16 TOTAL
INSTARS
A v 0 0 0 0 0 0 0
c VI 0 3 2 1 1 0 7
7 VII 0 1 7 2 1 1 12
TOTAL 0 4 9 3 2 1 19
c i 0 1 0 0 0 0 1
A VI 0 0 5 4 0 0 9
L VII 0 0 5 3 6 1 15
TOTAL 0 1 10 7 6 1 25
8.16 X 107 POLYHEDRA/100 CM2
A v 1 0 1 0 0 0 2
c vI 4 10 7 3 2 0 25
7 VII 1 7 12 4 2 2 28
TOTAL 6 17 20 7 4 2 55
c v 3 4 0 0 0 0 7
A VI 0 5 14 11 1 0 31
L VII 0 3 9 10 2 0 24
TOTAL 3 12 23 21 3 0 62
8.16 X 108 POLYHEDRA/100 CM?
A v 1 2 2 1 0 0 6
c VI 3 22 23 5 1 1 55
7 VII 0 2 14 6 1 4 27
TOTAL 4 26 39 12 2 5 88
c v o) 3 0 0 0 0 3
A VI 2 14 30 25 6 0 77
L VII 0 0 5 3 2 1 11
TOTAL 2 17 35 28 8 1 91
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APPENDIX D. A SIMULATION PROGRAM FOR THE BASIC LIFE MODEL

BY THE THERMAL SUMMATION METHOD

*LOC OPERATION A¢BoeCyDeEsFoGoHyl COMMENTS
SIMULATE

BAMG STARTMACRO DETER® OF BASIC MORTALITY

#A SAVEVALUE 1,#84XH SAVEVALUE FOR MEAN OF BASIC MORT®
SAVEVALUE 2,#C,XH SAVEVALUE FOR STD"™ OF BASIC MORT"
TEST GE VSMORT1,999,#D SELEC®™ BASIC MORT™ QVER 999
TRANS FER o#E CONNECT TO DEV MACRO

#D SAVEVALUE 3,VSMORTL1,XH SAVEVALUE PROB®™ CRITERIA FOR SURV™
TRANS FER «XH3 4, #E CONNECT TO DEV MACRD

ENTER #F BEGINNING OF A LIFE STAGE
ADVANCE #G DEVELOPMENT OF NATU® DYING INDI™
LEAVE #F END OF A LIFE STAGE
TERMINATE TERMINATE NATURALLY DYING INDI™
ENDMACRO
*
DEV STARTMACRO DETER® OF DEVELOPMENTAL PERICD OF A LIFE STAGE
A ENTER #8 BEGINNING OF A LIFE STAGE '
ASSIGN L,#C,PL ALPHA VALUE FOR EACH LIFE STAGE
ASSIGN 29#DyPL ASSIGN PRE-ESIMATED THERMAL CONSTANT
ASSIGN 3e4E.PL ASSGIN PRE-ESTIMATED STD™ OF THERMAL CON®
ASSIGN 4,V3,PL ASSGIN THERMAL CON® IN A NORMAL DIST®
#F ASSIGN S5+#,v2,PL ACCUMUL™ DAILY EFFECTIVE DD*
ADVANCE 1 DAILY DEVELOPHMENT
ASSIGN 4+91,P8 ASSIGN DEVELOPMENTAL PERIQD
TEST GE PLS PL4o#F OETER" COMPLETION OF A LIFE STAGE
LEAVE 8 END QF A LIFE STAGE
SAVEVALUE NEXT#GyXL TOTAL EFF™ DEG™ FOR NEXT STAGE
ASSIGN SeV11,PL ASSIGN CUM®™ EFF®™ DD"™ FOR NEXT STAGE
ENDMACRO
*
LOAD DAGO6EGGPRC

*
:tuuuntt SRERER XXX SR AR EA SR IR IRATER R R SRR LI ERKREREXNEBEES BRI R AR S 4
: COMMENTS

:suzu"ntt BIREAAEERRBEXBESERRRRRE SRR FRSR IR SRR RRERE KR REEER KR RERRE S8
: A GPSS MODEL FUR DETERMINING LAWN ARMYWORM DEVELCPMENT

BY THE THERMAL SUMMATION METHOD.

THE HYPERBCLIC EQUATION FOR THE THERMAL SUMMATION METHOD WAS
K=Y ® (X - A)y WHERE K IS THERMAL CONSTANT, Y IS DEVELOPMENTAL
PERIODy T IS THRESHOLD TEMPERATURE {CENTIGRADE), AND A IS

THE TESTED TEMPERATURE (CENTIGRADE]}.

THIS MODEL WAS USED FOR PREDICTIVE PURPOSE BY GENERATING
THE AVERAGE DAILY TEMPERATURES IN A NORMAL OISTRIBUTION.

LIFE CYCLE IN THIS MODEL CONSISTED OF THE ECG, FIRST TO SEVENTH
INSTAR LARVAs PUPA AND ADULT.

THE FIRST MACRO DETERMINES NATURAL MORTALITY WITHIN A LIFE STAGE
UNDER FAVORABLE ENVIRONMENTAL CONDITIONS.

LR 2R 2R B N JX B & K BN BR N JE JFCUY
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THE SECOND MACRO DETERMINES THE DEVELOPMENTAL PERIOD WITHIN
A LIFE STAGE.

ONE TRANSACTION WAS GENERATED TO REPRESENT THE INTRODUCTION GF
A FEMALE INTO THE SIMULATION SYSTEM.

TO SAVE TRANSACTIONS, THE NUMBER OF EGGS PRODUCED BY THE FEMALE
WAS DIVIDED BY 40.
CALCULATION OF FEEDING DAMAGE IS INCLUDED.

UNIT OF THRESHOLD TEMPERATURE (ALPHA VALUE) 1S DEGREE CENTIGRADE
AND THAT GCF THE THERMAL CONSTANT 1S DAY-~DEGREE.

UNIT OF FEEDING DAMAGE IS MG (FRESH WEIGHT OF BERMUDA GRASS).

THE CONTENT OF STQRAGE 1 (S1) REPRESENTS THE NUMBER OF FIRST INSTAR
LARVAE, S2 THE NUMBER OF SECOND INSTAR, S3 THE THIRD

INSTARy ANC SG FORTH.

S8 REPRESENTS THE NUMBER OF PUPAE.

S9 REPRESENTS THE NUMBER OF ADULTS ON THE FIRST O0AY OF EMERGENCE.

S10 REPRESENTS THE NUMBER OF ADULTS.

EXEEE R RE LR R R ERBRE R R EEEERERRE TR SRR R R

FUNCTICNS

XSRS PRRX BRBEEEUER KRR S SRR R SRR EBR R SRR & 4k

Q’ll’}‘l.*!l*l*liQQ’{**’*’&}QQ’*'.’Q'{'.Q

NORM FUNCTION RN14C27 GEN®™ NORMAL DISTRIBUTION
09-3e5/400139-3.0/.0035¢-2475/.0062¢-2.5/.0122¢9=2,25/002284~2.0
004019=1475/¢06689+105/410561=1e25/015879~1.00/.22664~275/430859=45
040139+425705:0/.5977,425/069159050/77349.75/.841391/.894491.25
©9332+1e5/0959941e75/e977292/0987892425/¢99389245/09965¢2.75
«9987+3.0/1,43.5

*

*

PREQV FUNCTION RN1,D7 DETER®™ OF PRE~-OVIPOSTION PERICD
«011141/7.088892/0411053/.7998+4/09330¢5/.988596/.9999,7

*

QVIPE FUNCTION RNL1,010 DETER® OF Gvl-POSITION PERIQD
e0ll1ls1/.066742/144343/7.322194/¢522145/.6887,6/.844297/.9330,8
+988599/.9965+10

*

EGSTA FUNCTICN XFlyL18 STD® OF DAILY EGG PRUDUCTION
1264/9175/9148/4106/¢83/455/+156/¢397454/91/791/41/31/ 9174174174171
*

* EXEREFBRREXXEKERERERXEEPREREEERBESE R R R R RR K
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*

»
*
*
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VARTABLES

*EBREFREAREKRREREEXERERE LR R EB SRR E X R BB KK K®

VARTABLE ACl-1 DAYS AFTER INFESTATION

FVARIABLE 1.16%FNSNORM#25.6-PL1 DAILY TEMP** IN FALL AT MANOA
FVARIABLE PL3*FNSNORM+PL2 TOTAL EFFECTIVE TEMPERATURE
FVARIABLE 1.54%FNSNORM+9.32 LONGEVITY OF AN ADULT

FVARIABLE RN2*2/1000 LONGI®*®' GF NATU'* OYING II TG IV LARVA
FVARIABLE RN2#3/1000 LONGI" OF NAT®" DYING I, Vy VI & POST-0OVI
FVARIABLE RN2%*4/1000 LONGEI™ GF NAT'* DYING EGG

FVARIABLE RN2*7/1000 LONGI'* OF NATU®®' DYING VII LARVA
FVARIABLE RN2%12/1000 LONGI®* OF NATU'* DYING PUPA

FVARTABLE RN2#9/1000 LONGI** OF NATU'' DYING ADULT

FYARIABLE (PL5/PL4-1)*XLSNEXT CUM® EFF® DD* FOR NEXT STAGE
FVARIABLE 2*FNSNORM+8 LUNGI®* GF ADULT MOTH (MINUS 1 DAY )
FVARIABLE (FNSEGSTA®FNSNORM+XL16)/40 DAILY EGG PRODUC™

FVARIABLE XH2*FN$SNORM+XHL BASIC MORTALITY IN 1000 UNIT
VARIABLE FNSPREQOV-1 INTO" OF FEMALE (PREQC™ MINUS ONE DAY)

FVARIABLE (0.5%S1+¢1.1%52+¢3.0#53+9,2%54)/1000 DAM'* AT YOUNG
FVARIABLE (27.4%55+83.0%56+316.7%57)/1000 DAM** AT -OLD STAGE
FVAR1ABLE V25+V26 DAILY FOOD DAMAGE

PREBRERERARE SV R B R XERRERERER R R ERRERR SR RRRRERER R R ERAE BB R AR SRR R RN R R RE

BASIC LIFE MODEL

EREXBERERREE BB ERX R KRR ERRE KL R RERE R R KRR LR R KRR AR R R R Rk R

LK 3R SE B B3 3

LA 2R SR IR 3 IR 4

RPT

OPIL3

FREREBEREREBRR KR SRR RN SR RS BRER SR SRR R R Rk &
INTROCUCTION GF A FEMALE
SRRRRIRREBERR RS RBEREELRRRE RN ARE R R Rk

GENERATE Lovelor1PH,4PB,y 7PL  INTRU'* OF URI®" TRANSACTIGN

ENTER L0 ENTER ADULT STAGE

ENTER 9 ENTER THE FIRST DAY uF CEVELOPHENT
ADVANCE L FIR5T UAY OF INTRG" LF FEMALE
LEAVE 9 LEAVE THE FIRST DAY UF DEVELUPHMENT

ERRRRSRR SRR RRER LRI R R AR AR TR RRRAL LSRR E R
OVIPCSITION
SRR R AR AR RO R R Rk K

ADVANCE VSPRIV PREQVI™ PERICD (MINUS ONE DAY)

ASSIGAh 29FNSQVIPE,PB DETER'* OVIPOGSTION PERIUD
ADVANCE L DAILY DEVELUPMENT OF A FEMALE DURING QVvIPL'!
ASSIGN 3+91,P8 ASSIGN OVIPCSITION DAY

SAVEVALUE 1+PB3,xF SAVEVALUE FOR QVIPOSITION DAY
SAVEVALUE 1640¢XL SET FGG PRO™ Tu ZERQO d4EFIRF 4iELPI
HELPS $EGGPRIy IXF 9 l6AL EGG PRODUCTIUN (LOG MEAN)
ASSIGN LeviderH ASSIGN DAILY E£5G PRUOUCTICN



oPIl
oPlI2

LR IR B 2K 3R 3% 3

BAMU
INSQ

WwaO

oEv
OUMO

234

* % »

LAMO
INS1

LLLDY

DEV
DuMl

TEST LE
TRANSFER
SPLILT
Loop
ASSIGA
ADVANCE
LEAVE
TERMINATE

PH1,0,0PIL SCREEN PCSI™ EGG PRO"
1OPI2 CONNECTION
PHL,INSO DAILY UVIPOSITICN
2P8,0P13 REPEAT QVIPCSITICN
390,73 ASSIGN GVIPOSITION DAY AS ZERO
vé PCST-OVIPUSITION PERIGD
10 LEAVE AOULT STAGE
FEMALE IS TERMINATED

EEER S AR REERRRER KRR R SRR RIR KX SRR BRRE XL SRR TSR

EGG DEVELQOPHENT

ERRKEEBRRATKREENERER IR SRR RAKBRRRRE KRR K&

MACRC
SAVEVALJE
SAVEVALJE
TEST GE
TRANSFER
SAVEVALUJE
TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGA
ASSIGA
ASSIGN
ADVANCE
ASSIGN
TEST GE
LEAVE
SAVEVALUE
ASSIGN

INSO99Z39L09nwH0 o DUMG 960 ,V7
19933, XH

29109 XH

VSMORTL1,999y nivk0

» DUMD)

39y VSMURTL o XH

«XH3y o OUMOD

60

v7

60

VUM0960910e7957.46910.059222433,33
60

1L210e74PL
2959.46,PL
3+¢10.05,PL
4eV3sPL
S+yV2,PL

3

4+9 Lo PB
PL5,PL4, 212
50
NEXTy33.33,XL
SeV1iLl,yPL

FIRST INSTAR LARvVA
AEEEAESRREREESARSRAEERRERRE B XA R SRR BB RAKE &

MACRC
SAVEVALUE
SAVEVALUE
TEST CE
TRANS FER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
MACRC
ENTER
ASSIGAM
ASSIGA

INS19933,38,WhWl,0UMLs1sVE
19933 ¢XH

2938 9XH

VSMORTL 999 WK1

+»DUML

3,VSMORTY 9 XH

«XH3¢ o DUNL

1

vé

1

DUMLlyly13e7933.33,4.349AAA4206452
1

1913.7.PL

2+33.33,PL
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AAA

L 3R 3K 3B 2K B 3 3

BAMO
INS2

Whw2

DEV
DuM2

:1:1:]

L AR IR 3R 3R B 2%

BAMO
INS3

LLT K]

ASSIGN
ASSIGA
ASSIGN
ADVANCE
ASSIGA
TEST GE
LEAVE
SAVEVALUE
ASSIGN

394434,PL
44V¥3,PL
S¢yV2,PL

1

44491,P8
PLS5,PL4vAAA

1
NEXTy260529 XL
SyV11l,PL

ERNE S PSR REXRE XA RXEXE XA B RERR AR R KRR ERER S

SECOND INSTAR LARVA

EEXABREREKEREEEARXEE X SR KA R LR F AR RAESBRERRE

MACRO
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
MACRO
ENTER
ASSIGA
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
ASSIGN
TEST CE
LEAVE
SAVEVALUE
ASSIGN

INS2¢999,38sWiwW2,0UM242+V5S
199994 XH

293849 XH

VSMORT 19999 s Wi 2

sOUM2

34VSMORTL ,, XH

«XH3 ¢ y DUM2

2

vs

2

DUHZ'Z114.4'26-52'40861855028'83
2

lyléeboPL
219264524 PL
344.86,PL
49V3,PL
S+,V2,4PL

l

4+41,P8
PLS»PL4,BBB
2

NEXT 289 XL
SeV1l,yPL

REER R EBERRERERRERERRRRRRRR R EE KRR KRR KKK

THIRD INSTAR LARVA

ERFREFRBERRBRERERERRAREISRERERRRRKE RSN EE R

MACRC
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE

INS3 996724 oW 3,DUM3,3,V5
19967 9XH

29249 XH

VSMORTL 9999 ¢ W3

yDUM3

39VSMORT1 XH

«XH3, sOUM3

3

v5

3
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LK 2% 3K 3N 3% 2K J

E AR IR 28 3R B NN 4

DEV
OuM3

cce

BAMO
INS4

Whinég

DEV
oumM4

ooo

BAMO
INSS

TERMINATE
MACRG DUM393913.5:28.8395.174CCCy32.50
ENTER 3
ASSIGN 1s13e5.PL
ASSIGN 2928.83,PL
ASSIGN 345.174PL
ASSIGN 44V3,PL
ASSIGN S+9V2,PL
ADVANCE 1
ASSIGN 4+,14PB
TEST CE PLS yPL49CCC
LEAVE 3
SAVEVALUE NEXT932.50,XL
ASSIGN SeV1l,PL
* ek xkE E L 22 kS ES Bk

