Journal of Environmental Entomology September 2011 33 (3): 283 -301 ISSN 1674-0858

doi: 10.3969 /. issn. 1674 —0858.2011. 03. 001

A simulation model for vegetable — insect pest — insect nucleopolyhedro—

virus epidemic system
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Abstract: A generalized model for the epidemiology of baculoviruses in an insect population was imple—
mented in the multi — platform computer language Java. The model consists of a basic insect life table
model supplemented with all relevant infection pathways for the baculovirus and a simple crop growth
and damage model. The simulation model is developed to provide a research tool and a teaching model for
the epidemiology of pest insect diseases. The model simulates insect population dynamics active baculo—
virus dynamics as well as crop injury. The model can be parameterized for various crops pest insects
and accommodates variable temperatures. It can be used to study the likely behavior of genetically modi-
fied baculovirus in agro — ecosystems.
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cific insect pathogens that are infectious to major pest

1 Introduction insect species including the armyworms Spodoptera
extgua and Spodoptera litura. Armyworms often have a
Nucleopolyhedroviruses ( NPVs) are highly spe— vast host range including major high value cash crops
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in large portions of the world such as cotton field

vegetables and ornamentals and all are difficult to
control due to the development of insecticide resist—
ance. Therefore the development of nucleopolyhedro—
viruses as biocontrol agents for these insect pests is ur—
gent.

The practical implementation of nucleopolyhedro—
viruses is hampered by the long incubation time of
NPV —induced disease. Insects continue feeding for 5
—7 days after infection. A large worldwide genetic en—
gineering effort has been going on in the last decade to
develop nucleopolyhedroviruses with improved speed of
kill ( Bianchi et al. 2001 2002) . Many such viru—
ses have been successfully constructed by the deletion
of the egt gene which codes for an enzyme that pro—
tracts the survival and feeding of infected insects and
hence increases virus yield as well as damage to the
crop. Improved viruses have been also constructed by
the insertion of a toxin gene.

The field evaluation of these improved insect viru—
ses is in its infancy due to regulatory constraints and
a modeling framework is desirable to assist in this eval—-
uation.

Computer simulation may be used to screen the
effectiveness of nucleopolyhedroviruses to set up field
experiments and reduce the number of field experi—
ments when model simulations are in line with field ex—
periments ( Bianchi et al. 2001) . Furthermore sim—
ulation models can be used to gain insight in the rela—
tive importance of viral characteristics for crop protec—
tion.

The purpose of this study is to build a simulation
model for the epidemiology of genetically improved nu—
cleopolyhedroviruses in field and glasshouse crops and
to assist in the evaluation of the efficacy persistence
and biosafety of these viruses in agroecosystems. Of
course such evaluation can not be made without ex—
perimentation but Modelling helps to focus the ques—
tions that should be asked in experimental research.
Some questions can be answered with Modelling . g.
on virus persistence in agro — ecosystems when main
aspects of virus behavior in insects and crops are

known.

A detailed simulation model for evaluating the ef-
ficacy of wild type and genetically modified nucleopoly—
hedroviruses against S. exigua in glasshouse chrysan—
themums was recently developed by Bianchi et al.
(2001 2002) . An earlier generalized simulation mod—
el developed by Zhang et al. (1997) was dedicated to
evaluate the epidemiology of polyhedroviruses. Build-
ing on the works accomplished by Bianchi et al. and
Zhang et al. we develop here a model that can be
more easily adapted to different crops and cropping
systems than the detailed and system — specific model
of Bianchi et al. Thus the model should fulfill the fol—
lowing criteria: (1) simple; (2) general, (3) trans—
parent; (4) predictive; and (5) easy to use.

The model is in principle applicable to various
pest insects. Some realism and specificity to the mod—
eled system is inevitably lost in the process of generali—
zation but the wider applicability of the generalized
model will hopefully more than compensate for these
drawbacks. The new model will be general enough to
be readily adaptable to new cropping systems yet real—
istic enough to produce credible outcomes. This will
enhance practical application.

The model is based on general principles gover—
ning the dynamics of insect populations crop growth

characteristics  temperature dynamics nucleopolyhe—
drovirus infection cycle and transmission routes etc.
The model can be used to simulate the dynamics of un—
infected and infected insect populations crop injury

active baculovirus dynamics etc. The model is appli—
cable to various crops pest insects and variable tem—
perature and the efficacy of genetically modified nu-
cleopolyhedroviruses may be evaluated by using this
model.

The major objective of this report is to present us—
ers with a detailed documentation in which model con—
cept model description parameterization  software
description and program codes are included. In the
chapters 2 and chapter 3 the model concept and de—
scription are described respectively. The parameter—
ization of the model is described in chapter 4. Chapter
5 describes the software features. Program codes are

included in appendices.
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The model is programmed in Java to enable in—

teractive running on the World Wide Web to allow
easy access to users worldwide and for use in teaching
programs and online researches and courses.

In insect — NPV systems the nucleopolyhedrovir—
us can infect and kill the host insect. The elementary
infectious units of nucleopolyhedroviruses are nucleo—
capsids which are embedded in a polyhedron ( Vlak
1993) . The larvae of insects ingest leaf material to—
gether with the active polyhedra on the leaf. The poly—
hedra dissolve into infectious nucleocapsids and the
latter propagate in the body. After an incubation time
which is defined as the time between the moments of
ingestion of polyhedra and death and which is affected
1978)

fection and the bodies disintegrate to release the infec—

by temperature ( Stairs the larvae die of in—
tious polyhedra. Polyhedra that are ingested by unin—
fected larva can cause new infections. The susceptibil—
ity to virus infection decreases in later instars. Polyhe—
dra are inactivated by the ultra violet light ( Bianchi ez
al. 2000 2001)
ble for inactivation of polyhedra by direct sunlight in
the field ( Ignoffo et al. 1997; Zhang et al. 1997) .