FOURTH INSTAR LARVA

EXEREBEBEERAREEXERER SR ARBEEE SR SR ERIXBERE RS

MACRG
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
MACRC
ENTER
ASSIGM
ASSIGM
ASSIGA
ASSIGN
ASSIGA
ADVANCE
ASSIGA
TEST GE
LEAVE
SAVEVALUE
ASSIGA

INS4+968 932 1 WWN4 s 0UMSL y4» V5
19968 ¢XH

29321 XH

VSMORTL y99F yiniiW4

1DUMS

3¢ VSMORT1 yXH

o XH3y y DUMS

4
v5
4

DUM4 s %91306932.50,7.01,00D340+49
4

1913.6,PL
2932.504PL
3¢7.01,PL
49V34PL
S5+,V2,PL

1

4+,1,P8
PLS5yPL4,DOD

4
NEXT'S"-"QQXL
SeVLi1l,.PL

AERRRESERRRKEYSRRRAERABRRRIR XS REERRRRRRRE X

FIFTH INSTAR LARVA

EEERBEARKRR IR AR R SRR R RBER B ERRXR RS RRKXE K

MACRC
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER

INS59978+3 1 hHNS»0UMS,5,VE
1949784 XH

2931 9XH

VSMORT1 999 s WW5

1DUMS

- 196



WHWW5S

DEV
DUMS

EEE

LR K 3K 2% 3R O J

BAMQ
INS6

Whiné

DEV
DUM6

FFF

LR 2R S SR BRI J
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SAVEVALUE 3,VSMORT1.XH
TRANSFER «XH3,y ,DUM5

ENTER 5

ADVANCE vé6

LEAVE 5

TERMINATE

MACRG DUMS ¢5913e3¢34.4998.359yEEEy43.91
ENTER 5

ASSIGN 1913.3,PL
ASSIGN 23134.49,PL
ASSIGN 3,8.35,PL
ASSIGN 449V3,PL
ASSIGN S+,V2:PL
ADVANCE 1

ASSIGA 4+y]1,PB

TEST GE PLS5¢+PL4, EEE
LEAVE 5

SAVEVALUE NEXT 94391 +XL
ASSIGN Syvll,PL

BEREERSEERRERBR AT XE KRS XSRS SR SRXREEE R EERXKE

SIXTH INSTAR LARVA

EXER BB ARABREERRBIRREEEX SR AR LR EREERRE SRR K

MACRC INS69946514,WHWOEsDUME,6,V6
SAVEVALUE 1+946+XH

SAVEVALUE 24149XH

TEST CGE VSMORT1,999,WHK6

TRANSFER + DUM6

SAVEVALUE 34VSMORT1,XH

TRANSFER « XH3 s s DUM6

ENTER 6

ADVANCE Ve

LEAVE 6

TERMINATE

MACRG DUMb 969120294391 084989FFF50.8L
ENTER 6

ASSIGN 1y12.29PL

ASSIGN 2+43.91,PL

ASSIGN 398.98,PL

ASSIGN 44V3ePL

ASSIGN S+yV2,4PL

ADVANCE 1

ASSIGN 4+491,P8B

TEST GE PLS yPL44FFF

LEAVE 6

SAVEVALUE NEXT»50.814XL

ASSIGN Sevll,PL

xR 13 1 L] * ® XREE » »

LAST INSTAR LARVA

EEREERBRREBBRE R RREEER R ERR X RBRA R SR KL BRERE R



2R 3 BE AR B N J

BAMO
INST7

Whin 7

DEV
DUM7

GGG

BAMO
INS8

Whik8

DEV
ouMs

HHH

MACRGC
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
MACRC
ENTER
ASSIGA
ASSIGN
ASSIGN
ASSIGN
ASSIGN
AOVANCE
ASSIGN
TEST GE
LEAVE
SAVEVALUE
ASSIGN

INS7+4900¢78 snHW7 s DUMT 47,V8
1,900y XH

2978 ¢XH

VSMORT1 4999 e b7

+DUMT

3, VSMORT]1 ¢ XH

«XH3 99 DUMT

7

\L
7

DUMT97417.4950.81915.54¢GGG¢110.42
7

191749PL
2¢50.81,PL
3,15.544PL
44V34PL
5¢4V24PL

1

4+91,P8
PL5,PL4,GGG

7

NEXT 1104424 XL
SeV11l,PL

'Ot.‘“ttt‘tt‘###t“#‘tt‘tt“#“.#‘#“t"t

PUPAL STAGE

RIS AREREREEERRERR SRR B RE KRS SRR RRX ERARERE

MACRO
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
ASSIGN
TEST GE
LEAVE
SAVEVALUE
ASSIGN

INS89906955,WWWB,DUMBe8B, VI
1,9064 XH

2955¢XH

VSMORT1,999 o Whw 8

«DUNY

3,VSMORT 1y XH

«XH3y ¢ DUMS

8 U

v9

8

DUMB98915419110.42515462¢HHH,0
8

1¢15«19PL
24110642,PL
3,15.62,PL
4,V3,PL
S5+,V2,PL

1

449 14PB

PLS yPL4yHHH
8

NEXT 09 XL
SaV11,PL

KEAR B AERRERERRAEERRN B RS X BB R EE KRR EXE RS RER X
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x
* AQULT STAGE
»*
* SRR ERERRERREEERREEEEXREE R RBEREE R R EERE KK
»
INS9 ENTER 10 BEGINNING OF ADULT STAGE
ENTER 9 BEGINNING OF INITIAL DAY OF EMERGENCE
ADVANCE 1 INITIAL DAY OF ADULT STAGE
LEAVE 9 END OF INITIAL DAY .OF ADULT STAGE
TRANSFER  .500,,RPT SELECT FEMALES
ADVANCE V12 LONGI'* OF ADULT MOTH (MINUS 1 DAY)
LEAVE 10 LEAVE ADULT STAGE
TERM INATE PRODUCED ACULTS ARE TERMINATED
-
«
*x
A0RE LR ERE RS REREXE SR EE R R EBES R R SR SRR R SRR R R RS *% ekt hhks k%
.
. CONTRCL CARDS
‘ &
EXREEREXEBERE IR BN BEBR KRR R RS x5 xex RSN X ERREE R E R R KK
»
» FXBEXAREEXRER SRR EIEREEXRBE SRS B RK
*
* TIME CCNTROL
*
x RSB PEELREEREE R EE R EE SRR R Rk gk
E ]
GENERATE 1  TIMER ARRIVES EVERYDAY
SAVEVALUE DAY,V1,XH CAYS COUTING FROM INTRG OF FEMALE
SAVEVALUE UADAM,VSFOGO,XL OAILY FOOD DAMAGE BY THE LARVAE
SAVEVALUE CUDA+,XLSDADAM, XL CUMULATIVE DAILY FOOD DAMAGE
TERMINATE 1  TIMER CCUNTING
START 45441
* .
® SRR E R NERRERRREREREEEE RS EEXBEE RSB S R p R e LR
* QUTPUT CONTROL
»
* L2t R RIS R 2RISR R 2 R R RS SRR RIS 22ty
*
REPORT
TEXT KXHS$DAY ,2/XX# DAY(S) AFTER INITAL INTRGDUCT ION
STO  TITLE (AGE COMPOSITION (NO. OF INDIVIDUALS)
LSV TITLE »FOOD CONSUMTION AND VIRUS PRODUCTION

END
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RELEASE 2.0 MAIN DATE = 82104 17/11/743

Ceees SUBROUTINE EGGPRO DETERMINES NO. OF DAILY EGG PRODUCTION
SUBROUTINE EGGPRO(IX1,FX2)
FX2=EXP(6.6962-0.3525%1IX1)
RETURN
END
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APPENDIX E. A SIMULATION PROGRAM FOR THE BASIC LIFE MODEL

BY THE LOGISTIC EQUATION

Loc OPERATION
SIMULATE
8AMO STARTMACRO
#A TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
ENOMACRO
DEV STARTMACRO
¥A ENTER
#D SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUE
TRANSFER
ME SAVEVALUE
WF ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUE
TRANSFER
%G SAVEVALUE
#H SAVEVALUE
ASSIGN
ENDMACRO

LOAD

COMMENTS |

*Ex 5% R

AyBsCeD1EsFyGoH,yl COMMENTS

#849#C DETERMINATION OF NATURAL MORTALITY
#0 BEGINNING OF A LIFE STAGE
#E LETHAL DEVELOPMENTAL PERICD FOR NAT'* DY ING INODI'?
#D0 END OF A LIFE STAGE
NAT'* DYING INDIVIDUAL IS TERMINATED

#B BEGINNING OF A LIFE STAGE

LeV2¢sXL DAILY TEMPERATURE

Lo#Co XF SAVEVALUE FOR ADD™ OF REL® DEV"

2909XL SAVEVALUE FOR RELATIVE DEVELCPMENT

3,0,XL SAVEVALUE FGR STOD** OF RELATIVE DEVELCPMENT
BLOGOEV LXFy L1XLy2XL»3XL DET™ OF REL"™ DEV"®

l+91sXF SAVEVALUE FOR STD"™ OF RELDEV"™
#LOGDEVsLXFy1XLy2XLs3XL DET®™®™ STD" FOR REL"™ DEV™
V340,#E TEST WHETHER GEN®' REL'*' DEV** IS BELOW ZERO
1,0oXH SAVEVALUE 0 FOR MINUS OR O RELDEY

+#F CONNECT TO MAIN BRANCH

LyV3eXH SAVE GEN®® REL'* DEV'?

1+¢XHloPH ACCUMULATE GEN®' REL''

1 DAILY DEVELOPMENT

PH1 4999, #0 DETERMINATION OF A LIFE STAGE

#8 END OF A LIFE STAGE

1+91,XF SAVEVALUE FOR ADDRESS OF REL®™ DEV"
BLOGDEV ¢ L XF»2XL y3XLy4XL RELDEV™ FOR NEXT STAGE
l+s1yXF SAVEVALUE FOR STD"™ OF RELDEV™
#LOGDEVy1XFy2XL ¢3XL 94Xt STD® OF RELDEV FOR NEXT
V3:0,#6 TEST WHETHER GEN'* REL'* DEV'® IS BELOWwW ZERO
L90,XH SAVEVALUE 0 FOR MINUS OR O RELDEV

1#H  CCNNECT TO MAIN BRANCH

leV3eXH SAVEVALUE FOR REL OEV"®

DELAyXHLlyXH CUMULATED DEVELOPMENT

14V144PH ASSIGN CUMULATIVE DEVELOPMENT BET™ STAGE

DAGO5+LOGDEV

RREEREEREEER B SRRAR KRR KRRRE LA REE R AR R AR R XN REE AR KRR R R SRR Rk KR

ERENERERRERERRREE R KRR ERE R R SRS YRR EE SRR R KK

A GPSS MODEL FOR DETERMINING LAWN ARMYWORM DEVELCPMENT

BY THE LOGISTIC
THE FORMULA FOR

MODEL .
THE LOGISTIC EQUATION WAS W = K/(1 + EXP{A - B%*X)),

WHERE W IS RELATIVE DEVELOPMNENTAL UNIT (RECIPROCAL OF DEVELOPMENTAL
PERIOD) AT TEMPERATUREs Xo AND Ky A AND B ARE CCNSTANTS.

THIS MODEL wAS USED FOR COMPARISON OF THE RESULTS OF VIRUS SPRAYS
BETWEEN ACTUAL AND SIMULATED DATA. )
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SIMULATION wWAS STARTED FROM SEPTEMBER 18, 1979 AND AVERAGE DAILY
TEMPERATURES ACTUALLY MEASURED IN THE MANOA AREA WERE USED AS THE
THERMAL INPUT SOURCE.

LIFE CYCLE IN THIS PROGRAM CONSISTED OF THE FIRST TO SEVENTH INSTAR
LARVA, PUPA AND ADULT.

ONE HUNDRED TRANSACTIONS WERE GENERATED TG REPRESENT THE INTIAL
POPULATION OF THE FIRST INSAR LARVAE.

THE FIRST MACRO, BAMO, DETERMINED NATURAL MCRTALITY WITHIN A
LIFE STAGE UNDER FAVORALBE ENVIRONMENTAL CONDITIONS.

THE SECOND MACRO, DEV, DETERMINED THE DEVELOPMENTAL PERIOD
WITHIN A LIFE STAGE.

AFTER COMPLETING THE FIRST GENRATION, NEWLY EMERGED ADULTS WERE
TERMINATED WITHOUT STARTING NEW LIFE CYCLE. ’
UNIT OF FEEDING DAMAGE IS MG (FRESH WEIGHT OF BERMUDA GRASS).

THE CONTENT OF STORAGE 1 (S1) REPRESENTS THE NUMBER OF FIRST INSTAR
LARVAE, $2 THE NUMBER OF SECOND INSTARy S3 THE THIRD
INSTAR, AND ST FORTH.

58 REPRESENTS THE NUMBER OF PUPAE.
$9 REPRESENTS THE NUMBER OF ADULTS CN THE FIRST CAY OF EMERGENCE.
S10 REPRESENTS THE NUMBER OF ADULTS.

SINCE THE CREATION OF THE GRIGINAL TRANSACTIONS REQUIREL ONE
TIME UNIT, THE SIMULATION FOR THE INSECT LIFE SYSTEM WAS STARTED

FROM (AC - 1) DAY.