Three routes are available for the infection of lar—

which is the major factor responsi—

vae. The first is the direct ingestion of sprayed polyhe—
dra by uninfected larvae. The second horizontal trans—
mission is the ingestion of polyhedra produced by vi—
rus victims within the system by other larvae. The
third route vertical transmission is the direct transfer
of virus from adults to their eggs. Vertical transmission
results when later larval instars ingest polyhedra but do
not die off and carry viral infection sublethally into the
adult stage ( Smits and Vlak 1988b; Bianchi et al.
2001 2002) .

2 Model Concept

Continuous processes are simulated in the present
simulation model. The order of calculation in continu—
ous models is indicated in Fig. 1. In the initial part
starting values are assigned to the state variables. Aux—
output variables and

iliary variables rate variables

state variables are calculated in this order in the inte—

gration loop ( van Kraalingen 1995; Bianchi et al.
2001 2002) .

Spatial details of virus epidemics are highly de—
pendent on the specific crop and cropping system. In—
sect foraging behavior is specific to insect species. As
inclusion of specific spatial foraging behaviors would
reduce the generality of the simulation model all spa—

tial processes in the insect — NPV — crop dynamics

were treated as spatially homogeneous.

Initialization

Integration Driving variables

Terminal

time=time-+delt Rate calculations

Output

Fig. 1 Integration order of continuous models
(after Bianchi et al. 2001)

In an open environment immigration and emigra—
tion of adults must be considered ( Zhang et al.
1997) .

For the continuous processes described by differ—
ential equations the fourth order Runge — Kutta inte—
gration algorithm was used to obtain numerical solu—
tions.

The linear interpolation and linear extrapolation
were used in the production of unknown values from

known values for two temperatures.

3 Model Description

A relational diagram for the simulation model is
provided in Fig. 2. The processes for temperature time
course crop growth polyhedron inactivation virus
contamination by cadavers virus contamination due to
secretions by infected larvae infection by horizontal
transmission and polyhedron ingestion infection by
vertical transmission insect population dynamics and
crop injury were included in this model. Immigration
and emigration of adults were also incorporated in the

model.
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The population dynamics of insect are simulated
with a group of differential equations which are devel-
oped according to the principles of compartment model—
ing of Zhang et al. (1997) and Bianchi et al. (2001
2002) .

The main state variables in the model are the den—
sities of the healthy and infected stages of the insect
the densities of viral entities ( polyhedron inclusion
bodies; PIBs) on the leaves

crop.

and the leaf area of the

Ll - Lm

The number of larval in—

Densities of m healthy larval stages
are denoted as x;, -° «x,.
stars is flexible and can be input as a parameter ( m) .
The densities of pupae adults and eggs are denoted

The model

takes only female individuals into account. The sex ra—

as respectively « x and x,,, .

m+1 m+2

tio is thus applied to reduce egg laying from total eggs
to female eggs. Male adults are assumed to be suffi—
cient in number to fertilize all female adults.

The densities of the m +3 stages of infected indi—
viduals are written down as y, Ynes- Virus —kill-
ed individuals are indicated by the symbol z indexed
by stage. A portion of cadavers dying from infection is
lost from leaves by falling to the ground and does not
contribute to the horizontal transmission.

3.1 Temperature time course
Temperature over time is simulated with trigono—

metric functions ( Figure 3. 2)

(1993) :

improved from Zhang

T:(TO_TI) /ZXCOS(W(I +t_tmax) /(l_tmax
+tmin ) +(TO+T1) /2 Ostgtmin
T=(T,-T)) /2 xsin(7(t = (t, + t,) /2)/

(lmax _tmin) ) +( T, + Tl) /2 Lyin SUS Ly
T=(T,-T;) /2 xcos( (¢t
buin) ) + (T +T5) /2

where ¢ is time ( d) in a day

=) (1 =t +
t"l(ll' sts] ( ])
T is temperature

(°C) attimet t,, is the time ( d) with the highest

max

temperature during a day ¢,,, is the time ( d) with the

min

lowest temperature during a day T, is yesterday” s
highest temperature while T, and T are today” s high—
est temperature and lowest temperature respectively.

Finally 7, is tomorrow” s lowest temperature.

26.00

24.00 —

22.00 H

T(degree)

20.00 A

18.00 T T T T T ]
0.00 1.00 2.00 3.00
t (days)
Fig. 2 Trigonometric function to describe temperature

time course. In this figure T, =T, T, =T,.

3.2 Crop growth
In a situation without insect injury the growth of
leaf area is in logistic form ( Fig. 3) :
L
w1 (2)
where ¢ is cumulative effective day degrees L is
leaf area ( m” leaf per m” ground) at physiological time

t L is the maximum leaf area r is the relative

max

growth rate of leaf area r>0. The time of inflexion for

the equation « is measured from
a = Lln( Lm(m - LO)
r 0

where L, is the initial leaf area L, >0.

(3)

2.50 4

2.00 H

1.50 —

L(m’ Ieaf/m:)

1.00 —

050 T | | T | T | T |
0.00 200 4.00 6.00 8.00 10.00
t (cummulative effective day degrees)

Fig. 3 Logistic function to describe growth

of leaf area of crop
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3.3 Polyhedron inactivation

It is assumed that the background polyhedra
( sprayed polyhedra) are homogeneously distributed on
a crop plant. Polyhedra on the crop are inactivated by
UV radiation. Polyhedra have exponential inactivation
1997; Bianchi et

hence inactivation of sprayed

profiles over time ( Zhang et al.
al. 2000 2001)
polyhedra can be described by assuming a constant rel—
ative inactivation rate ( Fig. 4) :
V=Ve™ (4

where ¢ is time (d) V is the density per m’
ground of infective polyhedra on leaves ( PIBs per m’
ground) at time ¢ V, is the initial polyhedra on leav—

es and r is the relative inactivation rate of polyhedra.