XA FASRERRERREE R R AR SR LR SR SRR R AR ERRR K&

FUNCTIGNS

REEEXEBEREXREP LXK REX R L SE AR R I XX BRE LR RS R R R

G’Q’QQl."”'d..’.’&’&“*i'i'.”lf’*l".Q"..Q*

NORM  FUNCTICN RNL9C27 GEN™ NORMAL DISTRIBUTION PATT™
09~3e5/+0013,-3.0/.00359=~2e75/.0062+=2:5/00122¢=2425/.0228¢-2.0
0401 1=1e75/006684-1¢5/010569=1e25/e158T71~1e00/022669=.75/.30854~.5
40139 =e25/2590/e59874025/069151050/71349e75/+841391/.894441.25
093329145/0956991e75/2977292/987842425/29938¢265/.996542.75

«9987+3.0/1+3.5
s

ATE FUNCTICN AClsLA3 DAILY AVERAGE TEMP®*' FROM 790917

024070263 /7926279262/7 4254742597 4,257/
0253/4258/9263/3250/¢258/70265/ 9266/ +249/1255/9265/ 4265/ 4262/,265/,261/
1270/ 42617,270/ 9278792727 4280727574275/ 42797 12617 4272/4270/+267/4262/

7909
7909
7910¢
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1263/ 9255/9270/ ¢245/+268/9259/ 4265/ 4272/ 9268/ 425171241/ +1268/,261/,266/
126870272/ 4268/9243/923574242/+240/+9260/9238/ 12207 4238/1245/4¢243/4243/

25

26

FQOD
*

pi a2 2 2tz et i i Ead i R 2 2T 2 it 2]

VARTABLES

EREBE SRR ESRERBERERREREERREER SRR EXE RS SRR R

VARIABLE ACl=-2 DAY(S) AFTER INFESTATION

FVARIABLE FNSATE/10 DAILY AVERAGE TEMPERATURE (ACTUAL)
FVARIABLE 1000*(XL3*FNSNORM+XL2) GEN®' RELATIVE DEVELCPMENT
FVARIA{LE 1.90%*FNSNORM+9.01 LONGEVITY OF AN ADULT
FVARIABLE RN2%2/1000 LONGI'® OF NATU®' DYING II TO IV LARVA
FVARIABLE RN2#%3/1000 LONGI®*® OF NATU'® DYING I, V & VI LARVA
FVARIABLE RN2%*7/1000 LONGI®** QF NATU'® DYING VII LARVA
FVARIABLE RN2*12/71000 LONGI'* OF NATU'®* DYING PUPA
FVARIABLE RN2%*9/1000 LONGI** OF NATU®® DYING ADULT
FVARIABLE v4—=1 LONGEI'* OF ADULT MOTH (MINUS 1 DAY)
FVARIABLE (PHL-1000)*XHSDELA/1000 CUMU®™ DEV"® BET"™ STAGE

FQOD CCNSUMPTICN

FVARIABLE (0e5%S51+1.1#52+3,0%53+49.2%54)/1000 DAM*' AT YGUNG
FVARIABLE (27.4%55¢83.,0%S6+316.7%S7)/1000 DAM** AT OLD STAGE
FVARIABLE V25+V26 DAILY TOTAL FOOD DAMAGE

EREERBRERERE SR ER SRS BRI RBRBDEREEERRBRXERE R R AR SRR R SR RR A RS S SRR KB R FR Kk

*
*
L

BASIC LIFE MODEL

SR ISR RS RS 2RI A2 222 L R R 2 R R R a2 22 a2 R St R SRt R 2 et il Es )

*

L 3R 2R 3K 2% BR3P )

BAMO
INS1

DEV
oumMl
AAA

GENERATE lewelyelPH GENERATIUN OF ORIGINAL TRANSACTION
SPLIT 100, INS1 INITIAL PGP®' OF LST INSTAR LARVAE
TERMINATE TERMINATION CF ORIGINAL TRANSACTIGON
t**t‘#‘#tttt“‘**l“t“tt‘““‘tt#..t!#*#tt

FIRST INSTAR LARVA

EREER SV EREE R R R EX XA R R LR SER PRI P SRR KRR R K%K

MACRO INSLls.933)DUMLs 1y V6

TRANSFER «933,4,0UM}

ENTER 1

ADVANCE vé

LEAVE 1

TERMINATE

MACRG OUMLyl ol o AAAJXXXL Ly XXXL2 ¢ XXX139XXX14
ENTER 1

SAVEVALUE 1l,V2eXL

SAVEVALUE l.l.XF

SAVEVALUE 2,0,XL

SAVEVALUE 3,0.XL

HELPB #LOGDEV 1 XF g1 XL 42 XL o3XL
SAVEVALUE l+s1yXF

HELPB #LOGDEV L XF p 1 XL 92XL 9 3XL

79102,
19110¢
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TEST LE
SAVEVALUE
TRANSFER
XXX1l SAVEVALUE
XXX12 ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUE
TRANSFER
XXX13 SAVEVALUE
XXX14 SAVEVALUE
ASSIGN

V3400 XXX11
ly0+XH
$XXX12
LeV3gXH
1+ 3XHL1,PH

1

PH1,999,AAA

1

1491 XF
#LOGDEVL1XF92XL ¢3XL o4 XL
Lesle XF
BLOGDEV o LXF ¢2XL 3 XL o4 XL
V390¢ XXX13

1909XH

2 XXX14

LeV3eXH

DELA¢ XH1  XH

LeV1e,PH

BREERE RS EEBEAX RS AR EBE

SECOND INSTAR LARVA

s

BAMO MACRO
INS2 TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
DEV MACRO
DUM2 ENTER
888 SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUVE
TRANSFER
XXX21 SAVEVALUE
XXX22 ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUVE
TRANSFER
XXX23 SAVEVALUE
XXX2& SAVEVALUE

e

INS24+99990UM24 2 V5
999, 9 DUM2

2

V5

2

DUM2352,348BB o XXX21 s XXX229XXX23¢XXX24
2

Lov2yeXL

Ly134XF

290 0XL

3900 XL
PLOGDEV ) LXF ¢ 1XL 92XL 93XL
L+l s XF
#LOGDEV ) LXF o LXL s 2XL 9 3XL
V3,09 XXX21

190y XH

P XXX22

LeV3eXH

L+, XHL,PH

1

PH1 999,888

2

l+y 14 XF
SLOGOEV» 1XF 9 2XL 9 3XL»4XL
14y Lo XF
BLOGDEV ¢ LXF s 2XL ¢ 3XL ¢4 XL
V3,0, XXX23

LeOsXH

1 XXX24

1sV3sXH

DEL A9 XHL o XH
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*®HBSENS

BAMO
INS3

OBV
OuM3
cce

XXX31
XXX32

XXX33
XXX34

BAMQ
INS4

DEV
OUM4
poo

ASSIGN

1eV144PH

'Y ¥ ] 2 222 ] *eeE

THIRD INSTAR LARVA

SRERE R IR SRR S EERABE SRR RS R XXX RSB E S AR RIS

MACRC INS3 449764 DUM3, 34 V5
TRANSFER  + 9764, DUM3

ENTER 3

AOVANCE V5

LEAVE 3

TERMINATE

MACRO DUM3+3+5+CCC s XXX3 1 XXX32 ¢ XXX33,XXX34
ENTER 3

SAVEVALUE 1,V2sXL

SAVEVALUE L5, XF

SAVEVALUE 2,04xL

SAVEVALUE 3,0sXL

HELPS SLOGDEV » 1XF ¢ 1XL ¢ 2XL ¢ 3XL
SAVEVALUE 14,1,XF

HELPB HLOGDEV » LXF » 1XL » 2XL 5 3XL
TEST LE V3e0exXXX31

SAVEVALUE Ls0yXH

TRANSFER  »XXX32

SAVEVALUE 1,V3,XH \

ASSIGN 14 4 XH1,PH

ADVANCE 1

TEST GE  PHL,999,CCC

LEAVE 3

SAVEVALUE 14s1¢XF

HELPS HLOGDEV + LXF » 2XL 9 3XL 34 XL
SAVEVALUE L4y 1,XF

HELPB SLOGDEV o LXF 9 2XL » 3XL 4 XL
TEST LE V3,0, XXX33

SAVEVALUE 1,0,XH

TRANSFER  4XXX34

SAVEVALUE 1yV3,XH

SAVEVALUE DELAXHL,XH

ASSIGN LeV144PH

2SS E RN A RREE L SRR VS S LSS RE LSS see

FQURTH INSTAR LARVA

* ] L 2 J L2 b 8 e
MACRG INS43+97690UMGy 49 V5

TRANSFER «9764 4 DUMG

ENTER 4

ADVANCE Vs

LEAVE 4

TERMINATE

MACRO DUM% 9497 sDDD o XX X4 Lo XXX42 ¢ XXX43 9 XXXbb
ENTER %

SAVEVALUE 1,V2eXL
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XXXé4l
XXX42

XXX43
XXX&&

BAMO
INSS

DEV
DUMS
EEE

XXX51
XXXx52

SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUE
TRANSFER
SAVEVALUE
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
ASSIGN

Lo 7o XF

220¢XL

340eXL
BLOGDEV ¢ LXF 5 LXL 9 2XL 9 3XL
1491 4XF
#LOGODEV ¢ LXF 9 LXL 92XL ¢ 3XL
V3409 XXXal

le0sXH

s XXX&2

loV3eXH

1# ¢ XH1 ¢ PH

1

PH1,999,000

4

L+l +XF
#LOGDEV ¢ 1 XF 4 2XL 9 3XL o4 XL
Loyl o XF
BLOGDEV ¢ LXF ¢ 2XL 93 XL y4XL
V3,909 XXX43

leQsXH

1 XXX64

leV3IeXH

DELAgXH]  XH

leV14,PH

SRS AR RS EERBANERENE TR SIS RSB ERBER S LB RER SR

FIFTH INSTAR LARVA

FTTITRTIT TR REL RS SR PR 2R T L 2222 b 20 LAt tld s

MACRC
TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
MACRQ
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPE
SAVEVALUE
HELPB
TEST LE
SAVEVALVE
TRANSFER
SAVEVALUE
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
HELPB

INS5¢4963,0UMSy 5, V6
«963 4 4,DUMS

S

vée

5

DUHso5v9.EEE.XXX51.XXX52,XXX53.xxxs‘
S

LeV2,yXL

199+XF

2009 XL

3909 XL
BLOGDEV ¢ LXF o LXL 92XL ¢3XL
1+y 1o XF
FLOGDEV ¢ LXF 9 LXL 9 2XL o3 XL
V3,0¢XXX51

leQeXH

1 XXXS52

leV3gXH

L+ yXH1l,PH

1

PH19999,4EEE

5

1+y1leXF
BLOGDEV ¢ LXF 4 2XL 93XL o4XL
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SAVEVALUE
HELPB
TEST LE
SAVEVALUE
TRANSFER
XXX53 SAVEVALUE
XXX54 SAVEVALUE
ASSIGN

l+51XF
BLOGDEV o LXFy2XL 9 3XL s4XL
V3409 XXXS53

Le0oXH

1 XXX54

LeV3I o XH

DELA ¢ XH1 ¢ XH

leV14,yPH

SESBSFFRAVEER IR ERARFE RS BE SR EEERRRE XSRS EE 26

SIXTH INSTAR LARVA

RERRSRXEARELERR RSB RN SR EER LR AR S XSS R LR R K

BAMU MACRO
INS6 TRANSFER
ENTER
ADVANCE
LEAVE
TERMINATE
DEV MACRC
DUM6 ENTER
FFF SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
TEST LE
SAVEVALUE
TRANSFER
XXX61 SAVEVALUE
XXX62 ASSIGN
AOVANCE
TEST GE
LEAVE
SAVEVALUE
HELPB
SAVEVALUE
HELPS
TEST LE
SAVEVALUE
TRANSFER
XXX63 SAVEVALUE
XXX64 SAVEVALUE
ASSIGN

INS6 5947 +DUME1 69 VE
«947y o DUME

6

vé

6

DUME9 6y ll ¢FFF ¢XXX61 ¢ XXX629XXX639XXX6%
6

LeV29XL

LelleXF

2009XL

390eXL
#LOGDEV ¢ LXF o LXL »2XL ,3XL
1+51 oXF
#LOGDEVyLXF s 1XLo2XL ¢ 3XL
V3,00 XXX61

1904 XH

1 XXX62

LeV39XH

1+ ¢ XH1+PH

1
PH1 4999 FFF

-]

Les Lo XF
BLOGODEV s LXF 92XL 9 3XL 94 XL
L+l 9 XF
RLOGDEV ¢ LXF ¢2XL ¢ 3XL o4 XL
V3409 XXX63

leO0yXH

1XXX64

leV3yXH

DELA¢ XHL o XH

1oV0144PH

2EARBEERIRBEERE R LRGN R

*

FTTT PR ITT ERE LR R R4 L L R g 22ttt il gl ol it dd
LAST INSTAR LARVA

EXXREFIRXEIERREREEERE R IBE XS SEBRREXRBERRES

BAMO MACRO

INSTs «94440UMT, 7, VB
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INS7

DEV
DUM?
GGG

XXX71
XXX72

XXX73
XXX74

BAMO
INS8

DEv
oumMs
HHH

TRANSFER « 9444, DUNT

ENTER 7

ADVANCE v8

LEAVE 7

TERMINATE

MACRC DUMTy 791396669 XXXTL e XXXT2¢XXXT39 XXXT74
ENTER 7

SAVEVALUE 1l,V2¢XL
SAVEVALUE 1,13,XF
SAVEVALUE 2,0.XL
SAVEVALUE 3¢0eXL

HELPB #LOGDEV 1 XF 9 1XL ¢ 2XL 93 XL
SAVEVALUE L+yslXF
HELPS MLOGDEV ¢ LXF o LXLe2XL 93XL

TEST LE V3,509 XXXT1
SAVEVALUE LsQsXH
TRANSFER P XXXT2
SAVEVALUE L[y)V3eXH

ASSIGN L+ XHL,PH

ADVANCE 1

TEST GE PHL +999+6G6

LEAVE 7

SAVEVALUE L+vl¢XF

HELPB SLOGDEV ¢ 1 XF 9 2XL ¢ 3 XL ¢4XL
SAVEVALUE 1+¢y1,XF

HELPB BLOGDEY ¢ LXF 92XL 93 XL o4 XL

TEST LE V340, XXX73
SAVEVALUE 1¢0yXH
TRANSFER 1 XXX74
SAVEVALUE 14V3,XH
SAVEVALUE DELA¢XHLlsXH
ASSIGN LeV14,4PH

EEERSIEAER IR EIREBEREABIR XL R R SRR X SRR R RS

PUPAL STAGE

E3SSEI ISR RRR AR AR LR SRR EL XX IS X ISR IR EE

MACRO INS8<897,0LM8y 84 VI

TRANSFER «897,,0UM8

ENTER 8

ADVANCE ve

LEAVE 3

TERMINMATE

MACRO OUMB 89159 HHHy XXX 8L 9 XXX82 9 XXX83 ¢ XXX84
ENTER 8

SAVEVALUE 1lsv2eXL
SAVEVALUE L1415,XF
SAVEVALUE 2,04XL
SAVEVALUE 340¢XL

HELPB #LOGDEV s LXF o LXL 9 2XL 4 3XL
SAVEVAL''E Le41+XF
HELPSB MLOGDEV . L XF, LXL s 2XLy3XL

TEST LE V3 ¢04XXX8B1
SAVEVALUE Lls0eXH
TRANSFER 1 XXX82
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XXX81 SAVEVALUE 1,V3,XH

X%xX82 ASSIGN 1+ XHL1sPH
ADVANCE 1
TEST GE PH1 4999 HHH
LEAVE 8
SAVEVALUE 1+y1XF
HELPB BLUGDEV ¢ LXF o 2XL #3XLo4XL
SAVEVALUE 1+y1,XF
HELPB BLOGDEV s LXF e 2XL y3XLs4XL

TEST LE V3,0¢XXX83

SAVEVALUE 1,Q¢XH

TRANSFER 1 XX X84
XXX83 SAVEVALUE 1lV3,XH
XXX84 SAVEVALUE DELAsXH1lXH

ASSIGN LiVi&,PH

.

* 2REBESSBRRBESE %X ENBAXEERR %

L ]

* ADULT STAGE

*

* % XXX BEXBEEEER RS LSRR RN

*

INS9 ENTER 10 BEGINNING OF ADULT STAGE

ENTER 9 BEGINNING GF THE FIRST DAY OF EMERGENCE
ADVANCE 1 DAILY DEVELOPMENT
LEAVE END OF THE FIRST DAY OF EMERGENCE
ADVANCE 12 LOGEIVITY OF ADULT MINUS ONE DAY
LEAVE 10 END OF ADUWLT STAGE
TERMINATE TERMINATION CF THE NEXT GENERATION®**S AQULT

*
“‘.‘t“‘#“a““t“‘.l.“““t‘t‘t‘.‘.‘."#t“‘tt“‘l“*'l“.‘.tt"#.