100.00 —

80.00+

)
o
S
=3
S

|

40.00

V (PIBs/m’

20.00—

000 T | T I T I T I T I
0.00 2,00 4.00 6.00 800 10.00
t (days)
Fig. 4 Exponential function to describe

inactivation of polyhedra

3.4 Virus contamination by cadavers

The dynamics of virus — killed larvae can be de-
scribed as:

dz;/dt =b," xy, i=1 2 -+ m (5)

where z; is the cumulative number of dead virus —
killed larvae b,” is the dying rate of the ith instar in—
fected larvae due to infection ( 1/d) while y, is the
number of infected larva per m’ ground i = 1
2 e m

It is assumed that the virus — killed larvae are dis—
tributed homogeneously on a plant and that the larvae
that die off due to infection are either ( 1) instantane—
ously broken down on the leaf or (2) never break

down or (3) drop down from leaf. Bodies of infected

larvae that die by attrition ( background mortality) are
not considered infectious. Overlap of leaf area contam—
inated by different larvae within one time step is negli—
gible and therefore not accounted for. Except for the
situation of heavy rain etc. the virus droping down
from leaf is not considered to be effective for the infec—
tion because the complex mechanism exist in this as—
pect.

The dynamics of contaminated leaf area is ob-—
tained by summing up over all larval instars the rate of
production of new cadavers per m” multiplied with
factors accounting for loss of cadavers to the ground
and overlap between new and existing contaminated

leaf area and taking into account the leaf area con-
taminated by a single larva:
dP/di Z,i. dz/dix (1-F) xGx (1-P/L)
(6)
where dP/d¢ is the rate at which contaminated
leaf area ( P) increases L, is the present leaf area per
m’ ground P is the contaminated leaf area at time ¢
F. is the fraction loss of bodies of virus — killed larva
due to falling from leaves and bodies that didn”t break
down on leaves and G, is the leaf area ( m®) contami-
nated per dying larva of instar ¢ when it is naturally
broken down i=1 2 - m.
The rate of increase of the amount of polyhedra

released by cadavers on contaminated leaves is

m

dV/di = Y dz;/dex (1 -F,) xE, (7)

i=1

where E, is the polyhedron production of ith instar
per virus — killed larva ( PIBs per virus — killed lar—
vae) i=1 2 m. V is the cumulative number
of polyhedra on contaminated leaves by time .

Infected larvae that turn into cadavers spill poly—
hedra on the leaves and these polyhedra are assumed
to be inactivated in the same fashion as sprayed poly—
hedra ( Bianchi et al. 2000 2001) .

The present polyhedra density on contaminated
leaves ( S; PIBs per m’ contaminated leaf area)
is then

S= (dV+V) / (dP+P) (8)
3.5 Infection by horizontal transmission and pol-
yhedron ingestion

It is assumed that larvae forage and ingest polyhe-
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dra homogeneously on a plant.

The relative infection rate by background polyhed-
ron ( sprayed polyhedra) ingestion is then expressed as
d;"=C; xaxV/L, xP, i=1 2 = m

(9)

where C, is the leaf consumption rate ( m’/d) by

a single uninfected larvae « is the fraction polyhedra
intercepted by foliage when spraying V, is the total
and P, — the

infection chance per ingested polyhedron for the ith in—

sprayed dosage ( PIBs per m’ ground)

star uninfected larvae 1=1 2 -+ m.

Horizontal transmission is the infection of unin—
fected larvae by ingestion of polyhedra secreted by in—
fected larva and spilled by cadavers on leaves.

The relative infection rate by horizontal transmis—
sion can be calculated as

d"=C,xSxP,xP, i=1 2 m ( 10)

where P, is the probability of an uninfected larva
meeting a cadaver — contaminated area on a plant. S is
indicated in equation ( 8). It can be reasonably as—
sumed that larvae ingest horizontal transmitted polyhe—
dra on contaminated leaves of a plant with the proba—
bility that equals the fraction contaminated leaf area.

For this situation

P,= (dP+P) /L, (11)
The total per capita infection rate is thus
d,=min {d,"+d,” 1} i=1 2 - m
(12)

3.6 Infection by vertical transmission

Vertical transmission is the direct transfer of virus
from infected female adults to their eggs. The rate of
infection by vertical transmission i. e. new emerged
number of contaminated eggs per unit time is given by

hBi e 2y dt (13)

where h is the proportion of contaminated eggs deposi-—
ted per infected female adult B7 is the sex ratio ( fe-

males/adults) for infected adults e is the oviposi—

.
m+2

tion rate of infected adults ( eggs/d) v, ., is the living
number of infected adults per m® ground di is the
time interval.
3.7 Insect population dynamics

Following the structure indicated in the relational
1997; Fig.3.1)

diagram ( Zhang et al. the dynam—

ics of the insect pest can be simulated with a group of
1997) .

There are a total of 2 (m +3) differential equations;

coupled differential equations ( Zhang et al.

m +3 equations for healthy insect stages and m +3 e-
quations for infected insect stages.
The equations are given below
Healthy Lls:
dv,/dt =e, 32,5 = (b +e)) x —dx, (14)
The first term in the differential equation for
healthy L1s denotes egg hatch the second term attri—

tion plus development into L2 and the third term in—

fection.
Healthy 12s — Lms: dx,/dt =e,_,x,_, — (b, +e,)
%, —dx; 1=2 - m (15)

The meaning of terms in the equations for 1.2 —
Lm is analogous to those for L1.
wer/dt = e, x, — (b,,, +
Cnit) Xyt (16)

The meaning of terms in the equation for pupae is

Healthy pupae: dx

analogous to those for the larvae. The third term is lac—
king because pupae do not feed and therefore do not
contract infection.
Healthy adults: dx,,,/dt=e, (b, ., +
W) x,.,+R, (17)
The first term in the equation for healthy adults

m+1

indicate emergence of pupae. The second term in-

cludes attrition and emigration. The third term is im-

migration.
Heahhy eggS: dxm+3/dt :B16m+2xm+2 - (bm+3
+em+3) Xpis t Br” (1-h) € 2V ma2 (18)

The first term in the equation for eggs is the pro—
duction of female eggs. The second term includes attri—
tion and development into L1. The third term includes
the production of uninfected eggs by infected female a—
dults.