*

* CONTRGL CARDS
.
SEXXEXRARASEY S BRASRFRREERLERARASER SR EFABERE AR EIRRARBERENESESAER SR XSRS XD
.
* SERRA S LB VIVERSSATEIBAEERES % L]
.
* TIME CCNTROL
.
. s = - SAREREE LR XX SRR LR
GENERATE 1 TIMER ARRIVES EVERYDAY
SAVEVALUE 2,V1,XH COUNTING THE DAYS AFTER INFESTATION
SAVEVALUE O0ADAM,VSFQODsXL DAILY FOQODAM® 8Y ARMYWORM LARVAE
SAVEVALUE CUDA+,XLSDACAM, XL CUMULATIVE DAILY FOOD DAMAGE
TERMINATE 1 TIMER CCUNTING
START 55401
.
* SEAREIIREERNEEBABRERAESRBR R SR SSRRRRBERRE RS
.
» OUTPUT CONTROL
.
* SRS ASAERRARRXERREEE SR ESR SN AR BEBR R B RRR RS B K
.
REPQRT
TEXT #XH2,2/XX# CAY(S) AFTER INITIAL INFESTATION
sT0 TITLE 1AGE COMPOSITION (NO. UF INDIVIDUALS PER 100 WUNIT)
LSV TITLE 1FOOD CONSUMPTICN AND POLYHEDRA PRCDUCT ICN

END
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RELEASE 2.0 MA IN DATE = 82104 17722707

Ceees SUBROUTINE LOGDEV CALCULATES DEVELOPMENTAL UNIT
c {RELATIVE) BY THE LOGISTIC EQUATICN.
SUBROUTINE LCGDEVIIX1FX2,FX34FX4)
GO TO (lelly2912+39413+491495¢154691647917+48418)41X1
1 FX3=0.530/(1+ EXP(6.111386=0,285421%FX2))
RETURN
11 FX4=xFX3%ABS(FX3~0.530)/0.530%SQRT(0.382990%(1,2+(FX2-25.0)%%2
1/72501})
RETURN
2 FX3=21,000/(1+ EXP(5.721318-0,226826%FXx2))}
RETURN
12 FX4sFX3*ABSIFX3~1.000)*SQRT(0.484389%(1.2+(FX2=-25.0)%%2/2501})
RETURN
3 FX3=1.000/(1+ EXP{7.25177-0.299121*Fx2})
RETURN
13 FX4nFX3%ABS(FX3-1.000)#SQRT(1.637547%(1l.2¢(FX2-25.0)%%2/250))
RETURN
4 FX3=1.,000/(1+ EXP(5.,320467-0.195736%FXx2))
RETURN
14 FX4sFX3%ABS{FX3-1.000)*SQRT(Q.351586¢(1.2+(FX2-25.0)%%2/250))
RETURN
5 FX3=m0.840/7(1+ EXP(5.847562-0,228837%FX2))
RETURN
15 FX4aFX32A8S{FX3-0,840)/0.840%SQRT(0.347708#%(1.2+4(FX2-25.0)%%2
1/250))
RETURN
6 FX3=0.570/11+ EXP(5.,523347-0.233768%FX2))
RETURN
16 FX4sFX3#ABS(FX3-0.570)/0.570*SQRT(0.321369%(1.2+(FX2-25.0)%%2
17250))
RETURN
7 FX320.420/(1+ EXP{7.342200-0.275901%FXx2)})
‘RETURN
17 FX4=nFX3%ABS(FX3-0.420)/0.420%SQRT(0.2356084%(1.2+(FX2-25.0)%%2
1/7250))
RETURN
FX3x0.168/( 1+ EXP(6.538893+0,282580%FX2))
RETURN
18 FX4=fFX3%ABS(FX3-0.168)1/0.168%5QRT(0.216730%(1.2+(FX2-25.0)%*2
1/2501)
RETURN
END
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' APPEXDIX P. A SINULATION PROGRAM FOR THE EPTZOOTIOLOGICAL ¥ODEL I

R =LuC UPERATION A439CsDeZsF oGyt CUMAENTS

SIMULATE

3AMC .STARTMACRY DETER™ QF JASIC MORTALITY

#A SAVEVALUE L ,#B¢XH SAVEVALUE FUR MEAN JF BASIC AJRT®
SAVEVALUE 2,#C XH SAVEVALUE FAQR STD"™ QF BaSIL MURT"®
TEST GE VSMAGRT 1,999,480 SELEC™ BASIC MCRT™ JVER 999
TRANSFER o#ME CONNECT TC DEV MACRQ

0 SAVEVALUE 3,VSMORTL,XH SAVEVALUE PRCB®™ (RITER!A FOR SJURV"
TRANSFER «XH3,98E CUNNECT TG OEV “ACRU

ENTER #F BEVINNING QF A LIFE STAGE
AOVANCE #G DEVELLPMENT OF NATU™ DYING LNDI®
LEAVE #F ENU OF A LIFE STAGE
ENOMACRO
.
QEV STARTMACRC DETER®* CF PHYSILLOUGICAL QEVEL'® QF A LIFE STAGE
A ENTER ¥3 BEGINNING QF A LIFE STAGE
ASSIGN L14C,PL  ALPHA VALUE FUR EACH LIFE STAGE
AS3SIGN 2+#0+PL  AVER®' TCTAL EFFEC'*' ODAY-UEGREES FOR STAGE
ASSIGN 3¢#4E9PL STD** QF TOTAL EFFEC'' DAY-QEGREES
ASSIGN 49v34PL NCRMO® GENER®® TOT** EFFE'* OL**¢ FOR INOL*!
#E ASSIGN SeeV2sPL  ALCUMUL'® DAILY EFFEC'' DAY=DEGREES

ADVANCE L DAILY OEVELUPMENT
TEST GE PLSoPL4y#F ‘DETER®®* QF CGMPLETION JF A LIFE STAGE

LEAVE #8 END GF A LIFE STAGE
SAVEVALUE NEXT,#G,XL TCTAL EFF® DEG® FUR NEXT STAGE
ASSIGN S,W1l1,PL DELAYED EFFEC'® ND*' FOR NFXT STAGE
ENOMACRO
]
SPRAY STARTMACRL VIRUS SPRAY TU THE ARMYWURM POPULATIUN
#A TEST € ACLsle#B OETER'® VIRUS SPRAY TI[ME

SAVEVALUE 4,9.0000,XL ODETER® vIRUS CUNCENTRATIUN
TRANSFER 1#C  CONNECT TU VIRUS~INFECTED STASE
ENOMACRO
=

NOMA  STARTMACRU UETER™ MORT™ IN A NORMAL DISTRI"™ PATTESN

#A SAVEVALUE LyAB¢XF ADDRESS FUR MORT™ [ vIMURT
SAVEVALJE ¥#C,0exL SAVEVALUE FQR MURT®!
SAVEVALUE #0.+0+XL SAVEVALUE FGwr 3TD?*® uf “u«T*?*

HELPS FVIMCRIWLAF y4KLy#Ey#F JETER™ AURT®
SAVEVALUE l+ol.XF ADDRESS FGR STO™ GF MUAT"™ [N vIMORT
HELPS SVIMCGRT ¢ LXF o oXL o BCo#F CAL STO™ UF MORT®
ENOMACRO

*

CHUU  STARTMACRY ADJUST CAL™ AQRT®™ IN J - 100 & RNAGE
TEST LE MAyOo#8 SELECT NEGATIVE MURT™
SAVEVALUE LsleXH SAVE VALUE FUR NEGATIVE VALJES
TRANSFER v#C CONNECT TG NEXT STAGE

48 TEST oE #A,80,3E SELECT VALUES MURE THAN L0QOJ * RANuE
SAVEVALUE 1,#DeXH SAVEVALUZ FJUR VALUES +LRE THAN LJ0 3 RANGE
TRANSFER yMF  CIMNECT TS NEXT STAGE

AE SAVEVALUE LydAsXH SAVEVALUE FuR AURT'® [N EFFEC" RANGE
W SAVEVALUE 2,XHl,XH SAVEVALJE FLR EFFEC" MGRT®
ENOMACRG
&
TRAN  STARTMACRC DETERY Y MCRTALITY

TRANSFER eXHZ2yo#A DETER™ VIFYS=KILLED lNJL"
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TRANSFER »#6  CUNNECT TC NEXT STAGE

ENOMACKU
-
VDEV  STARTMACRU CEVELGPMENT UF VIRJUS-YISLDED INDIVIDJUALS
sa ENTER #8 BEGINNING UF VIRUS-YIELUOED LIFE STAGE
ASSIGN 4y0,P0 ASSIGN DEV®* PERIOD AS 2ERQ
DEV MACRO #Co#0vtE2aF y8GoAHe#]l UEV™ PERY® FUR [NOJIM
LEAVE #8 END GF VIRUS—YIELDED LIFZ STAGE
ENOMACRO
*
VOED STARTMACRU LETHAL PERIGD OUF VvIRUS=KILLED INDIVEINUALS
#A ENTER #8 BEGINNING OF VIKUS-YIELDED LIFE STAGE
ENTER #C BEGINNING OF VIRUS-KILLEOD LIFE STAGE
ADVANLE #0 INFECTIGN PERICD {LETHAL UOR PATHOLUGICAL)
LEAVE #B END OF VIRUS-YIELUED LIFE STAGE
LEAVE #C ENO OF VIRUS—=KILLED LIFE STAGE
ENTER #E BEGLINNING OF THE FIRST "AY GF CADAVER
SAVEVALUE 1,2,XF ACDRESS FUR TRANFQ
SAVEVALUE 13,4F XL SAVEVALJE MEAN (LCG) OF PULYHEDRA PER CAD"
SAVEVALUE 1498GoXL SAVEVALUE STO®™ FGR MEAN PULYHEDRA (LUG)
SAVEVALUE 15,VSPULeXL SAVEVALUE FCR LGG GF POL™ PRODJCTION
SAVEVALUE 16+0yXL SET G FUR PUL™ PRGDUCTION
HELPB STRANFO+LXFoLSXL, LOXL TRANS™® FLUR PULM PROOUL"
SAVEVALUE L17+.XL1l6eXL SAVEVALUE FOR DAILY PULYHEDRA
SAVEVALUE CUPOL+yXL169XL CuMuLL™ DAILY PGLY PRULUDUCTIGN
SAVEVALUE DAPOLXLL7¢XL DAILY PRGDUY™ PGLYHEDRA
SAVEVALUE 17404XL SET DAILY PUL®™ TQ ZERC
ADVANCE 1 DEVELUPMENT OF CADAVER UN ITS FIRST DAY
LEAVE ME END CF THE FIRST DAY OF CADAVER
TERMINATE VIRUS=KILLED INDIVIDUALS WERE TERMINATEU
ENDMACRU
*
LOUAD JAGU6 ¢ TRANFU oV IMGRT
*

EXEERER AL AL BEE XX XRXRIE XX ER BREXREZIEERXREI AR EXLEEXRER KX E X XN EEREERE LS

A GPSS MOCEL TO VETERMLIWE THE DEVELULPMENT GF NPV EPLZCOTICS 1IN
THE LAWY ARMYa(PM.

THIS 4UDEL »AS USED FUR OVESCRIPTIVE PURPUSES TU CUMPAKE
THE ACTUAL AND SIMULATED CaTa.

IN THIS PROGRAM, SIMULATION wAS INITIATEU FKOM JANUARY 2, 1980
B8Y USING THE ACTUALLY OBSERVED DAILY AVERAGE TEMPERATURES AS
THE THERMAL INPUT SOURCE.

THERMAL SUMMATION METHOD wAS USED FOR DETERMINING DEVELOPMENTAL
PERIOD.

LIFE CYCLE IN THIS PRUGRAM CUNSISTEU CF THE Euvu, FIRST TQ SEVENTH
INSTAR LARVA, PUPA AND AUULLT STAGE.

FCR THE INITIAL POPULATICN, UNE HJUNJReD FLFTH [43[ARK LARVAE wCRE
GENERATED.

LR AR S L SE 2 25 BB R BE BN BE BE BN EE R BF 3R 3R IS
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IN THIS PRUGGRAM, [T WAS ASSUMED THAT 1lO#*9 POLYHEDRA PER LOO SQUARE
CM UF LAWN SURFACE wAS SPRAYED ON THE INTIAL DAY,

THE NEnLY EMERGED ADULTS wERE TERMINATED wiTHUUT STARTING MEn
LIFE CYCLE.

THE FIRST MACRC, BAMO. DETERMINED NATURAL MORTALITY #ITHIN A
LIFE STAGE JUNDER FAVORALGDE ENVIRUNMENTAL CGNOITVIUNS.

THE SECOND MACKUy DEVe DETERMINED THE DEVELOPMENTAL PERIJD
WwITHIN A LIFE STAGE.

THE THIRD MACRQy SPRAY, DETERMINED SPRAY TIME AND VIRJYS
CUNCENTRATION.

THE FUURTH MACRQOy «OMA, DETERMINEO THE TUTAL ANJD STAGE=-SPECIFIC
MORTALITIES ACCURDING TQ THE LUGISTIC EQUATION. .

THE FIFTH AND SIXTH MACRUS, CHOO AND TRANe AQJUSTEDN THE CALCULATED
MORTALITIES IN THE RANGE OF 1 - 100 3, AnD CONNECTED THE SPRAYED
LARVAE Tu AN APPROPRIATE HEALTHY GR INFECTIGN STAGE.

THE SEVENTH MACRUs VOEY, OETERMINED THE DEVELUPMENTAL PERIOOD OF
THE INFECTED LARVAE AT THE STAGES BEFURE DEATH.

THE LAST MACRUOs VDED, UETERMINED THE LETHAL PERIUD OF NPV-INFECTED
LARVAE AT THE KILLING STAGE.

AFTER CUMPLETING THE FLKST GENERATIUN, NEwWLY EHERGED AJULTS nERE
TERMINATED WITHGUT STARTING NEW LIFE CYCLE.

THE CONTENT UF STURAGE 1 (S1) REPRESENTS ThE NJMHER OF FIRST INSTAR
LARVAEy S2 FOR THE NUMBER UF SECOND INSTAR, S3 FUR TriRD

INSTARy AND SUL FURTHe CUNE DIGIT STURAGE CUNTENT NUMBER REPRESENTS
HEALTHY [INSECTS.

38 KREPRESENTS THE NUMBER CF PUPAE.

S9 REPRESENTS THE WUMBER OF AUULTL UN THE FIRST OAY JF EAERGENCE.
S10 REPRESENTS THE NUMDER UF ADULTS.

S60 REPRESENTS THE NUMBER UF EGGS.

BESIDES S60 AND 510, THE TwiL DIGIT STCPATE CONTENT NO. REPRESENTS
VIRUS=INFECTED (AND -KILLED) LARVAE.

1) 10*S REPKRESENT THE [NFECTED STALE Tal [INSTARS BEFURFE DEATH.
2) 20°'S REPRESENT THE INFECTED STAGE IMMEDNIATELY 3EFORE DEATH.
3) 30°'S REPRESENT THE KILLING STAGE.
4) 40°'S REPRESENT THL TCTAL NUMBER JF INFECTEOD=- AND KILLED-
LARVAE.
FOR EXAMPLE, S15 MEANS THE NUMBER OF [NFECTED FIFTH [wSTAR
LARVAE #HICH wILL 38 KILLED Tal I[NSTARS LATER. 525
HEANS THE NUMBER UF INFeCTED LARVAE anlCH «lit BE KILLED
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AT THE NEXT INSTAR. S35 MEANS THE NUMBER GF FIFTH
INSTAR LARVAE AT THE KILLING 3TAGE. S45 MENAS THE
TCTAL NUMBER UF INFCSCTED LARVAE AT THA1 TIME.

FEEUING DAMAGE AND PCLYHEDRA PRUDJCTIGN WERE ALSU CALCULATER.

THE UNIT USED FOR CALCULATING FEEDING OAMAGE IS MG (FRESH WEIGHT
OF BERMUDA GRASS).

THE UNIT OF PGLYHEDRA PRODUCTIUN IS 10**9 PULYHENRA.

SINCE THE CREATION UF THE ORIGINAL TRANSACTIONS REQUIRFOD ONE
TIME UNIT, THE SIMULATION FOR THE INSECT LIFE SYSTEM wAS STARTED
FRGM (AC - 1) DAY.