Infected Lls: dy,/dt=e”,,;y..; — (b7 +e7) ¥,
-b,"y, +d,x, (19)

The first term in the differential equation for in—
fected Lls indicates the hatching of infected eggs into
infected Lls. The second term includes attrition and
development into infected 12. The third term is the
death rate of infected L1s due to virus infection. The

final term is the recruitment of new infected Lls due

to horizontal or spray — induced infection.
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Infected 1.2s — Lms: dy,/dt =e”,_,y,_, — (b" +
e) yi—-b"y,+dx,.  i=2 - m (20)
The terms in the equation for infected 12 — Lm
are analogous those in the equation for infected L1.
Infected pupae: dy, ., /dt =e’,y, = (b7, +
€ i) Vit = 0wt Vi (21)
The equation for infected pupae is analogous to
those for larvae without the last term  which quanti-—
fies horizontal and spray —induced infection in larvae.
Infected adults: dy, ,,/di =€,  ¥n.r — (07,12
+ W) Yiir =0 Viir + R (22)
The equation for infected adults has four terms.
The first indicates emergence of the infected pupae.
The second term includes attrition and emigration of in—
fected adults. The third term is virus — induced death.
The fourth term is immigration.
dy, .s/dt = hB"1e" 5 ¥uia
(b'nis € 0is) Yuus (23)

The equation for infected eggs has two terms. The

Infected eggs:

first term indicates laying of infected eggs ( vertical
transmission) by infected females taking into account
the probability of passing the virus on to the egg ( h)
and the sex ratio (87) . The second term covers attri-
tion and development into L1.

The meaning of symbols in the above equations is
explained bellow:

* x, is the number of uninfected 1st — mth instar
larvae pupae adults and eggs per m” ground i=1
2 - m+3;

* y, is the living number of individuals for all in—
fected ( contaminated) larval instars and stages per m’
ground i=1 2 m+3;

* e, is the development ( emergence) rate ( 1/d)
of 1st — mth instar uninfected larva and pupae i=1
2 - om+l;

e, ., is the oviposition rate of uninfected fe—
males ( eggs/female/d) ;

* e,,; is the development ( hatching) rate
(1/d) of uncontaminated eggs;

* e’,is the development rate (1/d) or oviposi—
tion rate ( eggs/female/d) of infected instars or sta—
ges 1=1 2 m+3;

* b, is the attrition rate ( 1/d) of uninfected lar—

val instars or stages ( fraction attrition mortality X e,

1 /duration oviposition for uninfected adult) =1 2
m+3;

* b7, is the attrition rate ( 1/d) of infected larval
instars or stages ( fraction attrition mortality x e”, 1/
duration oviposition for infected adult) =1 2
m+3;

* b", is the dying rate ( 1/incubation time) of in—
fected larval instars or stages due to virus infection 1

=1 2

* h is the fraction of contaminated eggs deposited

m+2;

per infected female adult;

* R, is the immigration rate of uninfected adults
(adults/d per m” ground) ;

* R’ is immigration rate of infected adults ( a—
dults/d per m* ground) ;

* W, W is the emigration rate of uninfected
and infected adults respectively (1/d) ;

* B, B is sex ratio ( females/adults) for unin—
fected and infected adults respectively.

In all of the above equations the parameter val-
ues for per capita attrition rate ( b and b°) are calculat—
ed as the proportion attrition mortality in an instar as
multiplied by the develop—

measured in experiments

ment rate (e and e”) . For the adult stage one over
the duration of oviposition is used as development rate
in this calculation.
3.8 Crop injury

The consumption of leaf area per unit time ( dw/
di. m®leaf ) per m* ground is calculated as the sum of
foliage consumption of uninfected and infected larva

%Ziicix; +C’iyi (24)

The meanings in the equation were indicated in
the previous equations.

The cumulative leaf injury ( per m> ground) over
time up till time ¢ is:

m
Ly, :l_;”oﬂu( C;xx(7) +C xy, (7)) dr (25)

The meanings in the equation were indicated in
the previous equations.

Crop leaf area ( per m* ground) at time ¢ + df is
calculated as the leaf area without insect injury L

minus the cumulative leaf area loss L

L=L-L

loss*

(26)

loss
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At the end of each time interval the loss of effec—
tive polyhedra resulting from foliage loss in this time
interval is deducted from the total effective polyhedra
at that time.

At the start of each integration step the tempera—
ture infection population dynamics are calculated at
the end of integration leaf area and crop injury are

calculated.

4 Model Parameterization and
Inputs — Outputs

4.1 Inputs

1 Start time of simulation (h ¢,)

2 Simulation time ( ¢,,)

3 Time step of integration ( di preferably 0. 01
or 0. 05)

4 Total number of larval instars ( m)

5 Initial leaf area (L, m” leaf area/m’ ground)

6 Initial density per m® ground of polyhedra on
leaves ( PIBs/m” ground)

7 Initial density of all stages healthy and infec—
ted per m> ground: x,(0) x,(0) %, .5(0)
yi (0) x (0) Yuss (0)
4.2 Outputs

1 The density of all stages per m* ground during
simulation: x, (1) =x, (1) x,.5 (1) ¥ (1)
¥, (1) Yurs (1)

2 The density of newly virus —killed larvae dur—
ing simulation (z, z, - z,)

3 The total density of polyhedra on leaves at ev—
ery time interval
the leaf area

4 Theoretical leaf area (L 1i. e.

without insect injury) actual leaf area ( L,) and the

cumulative foliage consumption due to insect ingestion
(L,, m’) at every time interval

Information entered in input interface and output
into the output interface can be saved in a result file.
4.3 Model Parameters and Parameterization
4.3.1

The following sections are included in the parame—

Parameter File Description

ter file:
Seasonal Section

1 The time (h) of the highest temperature in a

day (¢,,) and the time of the lowest temper—
ature (¢, )

Crop Section

1 Base temperature of crop development ( B,)

2 Upper temperature limit for crop development

(B.)

u

3 Maximal leaf area per m* ground ( L m’

leaf/m” ground)
4 Relative growth rate of leaf area (r; 1/d)
Virus Section
1 Relative inactivation rate of polyhedra (r; 1/d)
2 Fraction of polyhedra that is deposited on the
crop spraying
3 Proportion of virus — killed larvae that do not
contribute to contamination of the crop surface with vi—

rus because the cadavers drop from the plant or are not

broken down ( F, F, - F,)

m

4 Infection chance per ingested polyhedron for
P,) as a function of

1997)
5 Polyhedron production per virus — killed lar—

uninfected larva ( P, P,

temperature ( Zhang et al.

vae (E, E, -+ E,) as a function of temperature
( Fuxa &Tanada 1987)

Insect Section

1 The development rates ( 1/d) of 1st —mth in—
star uninfected larva and pupae (e, e, e,.) as
a function of temperature the oviposition rate ( eggs/
d) of uninfected adult (e, ,,) as a function of temper—
ature and the development rate (1/d) of uncontami—
nated egg (e, ,;) as a function of temperature

2 The development rate ( 1/d) or oviposition
rate ( eggs/d) of infected ( contaminated) larval in—
stars or stages (e’, e, e’ .;) as a function
of temperature

3 The fraction attrition mortality ( or 1/duration
of oviposition for adults) of uninfected ( uncontaminat—
ed) stages ( for calculating b, b, b,.;) as a
function of temperature

4 The fraction attrition mortality ( or 1/duration
of oviposition for infected adult) of infected stages ( for
calculating b, b, b’,.;) as a function of tem—
perature

5 The dying rate ( 1/incubation time) of infec—

ted classes due to infection ( ", b”, b" . .,) as
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a function of temperature
6 The leaf consumption rate ( m*/d) of unin—
fected larvae ( C, C,

perature

C,) as a function of tem—

7 The leaf consumption rate (m’/d) of infected
larvae (C, €7, -+ C°,) as a function of tempera—
ture

8 Fraction infected eggs deposited per infected
female adult ( ) as a function of temperature

9 Emigration rate of uninfected and infected a—
dults respectively ( W, W<, 1/d) as function of tem—
perature

10 Sex ratio for uninfected and infected adults
respectively (8, B7) as a function of temperature

Temperature Section

For the first day yesterday’s highest temperature
(T,) . For every day ( three days in this sample pa—
rameter file) today” s highest temperature ( 7,) and
lowest temperature ( Tl) tomorrow” s lowest tempera—
ture ( 75) .

Immigration Section

For every day immigration rate of uninfected and
infected adults (R, R’, adults/d per m” ground) re—
spectively.

Spraying Section

Polyhedral spraying day and dosage sprayed
( PIBs/m” ground) .

4. 3.2 Model Parameterization

1 The time of minimum temperature in a day
0 24 )
maximum temperature emerges in a day ( h a value in

0 24 ): 5:30 and 15:00

These times will vary different seasons latitudes and

(h a value in interval and the time of

interval respectively.
altitudes. Users may need to consult astronomical re—
cords for their regions.

2 Base temperature of crop development ( C
for leaf growth) upper limit of temperature for crop
development ( C  for leaf growth) maximum leaf are—

a per square meter ground ( m’ leaf/m®) and relative

( logistic) growth rate of leaf area (1/ (d°C)): 5.0
40.0 7.01 and 0.008

the vegetable crops base temperature and upper limit

respectively. For many of

of temperature for development can be taken as 5. 0°C

and 40.0°C. Maximum LAI (7.01) are taken from

Bianchi et al. (2001 2002) .
leaf area ( 0.008) are derived from Bianchi et al.

Relative growth rate of

(2001 2002) .
Description Value Unit
Maximum LAI 7.01 m’ leaf/m’
Relative growth rate of leaf area 0. 008 1/ (d* C)
Base temperature of crop devel—
5.0 C

opment
Upper limit of temperature for

bp P 40.0 <

crop development

3 Relative inactivation rate of polyhedra ( 1/d)
and proportion of polyhedra not deposited on the plant
when spraying: 0. 15 and 0. 50 respectively. The rela—
tive inactivation rate of 0. 15 d ™' is synthesized from
Zhang et al. (1997) and Bianchi et al. (2001
2002) .

4 Proportion of cadavers that do not contribute

0.1 0.1 and

— 5" larval instar respectively for any tem—

to horizontal transmission: 0.1 0.1
0.1 for 1%
perature. This proportion may be affected when the vi-
rus is genetically modified by inclusion of genetic ma—
terial coding for the AiT toxin as infected larvae are
paralyzed and drop from the plant easily.

5 Infection chance per ingested polyhedron. In
the following three sets of parameters for three tem-—
perature treatments are listed which are interpolated

and estimated from the data of Bianchi et al. (2001
2002) and Zhang et al. (1997) .

Temperature 1 2 3" 4" 5"
20 0.029  0.0206 0.025 0.0026 0.000085
25 0.028 0.025 0.024  0.0024 0.000083
30 0.023 0.022 0.021  0.0020 0.000075

6  Polyhedron production per virus — killed larva
for every larval instar as a function of temperature
( PIBs per larva) .
tions for 1" —5" infected larva are drawn and estimated
from Bianchi et al. (2001 2002) and Pu ( 1995):
3800000 115000000 394000000 685000000 O.

7 The development rate of 1st — mth instar unin—

The following polyhedron produc—
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fected larva and pupae as a function of temperature
(1/d the reciprocal of the duration of the stage) the
oviposition rate of uninfected adult as a function of
temperature ( eggs/d) and the development rate of
uncontaminated egg as a function of temperature ( 1/
d) . The oviposition rate of uninfected adults are syn—

thesized from Zhang et al. (1997)

parameter values are drawn from Bianchi et al.

and the remaining

(2001 2002) .
Temperature 1% 2" 39 4 5% Pypae  Adult” Feg
14 0 0 0 0 0 0 0 0

20 0.278 0.345 0.357 0.303 0.164 0.096 35 0.179

25 0.313 0.526 0.588 0.476 0.244 0.130 65 0.345
30 0.385 0.667 0.833 0.833 0.769 0.400 65 0.500

33 0.500 0.833 0.833 0.769 0.400 0.196 50 0.556

*  Synthesized from Zhang et al. ( 1997)

8 The development rate of 1st — mth instar in—
fected larva and pupae as a function of temperature
(1/d)

function of temperature ( eggs/d)

the oviposition rate of infected adults as a
and the develop-
ment rate of contaminated egg as a function of tempera—
ture ( 1/d) .
synthesized from Zhang et al. ( 1997)

ning parameter values are drawn from Bianchi et al.