LA 20 2R 2% SR K BE BE B SR R BE NE BRI RS

EBLEE AR AN KGR SRS U AEREZIL AR IR EE X SR X XXX EFE X EEEEXRE XL X E X BACE R EX R RKERE L L
®

* FUNCTIUNS

®

SREEEEREER R ERER R X RERE SR ER LR X EEREXEX SR KB EREE RS R AT REER R KA XX EEE R R B R BE XY
E 3

NORM FUNCTION  RNL,C27
01=325/40013,=3.0/.0035y=2.75/.00629~2.5/.0122¢=2.25/+02284-2.0
eU4019=1.75/006689=145/01056¢=1.25/158T9~1.00/22266,=475/4.3085¢=05
«20139=425/.5¢0/459371225/20915950/4 77344475/2341311/+8%4 L1425
©933291.5/49599,1475/.9772,2/.9878,2.25/499384 2.5/.996542. 75
<9987,3.0/1,3.5

* INTRUDUCT [UN PATTERN UF ADULTS

MOC1 FUNCTION  RNL,C2 JUNIFGRM INTRGOUCTICN uf FEMALES
0v1/.999, 14

* CVIPOSITIUN

PREUV FUNCTIUN  RNL,C7 DETER'' OF PRE-CVIPGSTION PERICD
«O0111417.088842/,411043/.7998¢4/.9330,5/.986545/.9999,7

*

OVIPE FUNCTIGN  RNL,DLO DETER'® OF GVI-POSITION PERICO

cOlL141/ 4066742/ .1443937.322114/4522195/.688740/,.8442+7/.9332,8
+9885,9/.9599,10

2x

EGSTA FUNCTION XFloLlB STD'* UF DAILY &GG PRUIJCTION
1272/ 073741617+106/41897455/456/439/454/410717 417917 4L/ 41201701741
*

ATE  FUNCTIUN  ACl,L40 DAILY AVERAGE TEM™ FRUM 800102
1240712627 92427 1232719222/ 1228/ 423C/ y241/4229/1238/+237/ 4243

126474242/ 426071263/ 1245/ 0235/ 1239/ 123079210/ 1223/ 4225/+221/42277,239/
v233/0237/0223742027421574221/4229/ 02417012667 1245/ 4254/ 124474256/ 241/
-3

* FUNCTIONS FOR LETHAL INFECTIGN (STAGE~SPECIFIC) PERIG)

LIP1L FUNCTION  RN1,D05
0401744/0400658+5/0430546/0.983,7/0.999,3

LIP12 FUNCTION  RNL,D6
0e06341/0025092/0.43843/0.688,4/0.875¢5/0.999,6

LIPL3 FUNCTIUN  RNL,03

02425093/0450046/0.999,7

L1P21 FUNCTIGN  RNL,0S

3031
300i
3001



0412593/0.26144/0.43895/0.96996/C4999,7

LIP22 FUNCTIGN RNL D6

060549927041 7493/0452394/06832915/0494696/0.999+7

LIP23 FUNCTIGN RN1+D7
2005991704118+2/064719370.832¢4/0e912¢5/04971:+7/0.999,9

LIP3l FUNCTIGN RNLD7
0e602892/0408393/0425095/0e4%496/Ce83397/06917938/04999,99

LIP32 FUNCTION RNL .08
Ve00892/0e14893/0441094/0677095/0695996/069849y7/0.99298/04999,10
LIP33 FUNCTIGN RNL 07
0.0639170a21792/06447843/0665294/0473545/0.870467/04959,7

LIP4l FUNCTION RNl oD%

Ve083+6/0633397/04583+8/0.959+9

LIP42 FUNCTION RNL1,D9
0a01092/0406193/0427394/04495,5/047388¢6/2.927+7/0.980¢3/0.990,9
0.999,11

LIPe3 FUNCTION RNL »D8
Ve 1520170433392/0454503/0466704/0e81895/0e87506/24973977/3992,10
LIPSl FUNCTION RN1D2

0.5009670.999+7

LIPS2 FUNCTION RNL D7
0e602793/0,08L99/0428495/04563¢6/Ce784¢7/0493298/04999,9

LIP53 FUNCTIUN RNL »D6
0e0250901704542¢270475093/06917¢4/0455815/0499947

LIP6L FUNCTION RNLyD2
0e33394704999,7

LIP62 FUNCTION RNL,07
06103417/0.52002/0.72293/Q0.8C%14/0e86095/06969¢6/0¢999,7
®
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SXRRXKBEE LR EERECREF SR AR R RS CXXFR IR AR BB SR X R R TR AR AR I TAR T RETERARRRE R

*
* VARLABLES
*

-

SEEFERERREAZIRBEXCBERERERE R EXREX XSS XX R EXE R EE X XXX KRR X E R ERAIERR X E R RER KX

1 VAR [ABLE ACL=2 UAYS AFTER INTRUDUCTION LF ORIGINAL INDI®

2 FVARIABLE FNSATE/LO-PLL EFFECTIVE TEMPERATURE (DAY=DFGUREES)
3 FVARIABLE PL3I®FNSNORM+PL2 TUTAL EFFECTIVE TEMPERATURE

4 FVARIABLE Le548FNSNCRM+9.32 LONGEVITY UF AN AOULT

5 FVAR[ACLE RN2®%2/1000 LONGL'' GF NATU'* DYING II TO IV LARVA
5 FVARIABGLE RN2%*3/1000 LONGI®** oF NATU'®* OYING ls Vv & VI LARVA
7 FVARIABLE ARN2®4/1000 LUNGI" COF NAT™ DYING EGG

8 FVARIABLE RNZ2®7/1000 LONGI®** JF NATU'' OYInNG VII LARVA

9 FVYARIABLE RN2#*12/1000 LONGI'' JUF NATU'' JYING PUPA

10 FVARTABLE RN2%*6/1000 LONGI'* OF NATU'' DYING ADULT

11 FVARIABLE (PL5/PL4~1)*XLSNEXT CuM" EFF® QU™ FOR NEXT STAGE
12 FVARIABLE 2®FNSNURmMe8 LONGI®*' QF AQULT 40TH (M{nuS 1 DAY )}

13 FVARIABLE (FNSEG3TA*FNSNGRM+XLLSE)/50 DAILY ESG PRQDUCH

MORTL FVARIABLE XH2®FiNSNURM+XHL oASIC MURTALITY IN L1000 uNiT

PROV  VARIABLE FNSPREUV—1 INTC" UF FEMALE ({PRCUC" vINUS CNE DAY)

15 FVARIAGLE lOU0*(XLo*FNSNCRA+XLS) TUTAL AORTALITY

L6 FVAR [ABLE 1000*{XLO*FNSNLRMeXLT) FIRST STAGE-SPECIFIC MCRT*!?
17 FVARIASLE 1000*(XLL1C*FNSNORM+XLY) SECJIND STAGE=-SPECIFIC MUKT*?
18 FVARJABLE LOD0*(V16/XH2) ATRTI'! PRO!* Fuk FIRST INF1t STAGE

19 FVAR [ABLE 1000*(V17/(1000=xn2)) 4CPU'' FOR SELUND INF'' STAGE



25
28
27
28
29
39
31
32
FOOD
x
POL
t 3
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FOUD DAMAGE

FVARJABLE (0o5%SL+1.1%5243,0%53+9.2%54)/1000 DAM'* AT YCUNG
FVARIABLE (27.4%55+483.0%56¢316.7%S7)/7100) DAMde* AT 2L STASGE
FVARIABLE 0Q49%(0.5%511¢1,1%512+3,0%651349,2%514)/71000 DAMIN"
FVAR JAVLE 0.9%(27.4%515+¢83,0%S16)/1000 JAM™ AT SNI IiF*' STan
FVARIABLE 0e5%(0.5%S21+1,1%522¢3,0%523+9,2%524)/1000 DA** SEC'!
FYARIAGLE 005%(27.4#525+83,0%526)/1000 0AM®* AT SEC'* [NF'* STA
FVARABLE 0e1%{0.5%531+1,1%332¢3,0%533+9,2%534)/1000 DJA¢* FER*!
FVARIABLE 0.1%(27.4%*535+483.0%536)/1000 UAM®** AT SEC'' STA
FVARIABLE V25+V26+V27+V284V29+V30+V31l+V32 FGUD JAMAGE
POLYHEDRA PRODUCTIGN FRCM CADAVER

FVAR JABLE XLL14*FNSNORM+ALL3 GEnN® POLY"™ NO., (COMMON LOG)

EXREXEE SRR XBRXFE KR XS AL XX S X LR R ERKE SRR AEEEXBBXRS XX B AL E SR XA EEA NS KERXER S

*
*
®

BASIC LIFE MODEL

BERREEREXERXRE R R XEER XS R E XS XTERREE SR AR KRB X EX X SRR IEFEEEARE R K EF S A RESERE R

LR JE 3N 2R 3N 3

%* % %t 8

FEM

* % nn

RPT

aPi3

agrll
OPI2

'

CXEXBEEEARRERBE RN ISR X ER R XXX REFFRE X REES
GENERATIUN OF INITIAL TRANSACTIONS

LEREBEER SRR R EEEREIRRRTREERESR AR AR RE KX RREER

GENERATE Lovoloo LPHe4P8,7PL  INTRU®® OF QRI"™ TRANSACTIGN
SPLIT LOU+SPASO INITAL PCPUALTION OF V INSTAR
TERMINATE TERMINATE ORIGINAL TRANSACTION

INTRUDUCTIUN OF AUJLTS
AREREXERIZARER XSRS S SRR R SRR SR SR RA S SRR R KER

ADVANCE FNSMOCL INTRUCUCTION UF FEMALE

ENTEK 10 ENTER ADULT STAGE

ENTER 9 ENTER THE FIRST OAY OF INTRUOUCTION
ADVANCE 1 FIRST DAY CF INTRU® UF FEMALE

LEAVE 9 LEAVE THE FIRST DAY OF INTRUODULTIUN

GVIPCSITIUN
VERREERERRERERIARE X IRAE SRS XXX R RRKRE RS UMK

ADVANCE VSPROV PREUVI™ PERICD (MINUS GNE DAY}

ASSIGN 2+FNSGVIPE,PB DETER!® LVIPUSTILN PERLIGO
ADVANCE 1L OAILY DEVELCPMENT CF A FEMALE DJRING GVIPU®!®
ASSIGN 3+ 19P8  ASSIGN OVIPGSITIUN DAY

SAVEVALUE 1lsl,XF ADOKESS FULR EGG PRUDUCTIUN (TRANFU)
SAVEVALUE 15.PB34XL SAVEVALUE FOR UVIPUSITION DAY
SAVEVALUE 16+0,XL SET O FUR EGG PRGDUCTIUN

HELPB #TRANFUSLXFo1l5XLsL6XL DOET™ EGG PRUJUCTIGN
ASSIGN 1yvV13,PH ASSIGN DAILY EGG PRUDULTIUN

TEST L& PHL,0,0PIL SELEC®" EFFEC" uvIPG®

TRANSFER yUPI2 CONNECTIUN

3PLIT PHL o INSO DAILY UVIPUSITIUN

LCOP 2PB,GPI3 REPEAT LUVIPLSITICGHN

ASSIGN 3,0+P8  ASSIUN CVIPCSITIUN DAY AS ZERQ
AQVANCE L) POST=uUVIPUSITIUN PERICY

LEAVE 10 LEAVE ACULT STAuE



®* % % ®

* * » #

BAMO
INSO

Wi

DEV
DUMO

22

SPRAY
SPALO

RAML

INS1

rHnl

Dev
DuUM1

AAA

TERMINATE

FEMALE IS TERMINATED

EGG DEVELGPMENT
REEEREXEBIEEEEERXE SRS AR S E AR EBE XXX B HEERAK

AACRC
SAVEVALUE
SAVEVAL :
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
AQVANCE
LEAVE
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN

INSOv9339100annd,0UMO0s004VT
19933, XH

2¢10¢XH
VSHMORTL 1999 hanl
»OUMO
3,VEMORT 1, XH

e XH3 4y OUMO

60

vT

60

DUMOs6Uy L0eT95Ge40910e05,222,33.33
50

lelUaTyPL
2159.404PL
3,10.05,PL
49V3yPL

S+yV2,4PL

1

PL5,PL4 222

60

NEXT933e33,XL
Sevll,yPL

FIRST INSTAR LARVA
FEEERREREEREXS XS AR AR A SERREESANEEXRERN ST XS XK

MACRU
TEST E
SAVEVALUE
TRANSFER
MACRC
SAVEVALUE
SAVEVALUJE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ACVANCE
LEAVE
MaCRrU
ENTER
ASSIGN
ASSICN
ASSIGN
ASSIGN
ASSIGN
ADVANLE
TEST GE
LEAVE
SAVEVALUE
ASSIGN

SPALOyINS1,VviMLL
AClsloelNS1
439.0000¢ XL
eVINL11
INSI.933I38|'!HW1|OUH|.|1'Vﬁ
19933 ¢XH

29389 XH

VSAURTL 1999 snh l
yOUML
39VSMURTL y XH

o« XH3,y s UUML

1

vé

l
OUMLslel3a7933633944340A8A426452
1

Lel3e7ePL
29334334PL
3944349PL
4yV3,PL

S+yV2,4PL

1

PLS +PLYAAA

1

NEXT 260529 XL
S»VilePL
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. N g

#* n n #

SPRAY
SPA20

3AMO

INS2

hWih2

DEV
DuM2

368

SPRAY
SPA30

BAMU

INS3

LLLY

DEV
DuUM3

ccc

SECOND INSTAR LARVA
SEEERXRXBRAEEXER SRR XX R BRI AR RS XX AKX SRR XY

MACRC
TEST E
SAVEVALUE
TRANSFER
MACRO
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
AOVANCE
LEAVE
MACRO
ENTER
ASSIGN
ASSIGN
ASS LG
ASSIGN
ASSIGN
AQVANCE
TEST GE
LEAVE
SAVE VALUE
ASSIGN

SPA20,INS2,vIM2]1

ACl,1,INS2

49940000, XL

WVIM21
INS29999,38,awnl,DUM2,2,V5
19999 ¢ XH

29389 XH

VSMORTL y999 w2

s DUM2

3y VSMORTL ¢ XH

o« XH3, » DUM2

2

VS

2

DUM2 4291404926652 14e369388,23,83
2

lLylbeayPL

2126.52,PL

3,44864PL

4yV3,yPL

S+yV2.PL

1
PL5,PL4,G0B \
2

NEXT428, XL

SyV1lePL

THIRD INSTAR LARVA
FRERERARAEERRAXE AR SR RBRI AT AXRAFXREER KT K

MACRC
TEST E
SAVEVALUE
TRANSFER
HMACRC
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ANVANCE
LEAVE
MACRG
ENTEKR
ASSIGN
ASSIGN
ASSIGN
A3SIGN
ASSIGH
ADVANLCE
TEST GF

SPA30sINS3,VIN31
ACL,loINS3
499.00009 XL
pvIiN3l
INS3996T79249man3y0U43434VS
L9679 XH

29249 XH
VSMURTL 4999 inivh 3
+DUM3
39VIMULRTL+XH

e XH3y o DUM3

3

vS

3
DUM343913.5928483454L79CCCy32.50
3

Ls13.5,PL
2128.834PL

2,541 79PL

49V 34PL

S+yV2ePL

1

PLSyPL4CCC
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“- n e

* &% % %

SPRAY
SPA4O

BAMU
INSe

ks

DEV
DuMa

LD

SPRAY
SPASQ

3AMU
INSS

WHWS

DEV
DUM5
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LEAVE 3
SAVEVALUE NEXT,32.5UsXL
ASSIGN SiVll,.PL

FUJURTH INSTAR LARVA
SESREXXEAXERAREE RSB EXE I SEXRERXBEEKE RS

MACRU SPA40y INS4yVIM4L
TEST & ACLysly INSS
SAVEVALUE 419.00004XL
TRANSFER yVINMG]L

MACRU INS4¢968+3218Ha%,CUMS¢4,V5
SAVEVALUE 1,968y XH
SAVEVALUE 2432+XH

TEST GE VSMORTL y9G69 s hithe
TRANSFER » DUMS

SAVEVALUE 3 ,VSMORT1XH
TRANSFER o XH3 9 DUMG

ENTER 4

ADVANCE VS

LEAVE 4

MACRC DUM494413e693245097.014D0DD934449
ENTER 4

ASSIGN Lel3ebyPL
ASSIGN 2132.504PL
ASSIGn 347.01,PL
ASSIGN 42V3,yPL
ASSIGN S+,V2,PL
ADVANCE 1

TEST GE PL5,PL4,00UL
LEAVE 4

SAVEVALUE NEXT,34.49.XL
ASSIGN 5aV1l.PL

FIFTH INSTAR LARVA .
EERRBREREEXXAE XA R SR AR IR BERB S AR ERR KX XREK

MACRG SPASO, INSS»VI1MS1
TEST € ACL ol INSS
SAVEVALUE 419.0000 XL
TRANSFER s VIMS]

MACRG INS5¢978¢3Lshnan5,0UM5,5,V0
SAVEVALUE 1+9784XH
SAVEVALUE 2931 ¢XH

TEST GE VSMORTL 1999 hinS
TRANSFER +OUMS

SAVEVALUE 3 +VSMURTL yXH
TRANSFER «XH3¢ ¢ DUMS

eNTER 5

ADVANCE Ve

LEAVE S

MACRC DUMS5959134393444998e35¢EEEr4391
ENTER 5

ASSIGN 1913.3,PL

ASSIGi 2134.49,PL

ASSIGN 3034350 PL

ASSIGN 49¥34PL



* % *

L2 R 2 J

EEE

SPRAY
SPa60

BAMO

INSe

Wwhé

DEV
OUM6

FFF

84AMU
INS7

W7

DEV
oumM?

ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN

S+eV24PL

1

PL5,PL4EEE

5
NEXTy43.91,XL
SyVil,PL

SIXTH INSTAR LARVA
SEXR XESRREEX RSN EXEXRARXB XXX KRR EARARR SR KRX

MACRG
TEST E
SAVEVALUE
TRANSFER
MACRG
SAVEVALUE
SAVEVALUE
TEST GE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE
MACRG
ENTER
ASSIGN
ASSIGw
ASSIGN
ASSiGiN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALJUE
ASSIGN

SPAGO, INSHyVIMEL
ACl s1 ¢+ INSO
49940000y XL
sVIMeL
INS6¢940 914 rannbyDUA646,4V6
14946+ XH

2114 XH
VSMORTL 9999 1 ha k6
» DUME

3, VIMURTL 9y XH

« X399 DUME

6

vé

6
UU!6'0.12.2.43.91,8.98'FFF.50-81
6

Lel2.2,PL
2143.914PL
3:3.98,PL
49V3sPL

S¢yV2ePL

1

PLS 4PL4,FFF

[

NEXT»5J0.81 XL
SevllePL

LAST INSTAR LARVA
FEERXXXEEXXREI XXX ARERRS SRA XX SR AN RSB S XX Y

HACRU
SAVEVALJE
SAVEVALUE
TEST uE
TRANSFER
SAVEVALUE
TRANSFER
ENTER
ADVANCE
LEAVE
MACRU
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN

INS7¢920973smnh 7, IUMT,7,v8
1¢950C e xR

29789 XH

VSMURTL 1999 s W7

» DUMT

3 yVSMCRT] o XH

eXH3¢sDUM?

7

v8

7

DUMT 979174950431 915.5495G6 110,42
7

Lyl74%,PL

2150481 PL

39154549PL

49¥34PL

S+yv2,PL
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LIE X 2 1

BAMO
INS8

LLLT]

DEvV
OumMe

HHH

LR 2R 2%

INS9I

&

ADVANCE 1
TEST GE PL3¢PL4+GGG

LEAVE 7
SAVEVALUE NEXT4s110642.XL
ASSIGN SeV1l,PL

PUPAL STAGE
SEERAREREEEE R BATE AR ES R RREREX KK KRB RRR

MACRU INSB¢9069550hnwh8,0UM8,8,V9
SAVEVALUE 1,908:XH

SAVEVALUE 2,55+%H

TEST GE VSMORTL 999y kw8

TRANSFER »DuMB

SAVEVALUE 3,VSMURTL 4 XH

TRANSFER «XH3yyDUMSB

ENTER 8

ADVANCE Ve

LEAVE 8

MACRG DUMB18915e19110.42,15.520HHH D
ENTER 8

ASSIGN 1415.19PL
ASSIGN 24y110.92,PL
ASSIGN 39154624PL
ASSIGN 4,V3,4PL
ASSIGN S5¢,V2,PL
ADVANCE 1

TEST GE PLS 4PL4 yHHH
LEAVE 8

SAVEVALUE NEXT«0sXL
ASSIGN S.vil,PL

ADULT STAGE
EERRREARXEERRRER KK AR EXBREX R B L LR RK SR KRR

ENTER 10 BEGINNING CF ADULT STAGE

ENTER 9 BEGINNING OF [NITIAL DAY LF EMERGENCE
ADVANCE L INITIAL DAY OF AOULT STAGE

LEAVE 9 END OF INITIAL DAY OF ADULT STAGE
ADVANCE V12 LONGI®** Ut ADULT 4G0TH (MINUS L 1DAY)
LEAVE 10 ENO CF AQULT S5TAGE:

TERMINATE PROVUCED ADULTS ARE TERMINATED
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EEERERE XKLL SRE R REREEREX SR REXEXE SRR SR X BRE X R XXX XXX SRR B XXX R EIXREEE K

x
*
*

EPLZLOUTIC MODEL

XXX E XK EREEBERE XX E S SR ER AR EX XS AR XL L EXX EFREE XX LR XX XX LA RE R KA EE XN X NEX g

*
*
*
*
NOMA
viMmLl

VIRUS 5PRAY TO FIRST INSTAR
EXREEREEARSE KR RERERAXREBA$ SR EEX SR XX XR XX XXX K

MMACRO VIMLILyLle50695XLe6XL TOT®® MCRT'® FUR I
SAVEVALUE L, 1.XF

SAVEVALUE 5,0,XL

SAVEVALUE &eJ9¢ XL

HELPB BVIMURT g LXFpaXLoeSXL,6AL



*

CHUO

sPal12

SPAL3
SPAl4
TRAN

NQMA
AGELL

CHOO

VimMi2

VIML3
viMla
TRAN

vOED
FRV3L

SAVEVALUE
HELPB
MACRO
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALJE
SAVEVALUE
MACRC
TRANSFER
TRANSFER
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L#y 1o XF
#VIMURT gL XFo4XL o 5XLoOXL
V154SPA12,INS1+995,5PA13,SPAl4
V15+0.5PAL2

loleXH

s INS1

V15,999,5PAl3

1 e999 9 XH

1SPALS

loVL1SeXH

29 XHLy XH

AGELLl, INS1

e XH29 9AGELL

v INS1

AGE=SPECIFIC MORTALITY AT INITIAL STAGE OF THE FIRST INSTAR

MACRC
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVE VALUE
HELPB
MACRG
TEST LE
SAVEVALUE
TKANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRC
TRANSFER
TRANSFER
MACRO
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUZ
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
ADVANCE
LEAVE
TERMINATE

AGELls1397+8¢7XLe3XL [INTIAL STAGE-SPECIFIC MORT®!®
Lel3oXF

T+0eXL

8¢0 9 XL
UVIMCRT s L XF o4 XL 9 7XL 3 XL
LegloXF
BVIMORT g LXF¢4XL ¢ 7TXL P 3XL
V18 VIMLZ ¢AGEL 64999,V IdL3,VIMl4
V18+0eVvIML2

leleXH

+AGEL6

V18,999,VIML3

19999¢XH

VIMLA

LeV1BoeXH

2 ¢AHL g XH

FRV3L1yAGELS

«XH2 99 FRY31

+AGEL6
FRV3L93LralyFNSLIPLLy51s0.2020¢0.3452
31

4l

FNSLIPL]

31

el

51

L9299 XF

131620269 XL
14,0634524XL
15,VSPULL XL

L5.0e XL
BTRANFO 9 LXFyLlSXLy lOXL
LT+ XLL1O, XL
CUPLL+y XL1b s XL
DAPGL o XLL 74 XL

17,09XL

1

51



NOMA
AGELe

CHUG

VIM1S

VIMLl6
vVIiML?
TRAN

vDEV
FRVLL

DEV
tLail

FRALL

VDEY
FRV22

DEV
1LB22

FRB22

VDFD
CADL3

MORTALITY

MACRG
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
MACRO
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALJE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRG
TRANSFER
TRANSFER
MACRD
ENTER
ASSIGN
MACRO
ENTER
ASSIuN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRO
ENTER
ASSIGN
MACRG
ENTER
ASSTuLN
ASS1GN
ASSIGN
ASSIGh
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALJE
ASSIGN
LEAVE
MACRU
ENTER
ENTER
ADVANCE

- 223 -

PROPCKTICN AT TERTIARY STAGE OF THE FIRST [nNSTAR

AGEL&s 159991099 XL ¢ 1OXL MORT'® PRUPuUk'® AT TER'* STA
Ly154XF

9209 XL

10s0¢XL

SVIMCRT s LXFy4XLy9XL o LUXL

L+s Lo XF

BVIMGRT g1 XFy4XLy9XL s LOXL
V19)VIM154,AGEL8+995,VIMLIO,VIMLT

V19,04VIMI1S

lLyleXH

9y AGELS

V19,999,VvINLG

1,569+ XH

WVIMLT

1oV19 e XH

29Xhl¢XH

FRVL1,AGELlS8

e XH2 49 FRVILL

»AGELS

FRVLI1oL1eILALL ¢4101347933033944349FRALL,26452
11

440,PB

ILALL 41,1347, 33.33,4.34,FRALL426.52

4l

lel3aTyPL \
2933.33,PL

I eve34,yPL
44V3sPL
S+9V24PL

1
PL5,PL4FRALL
41
NEXT926452¢XL
SeV11,PL

11
FRYZ22122,1L82294291%+%126652+1%486,FR322+28.53
22

%90,P8
1L322¢42919e%92645214e8369FRB32202053
«2

LeléetyPL

2126e52,4PL

394.86,PL

49V3ePL

S+yV2yPL

1

PL5PL4yFRB22

42

NEXT928483 XL

SeVLiLlyPL

22
CADL13¢33,43,FNSLIPL13,5347.25064+0.3243
33

43

FNSLIPL3



L3R 2% 2K J

VOEV
AGELl8

DEV
ILaz2t

FRAZL

VOED
CADILZ

NCiA

LEAVE
LEAVE
ENTER
SAVEVALJE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPY
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
ADVANLE
LEAVE
TERMINATE
4ACRO
ENTER
ASSIGN
MACRG
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRG
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEYALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUJE
ADVANCE
LEAVE
TERMINATE

- 224 -

33

43

53

le2eXF
1347.2564¢XL
14,0.3243y XL
15,VSPUL o+ XL
16,0,XL
KTRANFU LXFy 15XLy 1OXL
L7+9XL16 e XL
CUPOL+ XL 169 XL
JAPGLIXL1T7» XL
17,0¢XL

1

53

AGEL8,21 s ILA2L94Ls13eT033433140349FRA21426.52
21

490yPB
1LA21941913.7+¢33.3344.349FRA21126452
4l

1il3.74PL

2933.33,PL

3944344 PL

44V34PL

Se4V2,4PL

1

PLS5+PL4 FRAZL

41

NEXTy20.520XL
Sevll.PL

21

CADL2 132942 FNSLIPL2952+047063212.2198
32

42

ENSLIPL2

32

42

52

1y 2 XF

139667502 9 AL
144002198 XL
15,VSPULy XL

L690e XL
#TRANFO ¢ LXF,15XL s 16XL
L7+ 4XL16 XL
CUPGL+yXL164XL
DAPOL o XL 1 79 XL

17,09 XL

1

52

VIRUS SPRAY Tg SECOND INSTAR
EEEE AR ERIREIF A SAREXASCEERXRXE XK EEXRERNERE K

MACRG

VI42l e3950695xLy0XL  TUMC'Y FUR I1



vimel

CHOO

SPa22

SPa23
SPA24
TRAN

*

NOMA
AGE22

CHOU

vima2

vimM23
VIiM2é4
TRAN

VDEV
SEV22

DEV
visaz

$éB22

VOED

SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPH
MACRO
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALJE
SAVEVALUE
MACRC
TRANSFER
TRANSFER

- 225 -

Ls3eXF

SeQeXL

6900 XL
BVIMORT ¢ LXF o4 XL o SXL SXL
Leglo XF
BVIMORT s LXF o 4XL o S5XL 0o XL
V15,SPA22,INS2+999,SPA23,5PA24
V15,0,SPA22

LeloeXH

o INS2

V15¢999,5PA23

1,999 XH

W SPA24

19V1ISeXH

2 ¢ XHL ¢ KH

AGE22+INS2

«XH2 ¢ s AGE22

o INS2

AGE~SPECIFIC MCRTALITY AT SECUNDARY STAGE AT THE SECOND INSTAR

MACRO
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
MACROU
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRO
TRANSFER
TRANSFER
MACRO
ENTER
ASSIGN
MACROC
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGH
LEAVE
MACRG

AGE22517s708¢7XLs8XL SECUNDARY® STAGE-SPECIFIC MORT*'!
1lel74XF

Te0eXL

840+XL

SVIMULRT g LXF4aXLy TXL o 3XL

L+y Lo XF

BVIMURT g LXF s 4XLTXL»8XL
V1IBsVIM22,AGE2£,999,VIM23,VIM24
v18,0,vIM22

LeloXH

» AGE26

V1384999,VIM23

19999 XH

'VIN24

LaVI18sXH

29Xkl ¢ XH

SEV22.+AGE26

«XH2y ¢ SEV22

+AGE26
SEV229221Y182294921144402005214.36,5E322+28.33
22

440,P8
Y1I822042)1%.%99264529%486,5EB22,28.83
42

l9l4e4,PL

21264524 PL

314.864PL

eV3ePL

S+yV24PL

1

PLS+PL4ySEB22

42

NEXT923483¢XL

54V1lsPL

22
CAD2Z+33,43¢FNBLLIP22,5397.25649003243



*

CAD22

NOMA
AGEZ26

CHGO

viMz2s

ViM2e
vimM27
TRAN

vDEV
SEVIZ

DEV
Yisl2

SEHL2

ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALJE
SAVEVALUE
HELPS
SAVEVALUE
SAVEVALJE
SAVEVALUE
SAVEVALUE
AODVANCE
LEAVE
TERMINATE

MURTALITY

MACRO
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALJE
HELPB
MACRO
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRC
TRANSFER
TRANSFER
4ACKU
ENTER
ASSIGN
MACRG
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIoN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIuN
LEAVE

- 226 -

33

43

FNSLIP22

33

43

53

1429XF
13,7.2564+ XL
1490632434 XL
1S.VSPOL XL
16900 XL
STRANFO L XF,15XL ) loXL
L7+#yXL1l6e XL
CUPGL*y XL16 XL
DAPOL o XL 1T, XL
17e0eXL

1

53

PRUPURTICN AT TERTIARY STAGE JF THE SECUND INSTAR

AGE26+199¢5+1GCySXL s LOXL MORT*'* PRUPOR'* AT TER'* STA
1yl9eXF

9909 XL

10,09 XL
BVIMORT o LXF o4 XLo9XL,1OXL
l+y Lo XF
BVIMORT g LXF &AL 9XLy LOXL
V0I9¢VIM25,AGE27+999,VIM26,VvIM27
V19,0,V IM2S

Lol e XH

1AGE2T

V194999,VIM26

19999y XH

'V IM2T

LaVi9eXH

29 XHL 9 XH

SEVLI2,AGE27

«XH20 ¢ SEVL2

yAGE2T

SEVI2 0129 Y181294291244926452148693EB12,25.33
12

4+0,P8
YIBLl2+42114.412645214.86,5E312,25433
42

Lele4sPL

2026452 ,PL

3944869 PL

4eV3yPL

5¢,V2,PL

1

PL51PL4SEBLR

42

NEXT928483,XL

Sevll,PL

12



VDEV
SEvV23

DEV
YIC23

SEC23

VOED
CAC24

VDED
AGE27

MACRO
eNTER
ASSIGN
MACRC
ENTER
ASSIGN
ASSIGN
ASSIGN
AS3 LGN
ASSIuN
ADVANLE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRO
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPb
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALJE
AQVANCE
LEAVE
TERMINATE
MACRC
ENTER
ENTER
AJQVANCE
LEAVE
LEAVE
eNTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPY
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
ADVANLE
LEAVE
TERMINATE