The oviposition rate of infected adults are

and the remai-

(2001 2002) .

Temperature 1% 2™ 3 4t 5% Pupae Adult” FEgg
14 0 0 0 0 0 0 0
20 - - - - - 0.096 32 0.179
23 0.186 0.186 0.186 0.159 0.159 - 58 -
25 - - - - - 0.130 56 0.345
28 0.270 0.270 0.270 0.296 0.296 - 52 -
30 - - - - - 0.196 52 0.500
33 0.374 0.374 0.374 0.374 0.374 - 43 0.556

*  Synthesized from Zhang et al. (1997) . Unmeasured values

are represented by dashes ( -) .

9  The fraction mortality due to unspecified non
— viral causes ( attrition) of uninfected ( uncontami—
nated) stages: 0.4 0.2 0.12 0.05 0 0O O and
pupae adult

respectively for any temperature. The parameter values

0 for 1™ = 5" larval instars and eggs

are drawn and synthesized from Bianchi er al. (2001
2002) .

10 The fraction mortality ( attrition) of infected
( contaminated) larval instars or stages as a function of
temperature. The parameter values are assumed and
synthesized from Bianchi et al. (2001 2002) and

Zhang et al. (1997) :

Temperature 1* ond 3 4t 5t Pupae  Adult Egg

20 0.5 0.3 0.15 0.06 0.01 0.01 0.01 0.01

25 0.48 0.26 0.14 0.05 0.01 0.01 0.01 0.01

11 The death rate of infected stages ( except for
egg) due to infection as a function of temperature ( 1/
incubation time ( d)) . The parameter values are cal—
culated and synthesized from Bianchi et al. (2001

2002) and Zhang et al. (1997):

Temperature 1™ nd 3 4t 5t Pupae  Adult
20 0.3 0.25 0.23 0.2 0.18 0 0
27 0.35 0.26 0.25 0.22 0.2 0 0

12 The leaf consumption rate of uninfected lar-
vae as a function of temperature ( ingested square me—

ters leaf area per day) The parameter values are

drawn and synthesized from Bianchi et al. (2001
2002) :
Temperature ™ 2nd 3 4t 5t

20 0.0000012 0.0000032 0.000012 0.000082 0.00020

27 0. 0000030 0.0000051 0.000024 0.000100 0.00045

13 The leaf consumption rate per infected larvae
as a function of temperature ( square meters leaf area

per day) . The parameter values are assumed based on

Bianchi et al. (2001 2002) and Zhang et al.
(1997) :
Temperature 1 ond 3rd 4th 5th

20 0. 0000006 0.0000020 0.000007 0.000050 0.00010

27 0. 0000007 0.0000021 0.000008 0.000051 0.00012

14 Fraction infected eggs deposited per infected
female adult as a function of temperature ( efficiency of
vertical transmission) . The value is 0. 15 ( Bianchi et

al. 2001

perature treatment.

2002) in this file for one symbolic tem—

15 Emigration rate ( proportion of adults emigra—
ting out of the field per day) of uninfected and infected

adults respectively as a function of temperature( 1/d) .
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The emigration rates uninfected and infected adults are
0 and O respectively in this file.

16  Sex ratio for uninfected and infected adults
respectively as a function of temperature. The sex rati—
os for uninfected and infected adults are drawn based

on Bianchi et al. (2001 2002): 0.5 0.5
tively.

respec—

17  For the first day yesterday” s highest tem—
perature ( 7,°C) . For every day ( three days in this
sample parameter file) today” s highest temperature
(T,°C) and lowest temperature ( T,°C)  tomorrow” s

lowest temperature ( 7,°C) .

T, T, T, T
28
23 19 18
25 21 20
26 20 17

18 For every day immigration rate of uninfected
and infected adults ( number of adults immigrated to
plant per square meters ground per day) respectively.

The following are the default values for three days:

Uninfected adults Infected adults

0 0
0 0
0 0

19 Polyhedral spraying day and dosage sprayed
( PIBs per square meters ground including the polyhe—
dra sprayed on plant and dropped down on ground) .
The following are the assumed values for two times of

sprayings.

Spraying day 2 3

Dosage sprayed 100000 100000

5 Software Description and User
Guidance

5.1 Software Description
The software is embedded in a home page edited

in HTML and JavaScript. The software was developed

using Java Development Kit 1. 1. 8© It is an Internet on

— line computational tool and comprises 7 classes

plus a HTML file ( Fig. 5 -7) .

B Applet Viewer: InsectDynamics. clas

Applet
Start Time (h) Simulation Time (d)
o [2
Tirme Step (d) Initial Leaf Area (LAl
0.1 [0
Init. Paolyhedra on Leaves (PIBs) Total Mo. Larval Instars of Insect
10000 5
; COpen Parameter File
Run | Hint
Applet started.
Fig.5 The window of InsectDynamics class
=] = [O] %]

Density of Uninfected 15t Instar Larva Density of Infected 1st Instar Lava

J1oo I
Density of Uninfected 2nd Instar Larva  Density of Infected 2nd Instar Larva
B P
Density of Uninfected 3rd Instar Larva Density of Infected 3rd Instar Lanva
P g
Density of Uninfected 4th Instar Larva  Density of Infected 4th Instar Larva
[0 o

Density of Uninfected 5th Instar Larva  Density of Infected 5th Instar Larva
[0 P
Density of Infected Pupa

Density of Uninfected Pupa

B g
Density of Uninfected Adults Density of Infacted Adults
E o
Density of Uncontaminated Eggs Density of Contaminated Eggs
E o
OK I Cancel

[tarning: Applet ¥indow

Fig. 6

[=] [-[O[x]
Na. Indivi.

The window of Paralnput class

15t Inster Larvae

2nd Instar Larvae
3rd Instar Larvae
4th Instar Larvae
Sth Instar Larvae

Fupae

Adut

Ega

Total Larval Popu.