SEV23923+Y1C23+430134592848345.17952823+32.50
23

4904P8
YI1C2394311345¢28483454179SEC23032450
43

1913454PL

2928.83,4PL

3454174PL

4oV 3y PL

S+yV2ePL

3

PLS,PL4,SEC23

43

NEXT432450¢ XL

S5eV114PL,

23
CAD24434,44 1 FNSLIP259549843010+0.2342
34

L4

FNSLIP23

Ls2+XF
13+8.3010,XL
1490623429 XL
L5¢VSPUL, XL
1690 XL
BTRANFU LXF o LSXLy LEXL
L7¢ 9 XL10G9 XL
CUPUL+ 4 XLL1Oy XL
DAPOL XLL1 Ty XL
1

54

AGE2T¢324429yFNSLIP2L952164760240.2193
32

42

FNBLIP2L

32

42

52

L12+XF

139676029 XL
1450021934 XL
15,VSPUOL,y XL

LosUy XL

#TRANFULXF LSXL,LoXL
LT+ XL1lby XL
CUPUL® ¢ XL16y XL
DAPGL s XL17+ XL

17404XL

1

52

227



L

»*
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VIRUS SPRAY TQO THIRD INSTAR
EXEEERRREBREREEREE LR S RRXIRER RN EER IR AR SERE N

NOMA  MACRO VIM3145+506¢5XL,6xL TOMG*'* FOR III
VIM31l SAVEVALUE 1,5:XF

SAVEVALUE 5,0.XL

SAVEVALUE 6,0+ XL

HELPB BVIMORT o LXFy4XLo5XL)6XL
SAVEVALUE LepleXF
HELPS BVIMGRT 4 LXFy4XL o 5XL s 6XL

CHOO MACRO V15¢SPA32,INS3,999,5PA33,SPA34

TEST LE V15:0,5Pa32
SAVEVALUE 1lslsXH
TRANSFER vINS3
SPA32 TEST GE V15¢999,5PA33
’ SAVEVALUE 1:999¢XH
TRANSFER 1SPA3S
SPA33 SAVEVALUE L,V15¢XH
SPA34 SAVEVALUE 2,XHL+XH
TRAN MAGRG AGE324INS3
TRANSFER «XH299AGE32
TRANSFER v INS3

AGE~SPECIFIC HMORTALITY AT SECUNDAR9 STAGE AT THE THIRD INSTAR

NGMA  MACRO AGE32921,748s7XL,8XL SECONDARY STAGE-SPECIFIC MORT*®
AGE32 SAVEVALUE L 21 ¢XF

SAVEVALUE T,0.XL

SAVEVALUE 3,0¢XL

HELPSB MVIMORT g LXF o 4XL o TXL,8XL
AVEVALUE L+, l¢XF
HELPH SVIMORT p LXF XLy 7XL,8XL

CHOG MACRO V18,VIM32 4AGE36,999,VIMI3VIv34

TEST LE v18+0,ViIM32
SAVEVALUE 1l +XH
TRANSFER vAGE36

viM32 TEST GE V181+999,VIM33 )
SAVEVALUE 1 ¢999¢XH .
TRANSFER 1VIM3S

VIM33 SAVEVALUE 1,Vi8yXH

VIM34 SAVEVALUE 2¢AHLlyXH

TRAN MACRC Tiv23,AGE3e
TRANSFER «XH2y s TIV23
TRANSFER 1AGE36

VOEV HACRU TIV23,23¢5MC23,4351345023483¢5.17,71C23,32.50
TIv23 ENTER 23

ASSIGN 49J+P8B
DEV MACRC SMC2394391345928433,5.0L7,T10L23,32.50
SMC23 ENTER 43

ASSIGN 1413e50PL

ASSIGN 24¢28.83,PL

AS3IGN 395179 PL

ASSIGN 4yV34PL
TIC23 AS3IGH S+,V2,PL

ADVANCE 1

TEST GE PLoPL4,TIC23
LEAVE 43



*

VDED
CAaD32

NGMA
AGE36

CHOO

VIM35

vimM3e
VIM3T7
TRAN

VDEV
Tivl3

DEV
SMC13

TIC13

SAVEVALUE
ASSIGN
LEAVE
MACRU
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVE VALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
ADVANCE
LEAVE
TERMINATE

MORTALITY

MACRO
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPY
MACRO
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRU
TRANSFER
TRANSFER
H4ACRU
ENTER
ASSIGN
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE

NEXT5325C, XL

S59Vil.PL

23
CAD32¢34144FNSLIP32e54984301090.2342
34

ot

FNsLIP32

L1299 XF
1348430109 XL
14902342 o XL
L5+VSPOL, XL
169204 XL
BTRANFQ ¢ LXF, 15XL g LOXL
L7+eXL16o XL
CUPGL*, XL16y XL
DAPOL,XL17¢XL
17,0eXL

1

54

PROPORTICN AT TERTIARY STAGE OF THE THIRKU INSTAR

AGE36+239991CeSXL,10XL MURT®® PRUPUR®'* AT TER®!

1923 ¢XF

YeOeXL

10¢04XL
BVIMURT gL XFoaXL99XL o LOXL
L+y 1o XF
UVIMORT o L XFo4XL29XL s LOXL
V19,VIM35,A0E37+999,VIM36,VIM3I7
V19,0,VIM35

Lol oeXH

+AGE37

V19,999,VIM36

19999y XH

»VIM3T

LeV09¢XH

29XHl o XH

TIV13,AGE37

e XH2,3oTIV13

yAGE37
TIV13,13,SMCL13443,13¢5128483,5.179T1CL3+32.50
13

4404PB
SMC13543913e5¢28.83¢54179yT1C13,432.50
43

1el3.59PL

212983 ,PL

3¢5617,PL

49V3,PL

S+,V2,PL

1

PLS 4PL4,TICL3

229

$TA



VOEV
TIv24

DEYVY
SMD24

TI1D24

vVDED
CAD33

VDED
AGE37

LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRO
ENTER
ASSIGN
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRO
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALVJE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPS
SAVEVALUE
SAVE vALUE
SAVEVALUE
SAVEVALUE
ADVANCE
LEAVE
TERMINATE
MACRO
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPS
SAVE VALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE

43

NEXTe32e509 XL
5.,V1L,PL

13
TIV24924;)SMD2444491306932450+7201¢T10264434.49
24

490,P8

SMD24 ¢ %41 13460324509 74019T1 D249 34,49
o4

lol3e64PL

2132.50,PL

3,7.01ePL

4eV3IyPL

SeyV2,PL

1

PLS PL&,T1D24

bb

NEXT934.49+ XL
SeV11,PL

24
CAD33+35045.FNSLIP33,55,84.7068,0.2338
35

45

FNSLIP33

35

&5

55

142,XF

13,80 70684 XL
1490623384 XL

15, VSPOL, XL

16900 XL
BTRANFO 1 XF,15XL,16XL
17+,XL106s XL
CUPUL+ o XL16y XL
DAPOL + XL1 7+ XL

17900 XL

1

55

AGE37¢33,43¢FNSLIP31453,7.25064+0.3243
33

43

FNSLIP31

33

43

S$3

192,XF

1347.25649 XL
149063243 9XL

15, VSPOL s XL

16900 XL
#TRANFQ L XF)15XLo16XL
LT+ XL16p XL
CUPUL *9 XL16v XL

DAPOL #XL17¢XL

17:0eXL

= 230 -



LK 3K I

NOMA
vimal

CHOB

SPA42

SPA43
SPALL
TR AN

i
' NOMA
AGE42

CHOO

viMe2

ViMe3
ViM&s
TRAN

vDEV
FQOV24

DEV
SAD24

- 231 -

ADVANCE 1

LEAVE 53
TERMINATE
VIRUS SPRAY TO FOURTH INSTAR
t 3 (2 343 1} P Y
MACRO VIMGLy79506¢5XLe6XL TOMO®® FOR 1V

SAVEVALUE 1le7¢XF
SAVEVALUE 590+XL
SAVEVALUE 6+0eXL

HELPB #SVIMORT 41 XF o 4XLy5XL ,6 XL
SAVEVALUE L+ 1XF

HELPB BVIMORT gL XFo&XL oSXL o6 XL

MACRO V159SPA&2)INS4 4999, SPA43,SPALS

TEST LE V15+095PA42
SAVEVALUE leleXH
TRANSFER » INS4

TEST GE V15999,SPA43
SAVEVALUE 1+99S, XH
TRANSFER »SP A4S
SAVEVALUE 1,yV15,XH
SAVEVALUE 2,XH1,XH
MACRC AGE42y INS4
TRANSFER «XH2 99 AGE 42
TRANSFER » INS4

AGE~SPECIFIC MORTALITY AT SECUNDARY STAGE AT THE FOURAH INSTAR

MACRO AGE42,25¢798¢7XLsBXL SECONDARY STAGE-SPECIFIC MORT'*
SAVEVALUE 125¢XF .

SAVEVALUE T+0eXL

SAVEVALUE B8,0eXL

HELPY SV IMORT y LXF o XLy TXL,8XL
SAVEVALUE 14,1 .XF

HELPS SVIMORT 1 XFy4XL o TXL 9 8XL

MACRO VI89eVIMG21AGELE,999,V [M&e3, VIMbs

TEST LE V18+0,VIMe2
SAVEVALUE LleloXH
TRANSFER +AGEGS

TEST GE V18+1999,VIiMae3
SAVEVALUE 1¢999¢XH
TRANSFER ' VIMeL
SAVEVALUE 1,V18,XH
SAVEVALUE 2¢XHLyXH
MACRO FOV24,AGE4G
TRANSFER «XH24¢ o FOV24
FTRANSFER yAGE®6

MACRG FOV299249 SAD24 9449136132500 7.01 ¢FOD24+34449
ENTER 24

ASSIGN 490,PB

MACRG SAD24 4491306132450, T.01,FUD24934.49

ENTER 44

ASSIGN 1y13e69PL

ASSIGN 29324504PL.

ASSIGN 3,s7.01,,PL

ASSIGN 49V3ePL



FOD24

VDED
CAD42

NOMA
AGE46

CHOD

VIM&S

VIM&46
VIMe?
TRAN

VDEV
FOVie

DEV
SADl4

ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRO
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
ADVANCE
LEAVE
TERMINATE

MORTALITY

MACRU
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
MACRC
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRO
TRANSFER
TRANSFER
MACRO
ENTER
ASSIGN
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGh

- 232 -

S5+¢V2PL

1

PL5 yPL4,FCD24
“4
NEXT y34 449, XL
SeVLllePL

24
CAD42935445,FNSLIP42¢55,8470638¢0.2338
35 .
45

FNSLIP42

as

45

55

192 o XF

1398 70689 XL
14¢06,23384XL
15.VSPOL XL
16900 XL
#TRANFU91XFe15XL, L6XL
LT+9XL16g XL
CUPOL +#y XL16, XL
DAPOL s XL1 7+ XL
17+0eXL

1

55

PROPORTION AT TERTIARY STAGE OF THE FOURTH INSTAR

AGE46+¢27:9¢10,9XL,10XL MORT®** PROPOR'* AT TER®* STA
le27¢XF

9ede XL

10¢0eXL

BVIMURT ¢ LXFy4XL 9 XLy LOXL

Loyl o XF

SVIMCRT L XF,4XL 9 9XL ¢ LOXL

V19 ¢ VIMGS5 ¢AGE4 79999,V IM&6 s VIMGT
V19,0, VIMaS5

leleXH

1AGE&4T

V19+999,VIiMes

19999y XH

'VIMGT

L9V19eXH

29 XH1 9 XH

FOV149AGE47

«XH2y o FQV14

1AGEGT
FOV1491l4ySADL494491306032.500Te01¢FiiNl4e34049
14

4900P8

SADLé4 b4y L3e6932.5097.0L,F0D149 34,49
4%

Lel3ebyPL

2132.50,PL

397.01,4PL



FODl4

VOEV
FOV25

DEV
SAE25

FQE2S

VDED
CAQ43

VDED
AGE47

ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRO
ENTER
ASSIGN
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRC
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
AUDVANCE
LEAVE
TERMINATE
MACRO
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVE VALUE
SAVEVALUE
HELPB

44V34PL
S+yV2ePL
1
PL5yPL4FCDl4
44

NEXT 13449+ XL
SyVllePL
14
FOV25+2595AE25945¢13030394398.35,F0E25+43.91
25

440,P8
SAE25945¢13.313444998.35¢FUE25+43.91

45

1el13.34PL

293%e4%49,PL

348.35,PL

GyV34PL

S5+,V29PL

1

PLS,PL4,FCE25

45

NEXT 943691 ¢ XL

SeV1lsPL

25

CAD%3 936,46 FNSLIP43,56+9.1903+0.2967

36

46

FNSLIP43

36

46

56

L+29XF

134961903 9 XL

149029670 XL

15,VSPUL W XL

16+ 09 XL

KTRANFO ¢ LXF,)L5XLy 16XL

LTe,XL16y XL

CUPUL +s XL 164 XL

DAPOLyXL1T7 XL

17,0 XL

i

56

AGE4T 93444, FNSLIP4L 954 +84301000¢2342
34

%4

FNSLIP4L

34

vy

54

L +2 o XF

134863010440
l490e2342 XL
15,vSPUL, XL

1690 XL
$TRANFO o LXFy LSXL, LOXL
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LI B R

NOMA
vimsi

CHOO

SPAS2

SPas3
5PA54
TR AN

L]

NOMA
AGES2

cHO0

vimMs2

VIMS3
vIMS4
TRAN

VDEV
FIvas

DEV
OHEZ25

SAVEVALUVE
SAVEVALUVE
SAVEVALJVE
SAVEVALUVE
ADVANCE
LEAVE
TERMINATE

-?234 -

L7+9XL160 XL
CUPOL+ o XL1G o XL
DAPQOL» XL1 7, XL
17+00XL

1

54

VIRUS SPRAY TO FIFTH INSTAR

MACRG
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPS
SAVEVALVE
HELPB
MACRG
TEST LE
SAVEVALUE
TRANSFEPR
TEST uE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRO
TRANSFER
TRANSFER

L SESPREERREBRF SRS

VIMS5199+5+695XLs6XL TUMO'®* FOR V
le9¢XF

SeQe XL

6909XL

SVIMORT o L XF 5 4XL ¢ SXL»6XL
LeyloXF
SVIMORT 1 XF o 4XL s SAL s XL
V15,SPA52,1NS5+999,5PA53,5PASS
V1540,5PAS2

LelexH

+ INSS

V15,999,5PA53

1+999y XN

1SPASSG

LoV1SeXH

29 XHLl 9 XH \

AGES2y INSS

«XH299AGES2

s INSS

AGE-SPECIFIC MURTALITY AT SECLNDARY STAGE AT THE FIFTH INSTAR

MACRO
SAVEVALUE
SAVE VALUE
SAVE VALUE
HELPSB
SAVE VALUE
HELP 3
MACRO
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRU
TRANSFER
TRANSFER
MACRQ
ENTER
ASSIGN
MACRG
ENTER

AGES2 0299 7+8+7XLe8XL SECONDARY STAGE-SPECIFIC MORT*!
11290 XF

7199 XL

8909 XL

AVIMURT g LXFyaXL o TXL,8XL

1+l sXF

SVIMORT ¢ LXF o 4XL o TXL o 8XL

VI8, VIM52,AGE56+999+VIM5 3, vINS4
V18,0,VINS2

leloXH

s AGESS

V18,999,vINS3

11999, XH

o VIMSe

14V18¢XH

29 XHL o XH

FIV254AGESS

«XH29 o FIV25

1AGESS
FIV25+25+0HE25145¢034303444913.399F1EL5043.91
25

490.P8

OHE2S 1459 13¢3034.49,8.35,F1E25+43491
45



* % %
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ASSIGN lel3e34PL
ASSIGN 2934.49,PL
ASSIGN 3+8.35,PL
ASSIGN 4eV34PL
F1E25 ASSIGN S5¢9v2,PL