Totel Population
Frac. brit, Popu.
Crop
Polyhedron

Close

[2:56 oay
o, Indii 4247

hiernine: Asplet Yinder

Fig. 7

The window of graphic dynamics
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5.2 User Guidance

Before use the simulation software have your
browser be set by pressing “Setting” button on this
page and set it as indicated in this new pop — uped
window. You may also consult the detailed document
of simulation model by pressing “Model Documenta—
tion” button on this page.
are all

Temperatures  polyhedra spraying etc.

included in the parameter file and after running the
program it will continuously display results and no in—
teractive windows pop up.

The input window will be poped up after the a—
bove choice was made. In the window the data in the
input boxes are entered after the window pops up. The
data to be entered are:

1 Start time of simulation ( h a value in interval

0 24 eg 3 7 ete.)

2 Simulation time (d e.g. 3 10 etc. In the
sample parameter file ( for analysis of epidemiologic
mechanism) given below it is 3)

3 Time step of simulation ( d generally it is
0.05 or 0. 1. In the sample parameter file ( for analy—
sis of epidemiologic mechanism) given below it is
0.1)

4 Total No. instars of insect larva ( how many
larval instars are in the insect to be simulated e. g.
for Spodoptera exigua it is 5 and for Spodoptera litu—
ra it is 6)

5 Initial leaf area (use the LAI unit i. e.
square meters leaf area per square meters ground
e.g. 0.5 1 ete.)

6  Initial polyhedra density on leaves ( initial
PIBs on the leaf per square meters ground e. g.
1000 100000 etc.)

When the prompt focus move away from the No. 4
box ( total No. instars of insect larva) a new window
will be poped up for entering initial density ( per
square meters ground) of individuals of every larval in—
stars or stages. In this window the data in the input bo—
xes are entered after the window pops up. The initial
number of individuals per square meters ground should
be entered for every instars or stages.

Before running the program open parameter file

by pressing “Open Parameter File” button on this win—

dow. A dialog box will pop up and a parameter file
should be selected.

You may restart the simulation by pressing “Run”
button on input window. A short hint can be found by
pressing “Hint” button on this window.

The result output can be saved by pressing
“Save” button on the output window. In the graphics
window by pressing any button the corresponding in—
star or stage of population dynamics can be displayed.
Just move the mouse on graphics interface and read the
time (d) and dependent values ( number of individu—
als leaf area per square meter ground effective PIBs
on the leaf per square meters ground etc. ) .

In result outputs the displayed uninfected and

infected population density ( per square meters
ground) is for 1st — mth larval instars pupae adult
and egg respectively.

In graphics window for insect graphics the
green blue and red curve represents infected unin-
fected insect and cumulative cadaver. Pupae adult
and egg graphics have not red curves. For “Crop”
graphics the green blue and red curve represents
theoretical actual and ingested leaf area ( per square
meters ground) . For “Polyhedra” graphics the blue
curve is the dynamics of number of infectious polyhe—
dra on leaf ( per square meters ground) .

The parameter file is a plain text file with exten—
which can be editted in NotePad ( See
Start— Programs — Accessoies— NotePad) or in edit

window of MS - DOS.

5.3 Example Parameter File

. res ’”
sion . txt

The values in example parameter file and corrse—
ponding explanations are indicated bellow.

15.00 5.30

Explanation: The time when highest temperature
0 24 )

and the time when lowest temperature emerges in a day

emerges in a day (h a value in interval

(h a value in interval 0 24 )

5.0
40.0
7.01
0. 008
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Explanation 1: Base temperature for crop devel-
opment ( °C  for leaf growth)

Explanation 2: Upper limit of temperature for
crop development ( °C  for leaf growth)

Explanation 3: Maximal leaf area per square me—
ters ground ( Square meters leaf area)

Explanation 4: Relative growth rate of leaf area

( Logistic increase of leaf area per cummulative effec—

tive degree day 1/ (d* °C))

0.15
0.50

Explanation 1: Relative inactivation rate of poly—
hedra ( Negative exponential decay of activation of
polyhedra on the leave 1/d)

Explanation 2: Fraction loss of polyhedra from

plant when spraying

0.1 0.1 0.1 0.1 0.1

Explanation: Fraction loss of bodies of died larva
from plant due to infection and bodies that didnt break
down as function of temperature ( In this sample pa—
rameter file there are 5 instars of larva for the insect
simulated so five values should be given. The first

“1 »
term “1

ble 1i. e.

tained in one temperature treatment and the tempera—

means only one set of parameters are availa—

these parameters are considered to be ob—

ture value should not be given in the data set as done

in the following sections)

3

20 0. 029 0. 026 0. 025 0. 0026 0. 000085
25 0.028 0. 025 0. 024 0. 0024 0. 000083
30 0. 023 0. 022 0. 021 0. 0020 0. 000075

Explanation: Infection chance per ingested poly—
hedron for uninfected larva as function of temperature
( The probability for one polyhedra successfully infec—
ted a larvae. In this sample file 3 sets of parameters
under 3 temperature treatments were available the

temperature for each set should be given in the situa—

tion with more than one temperature as done in the

following sections)

1
3800000 115000000 394000000
6850000000

Explanation: Polyhedron production per died lar—
vae due to infection as function of temperature ( PIBs
per died larvae due to infection. In this sample file
the values under one temperature i. e. normal in-

door temperature was given)

5

14 0 0 0 0 0 0 0 O
20 0.278 0.345 0.357 0.303 0.164 0.096 350.179
25 0.313 0.526 0.588 0.476 0.244 0. 130 65 0. 345
30 0.385 0.667 0.833 0.833 0.769 0.400 65 0.500
33 0.500 0.833 0.833 0.769 0.400 0.196 50 0. 556

Explanation: The development rate of 1st — mth
instar uninfected larva and pupae as function of tem—
perature ( 1/d the reciprocal of time duration of an in—
sect in a larval instar or stage) the oviposition rate of
uninfected adult as function of temperature ( eggs/d)
and the development rate of uncontaminated egg as
function of temperature ( 1/d) ( In this data set the

values for five temperatures are measured and given)