ADVANCE 1
TEST GE PLS,PL&4,FIE25

LEAVE &5
SAVEVALUE NEXT43.919XL
ASSIGN 59V¥11,PL
LEAVE 25
VDED MACRO CADS52¢361469FNSLIPS52,56,9.1903,0.2967
CACS2 ENTER 36
ENTER 46
ADVANCE FNSLIPS2
LEAVE 36
LEAVE &6
ENTER 56

SAVEVALUE 1+2,XF
SAVEVALUE 13¢9.1903.XL
SAVEVALUE 1490429679 XL
SAVEVALUE 15.VSPUL,y XL
SAVEVALUE 164+0sXL

HELPB NTRANFU,1XFy15XLe 16XL
SAVEVALUE 17+#:XL16sXL
SAVEVALUE CUPUL+.XL169¢XL
SAVEVALUE DAPOLXL1T7,XL
SAVEVALUE 17,04XL
ADVANCE 1l

LEAVE 56
TERMINATE
MORTALITY PROPORTION AY TERTIARY STAGE GF THE FIFTH INSTAR
NCMA MACRO AGES693195+10+5XL,10XL MORT®*" PRGPUOR®® AT TER'*' STA

AGES56 SAVEVALUE Ls31+XF
SAVEVALUE 9,0.XL
SAVEVALUE 10e0sXL

HELPS UVIMORT o 1 XFp4XL 9 XLy 10XL
SAVEVALUE LleyleXF
HELPS MVIMORT g LXFy&XLs9XL o 1 IXL

CHOG  MACRO V019, VIM55 sAGEST 19994V IM56,VINM5T7

TEST LE V19,0, VIM55
SAVEVALUE LleloXH
TRANSFER +AGES7
VIM55 TEST GE V19+999,VIMS56
SAVEVALUE 1,999,XH
TRANSFER ' VIM57
VIMS6 SAVEVALUE 1,V19sXH
VIMST SAVEVALUE 2:XHleXH
TRAN MACRO FIVL54AGEST
TRANSFER «XH299FIV15
TRANSFER »AGES?7

VDEV MACRU FIV15,15,CHEL15945513.3934.49,8.35¢F1EL15+43.91
FIV15 ENTER 15
ASSIGN 4904PB

DEV MACRO UHE15¢45913¢313404998¢35¢FIEL5+43.91



OHELS

FIEL15

VDEV
FIv2es

DEV
OHF26

FIF26

VDED
CAD53

VDED
AGEST

ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACKO
ENTER
ASSIGN
MACRO
ENTER
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ASSIGN
ADVANCE
TEST GE
LEAVE
SAVEVALUE
ASSIGN
LEAVE
MACRU
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPSB
SAVEVALUE
SAVEVALUE
SAVEVYALUE
SAVEVALUE
ADVANCE
LEAVE
TERMINATE
MACRG
ENTER
ENTER
ADVANCE
LEAVE
LEAVE
ENTER
SAVEVALUE
SAVE VALUE

45

Lel3e3,4PL
2134449,PL
3,8.35,PL
4y,V3.PL
S5+,V2¢PL

1

PLS yPL4,FIELS
45
NEXTs43e919XL
Sev1lePL

15
FIV269269CHF26946,1447938411,8493¢F[F26450.31
26

440,P8
OHF26446¢14.7:138.1148493,FI1F26450.81
&6

1el4aT4PL
2138411420
3,8.98¢PL
Q'V3OPL
S5+yV2,PL

1
PL5,PL4FIF26
LYY
NEXT+50481 XL
Sevil,PL

26
CADS53¢37,47FNSLIP53,57,9.6252,0.1878
37

47

FNSLIPS3

37

47

57

192 4 XF
139966252 ¢XL
1490418784XL
15, vSPOL XL
169009 XL
BTRANFO,LXF, 15XL,y 16XL
L7+, XL16s XL
CUPOL+y XL 26y XL
DAPOL ¢ XL1 74 XL
17+00XL

l

57

AGES57 035045, FNSLIPS1,55+8.7068,J.2333
35

45

FENSLIPS]

35

45

55

Le2,XF

13986 70684¢4L
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NCNA
vIiMel

CHOO

SPA62

SPA63
SPAb4
TR AN

L R X

NOMA
AGES2

CHOO

VIM62

VIiNG3
VIMb6e
TRAN

VODEV

SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPSB
SAVEVALUE
SAVE VALUE
SAVEVALUE
SAVEVALUE
ADVANCE
LEAVE
TERMINATE

144062338,XL

15, vSPOL, XL

16900 XL

#TRANFO, 1XFy15XLylOXL
LT+ XL1lbw XL
CUPOL* 9 XL16, XL
DAPOL o XL1 79 XL

17400XL

1

55

VIRUS SPRAY TO SIXTH INSTAR

MACRG
SAVEVALUE
SAVEVALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
MACRO
TEST LE
SAVEVALUE
TRANSFER
TEST GE
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
4ACRO
TRANSFER
TRANSFER

R EEE 5 *

VIM6ls1lLle5+695XL,6XL TOMO®* FOR VI
LelloXF

S¢0,XL

690e XL

#VIMORT o LXF g 4XL ¢ SXLyOXL
L4y Lo XF
BVIMURT o LXF o 4XLoSXLoOXL
V15,SPA62, INS61999,5PAG3,SPALS
V15,0,5PA62

LelyXH

v INSE

V15,999,SPA63

1,999 XH

+SPAGS

1eV1SeXH

29 XHly XH

AGE62 s INSSE

e XH29 yAGE 62

v INS6

AGE-SPECIFIC MUKTALITY AT SECONDARY STAGE AT THE SIXTH INSTAR

MACRO
SAVEVALJE
SAVE VALUE
SAVEVALUE
HELPB
SAVEVALUE
HELPB
MACRG
TEST LE
SAVEVALUE
TRANSFER
TEST &E
SAVEVALUE
TRANSFER
SAVEVALUE
SAVEVALUE
MACRO
TRANSFER
TRANSFER
MACRG
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AGE62¢33+748,7XL¢8XL SECONDARY STAGE-SPECIFIC MORT®®

Le33¢XF

To0sXL

B¢ 0y XL

BVIMCRT g LXF 94 XL TXL o BXL

leyleXF

#VIMORT o LXF o 4XLy TXL »8XL

V18 ,VIM62 +yAGED L9999,V IM63 VIHEL
V18,0sVINME2

LeleXH

+AGESL

V18,999,VIMe3

19999+ XH

' VIMGS

1oV18exH

2 9 XHL 9 XH

SIV26+AGES]

«XH22951V26

yAGESL
SIV269026eYUF26¢%611%e7938e11+8.98951F26,50.81
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SIv26 ENTER 26
ASSIGN 4904P8
DEV MACRO YUF26146914e7938e119B8.98,51F26+50.81
YUF26 ENTER 46
ASSIGN leldeTePL
ASSIGN 2+38.114PL
ASSIGN 3,8.98yPL
ASSIGN 4eV34PL
SIF26 ASSIGN S+,v2,PL
ADVANCE 1
TEST GE PL5,PL4ySIF26
LEAVE 46
SAVEVALUE NEXT,50.81.XL
ASSIGN 5.V11,PL
LEAVE 26
VDED MACRC CAD62+37¢47+FNSLIP62,57+9.6252,0.1878
CAD62 ENTER a7
ENTER 47
ADVYANCE ENSLIP62
LEAVE 37
LEAVE 4“7
ENTER 57

SAVEVALUE 192+XF

SAVEVALUE 13,9.6252 XL
SAVEVALUE 149041878+ XL
SAVEVALUE 15,VSPOL XL

SAVEVALUE 16,0,XL

HELPB STRANFO ¢ L XFy L15XL o LOXL
SAVEVALUE 1T7+,XL16+XL

SAVEVALUE CUPCL+s XL16y XL
SAVEVALUE OQAPGLXLLT7eXL
SAVEVALUE 17,0eXL

AUVANCE 1

LEAVE 57

TERMINATE
VDED MACRO AGE6Ly36146,FNSLIP6L156¢9.1903,0.2967
AGE61 ENTER 36

ENTER 46

ADVANCE ENSLIPOL

LEAVE 36

LEAVE 46

ENTER 56

SAVEVALUE 1+2+XF

SAVEVALUE 134901903 +XL
SAVEVALUE 14502967+ XL
SAVEVALUE 15,VvS$POL.XL

SAVEVALUE 16,04 XL

HELPB BTRANFGO oL XFy L5XLy 16XL
SAVEVALUE 17+,XL16¢XL

SAVEVALUE CUPOL+¢XL16s XL
SAVEVALUE DAPLLXL1TeXL
SAVEVALUE 17,0.XL

ADVANCE 1
LEAVE 56
TERMINATE

SACEEERREEF SRR EERVERBR QR KR shR KR XL REBEEEEREEEE
®



* 4 % B un

CONTROL CARDS
SR BEEEBE SRR ER L 1] SRERE L EREECEEREES ES
TIME CONTROL
GENERATE 1 TIMER ARRIVES EVERYDAY
SAVEVALUE DAY ,V1,XH DAYS COUTING FROM [NTRU OF FEMALE
SAVEVALUE DADAM,VSFCCD,XL DAILY FOOD DAMAGE BY THE LARVAE
SAVEVALUE CUDA+,XLSDADAMyXL CUMULATIVE DALLY FOOD DAMAGE
TERMINATE 1 TIMER COUNTING
START 35941
OUTPUT CONTROL
REPOKT
TEXT WXHSDAY »2/XX¥ DAY(S) AFTER INITAL INTRODUCTION
sT0 TITLE »AGE COMPOSITION (NOe OF INDIVIDUALS)
LSv TITLE »FOOD CONSUMTICN AND VIRUS PRODUCTION

END
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RELEASE 2.0 MA IN DATE = 32107 14756739

Cesee SUBROUTINE VIMORT DETERMINES THE TOTAL AND STAGE-SPECIFIC

c

MORTALITIES AND THEIR STANDARD OEVIATION.

Ceees MURTALITIES WERE OETERMINED 8Y LOGISTIC €QUATIGNS.
Coaee PARAMETER K IN LOUGISTIC EQUATIUN wAS UJUETERMINED ©cMPIRICALLY

c
c
c
c

BY GRAPHIC METHOD WHILE PARAMETERS A AND 8 wERE UDETERMINED BY
L INEAR TRANSFORMATION UF LUGLSTIC EQUATIONG

SUBROUTINE VIMORTUIXLl9FX2:FX3¢FX&)

GO TO (21931022+32¢23133¢24134925035+¢26036+
111102119116921601221222,1269220913252324136423691429242:11%69260
115202529 15642564162:262),1X1

21 FX381,0/11.0¢ EXP(104220100~1.824072%€x2))
RETURN
31 Fx4sFXIsABSIFX3=10)*SQRT(0.38531838(Ll,006607+(FX2=5,776724)%22
1730.914063)1}
RE TURN
22 FX381l,0/(1.0¢ EXP(1l0.184272=1.7645512FX2))
RETURN
32 FXGuFXI®AUS{FX3=L0I®SQRT(L.483634%(1.067619+(FX2=5.T746116)%%;
1/53.203998))
RETURN
23 FX3Im1,0/(140¢ EXPLL0LLIF34Lb~1,0393338FX2))
RETURN
33 FXGsFX3ISABS(FXI=1e0)®SART (7398338 L0761V {FX2=6.%69012)%%2
1/32.1397157))
RETURN
26 FX3m1,0/1140¢ EXP{7.593563=1.146190%FX2))
RETURN
34 FXG8FXIBABS(FXI=le0)*SURT (05105042 1.047619¢(FX2=602264333)%%2
L/4649.951374))
RETURN
25 FX33Lls0/11.0* EXP(i3.621614=1.805412%FX2))
RETURN
35 FX6sFXIBABS(FX3I=1ad)*SGRT (047120688 (1e071429¢(FX2=T72099921)882
1/27.064171))
RETURN
25 FX3m1,0/(1.0¢ EXP127.901957=3.151054%¢X2))
RETURN
36 FX4aFX3I®ABS{FX3=1e0)35QRT{J.906383#(1,033333+(FX2=34660993)%%2
1/9.846137))
RETURN
L1l FX331,000/{le0¢ EXP(134318398-2,095526»FX2)}
RETURN
21] FX4mFX3®ABSI{FX3=1.000171,000%SQRT(J. 495442%(1,071429
L+{FX2=5.55149T)#%2/20.264052))
RE TURN
1160 FX380,694/(1.0¢ EXP{=11.139353+2,2839498F x2))
RETURN
216 FX4aFX3#ABS(FX3=0,094)/0,094%SQRT(2.533197¢(1.071429
L*(FX2-5.960071)%%2/22,2279961))
RETURN
122 FX380.869/{1e0¢ EXP(9,545506-L.0155012F X2})
RETURN
222 FX4uFxI®ABSIFXI=~0e509) /0,006985QRT(1.J32056%(1.047617
LetFX2=5.T746172)%82/53,146767))
RETURN
126 FX330,592/(1.0¢ EXP{«=8.318631¢1,498302%FXx2})
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RELEASE 2.0 VIMORT DATE = 32107 14758739

RETURN

226 FX4aFX3%ABS(FX3-0e591)/0.591%5GRT(1.629182%(1,052632
1+{FX2=6,041342)%%2/35.765037))
RETURN

132 FX320.712/11.0+ EXP{7.449209-1.170588%FXx2))
RETURN

232 FX&4sFX3®ABS(FX3=0.T12)/0,712%5QRT(0.783259%(1.045455
14({Fx2=6,353580) #%2/33.296083))
RETURN

136 FX320e600/(1e0¢ EXP(=13.650186+2.339852*FX2))
RETURN

236 FXGsFX3%ABS{FX3=0e660)/0.666%SQRT{2,073403%(1.047619
1+(FX2=6,516632)%%2/26,012885) )
RETURN

142 FX380.743/11e0¢ EXP(9.460840-1.391128%FX2))
RETURN

242 FX4sFX3%ABS{FX3=0.743)/0.743%SRT(Ge799291%(1.067619
1¢(FX2=6.224839)%%2/49.951822))
RETURN

146 FX3%0.730/(1e0+ EXP(=4.578404¢0.743601%FX2))
RETURN

246 FX4sFX3%ABSIFX3=0.730)1/0.730%50URT10.363180%(1,050000
L+{FX2=6.390898)%%2/38,369445))
RETURN

152 FX3m0.894/(1.0¢ EXP(16.340271-2.030765%FX2})
RETURN

252 FX4GuFX3I®ABS{FX3~=0s894)/0.894#SQRT{0.880673%(1.071429
L*{FX2=7.699922)%%2/27.064162))
RETURN

156 FX321.000/(1.04 EXP(=7.798048+1.258737*FX2)) &
RETURN

256 FX6sFX3%ABS{FX3=1,000)/1.000¢5QRT{0,063255%(1.083333
1+{FX2=Be104626)%%2/4.9242052))
RETURN

162 FX321.000/11.0+¢ EXP(27.177353-3,058001%FX2})
RETUPRN

262 FX4aFX3%ADS(FX3=1.000)/1.000%SQRT(0.063255%(1.,033333
L+{FX2=8.606998)%%2/9.8401092)}) :
RETURN
END

RELEASE 2.0 MA IN DATE = 382107 14/58/28
Ceeees SUBROUTINE TRANFU CALCJULATES NC. F EGG PRUDUCTION (600
[+ COMMON LOGe<) AND NU. OF PULYREDRA PRUNDUCEN (599},
SUBRCUTINE TRANFO (IX1FX2+F23)
GO TL (600¢599),1X1
000 FX3mEXP(6.6962=043525%FX2}
RETURN
599 FX3=(10®==%FXx2)/1000000000
RET'RN
END
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