7

14 0 0 0 0 0 0O 0 O
20 - - - - - 0.09 320.179
230.186 0.186 0.186 0.159 0.159 - 58 -
25 - - - - - 0.130 56 0. 345
28 0.270 0.270 0.270 0.296 0.296 - 52 -
30 - - - - - 0.196 52 0.500
330.374 0.374 0.374 0.374 0.374 - 43 0.556

Explanation: The development rate of 1st — mth
instar infected larva and pupae as function of tempera—
ture ( 1/d the reciprocal of time duration of an insect
in a larval instar or stage) the oviposition rate of in—
fected adult as function of temperature ( eggs/d) and

the development rate of contaminated egg as function of
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temperature ( 1/d)

1
0.4 0.2 0.12 0.05 0 0 O O

Explanation: The fraction mortality ( attrition) of
uninfected ( uncontaminated) larval instars or stages as
function of temperature ( the fraction mortality for unin—
fected insects due to non — infected reasons. In this ex—

ample file 1 set of parameters was available)

2

20 0.5 0.3 0.15 0.06 0.01 0.01
0.01 0.01

25 0.48 0.26 0.14 0.05 0.01 0.01
0.01 0.01

Explanation: The fraction mortality ( attrition) of
infected ( contaminated) larval instars or stages as
function of temperature ( the fraction mortality for in—

fected insects due to non infected reasons)

2
20 0.3 0.25 0.23 0.2 0.18 0 O
27 0.35 0.26 0.25 0.22 0.2 0 O

Explanation: The dying rate of infected larval in—
stars or stages ( except for egg) due to infection as

function of temperature ( 1/incubation time ( d))

2

20 0.0000012  0.0000032  0.000012
0.000082  0.00020

27 0.0000030  0.0000051 0. 000024

0.000100  0.00045

Explanation: The leaf consumption rate per unin—
fected larvae as function of temperature ( ingested

square meters leaf area per day)

2

20 0.0000006  0.0000020  0.000007
0. 000050  0.00010

27 0.0000007  0.0000021 0. 000008

0.000051  0.00012
Explanation: The leaf consumption rate per infec—
ted larvae as function of temperature ( square meters

leaf area per day)

1
0.15

Explanation: Fraction infected eggs deposited per
infected female adult as function of temperature ( effi—
ciency of vertical transmission. One fraction parameter

for one temperature was available in this file)

Explanation: Emigration rate of uninfected and
infected adults respectively as function of temperature
(1/d what proportion of adults emigrated to outside
field per day for each temperature the rate for unin—
fected and infected adults is given respectively. In this
file 1 set of parameters ( for one temperature treat—

ment) was available)

1
0.5 0.5

Explanation: Sex ratio for uninfected and infected
adults respectively as function of temperature ( propor—
tion female adults in total adults for each tempera—
ture the ratio for uninfected and infected adults is giv—
en respectively. 1 set of parameters was available in

this file)

3

28

23 19 18
25 21 20
26 20 17

Explanation: For the first day yesterday” s high—
est temperature ( °C. It is 28°C in this file) . For every

day ( three days in this sample parameter file)
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today” s highest temperature ( °C) and lowest tempera—

ture ( °C)

tomorrow” s lowest temperature ( “C)

S O O W

Explanation: For every day immigration rate of
uninfected and infected adults ( number of adults im—
migrated to plant per square meters ground per

day) respectively

2
2 3
100000 100000

Explanation: Polyhedral spraying day and dos—

age sprayed ( PIBs per square meters ground inclu—
ding the polyhedra sprayed on plant and droped down
on ground) . Two times of sprayings were conducted in

this example file.

6 Simulation and Results

The basic behaviors of the simulation model are
similar to that described in the fundamental model of
Hammer ( 1906)
(1981).

tions. Frequently the fraction infected population will

and Anderson and May’s model

Periodic oscillation will occur in some situa—

maintain a relative steady state after a longer time.
6.1 Effect of Incubation Time of Virus
For all larval instars

time by 20% 40% and 60%

population is 30 uninfected first instar larva and 1 in—

decreasing the incubation
respectively. Initial
fected first instar larva . Start time is 0 simulation
time is 30 days and the time step for integration is 0. 1
day. Initial leaf area is 1 and no initial spraying of
polyhedra. Holding basic temperatures and increasing
all the highest temperature and lowest temperature by
5°C respectively. The 30 day’s simulations showed
that for the temperatures under the optimal temperature

of development as the decrease of the incubation time

of virus the insect population size and the crop injury

decreases significantly. However because of the faster
dying of infected insects the proportion infected in—
sect i. e. prevalence drops drown as the decrease
of incubation time of virus.

Basic Temperatures

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

Basic Incubation Time 9. 2318 36. 4514 49.33%
0.40% 2.612258616810866E9

Incubation Time —20% 6. 355 22.3794 46. 61%
0.28% 2.0674804674509308E9

Incubation  Time —40%  3.7296  10. 9613
42.33% 0.17% 1. 385662596405567E9

Incubation Time —60% 1. 6306 3. 4779 34. 81%

0.08% 6.715179958554987E8

Temperatures +5°C

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra
Incubation  Time

Basic 38.0486 97.8051
46.47% 0.91% 7. 472413446654591E9

Incubation Time -20%  24.5079  56. 1605
43.82% 0.59% 5.72493994197629E9
Incubation Time —40% 13.3171 25.5553

39.75% 0.33% 3.678979361301264E9
Incubation Time —60% 5. 4621 7.6918 32. 83%
0.15% 1.7416609031823866E9
6.2 Effect of Infection Chance of Polyhedron
For all larval instars
chance of polyhedron by 20% 40%
decreasing it by by 20% 40%

ly. The simulations indicated that as the increase of in—

increasing the infection
and 60% and
and 60% respective—
fection chance of polyhedron the population size and
crop injury decreases but decreasing slowly after a cer—
tain value of infection chance was reached.

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

Infection  Chance —60%  10. 1675 40. 1622
49.34% 0.44% 2. 8593685263445582E9

Infection ~ Chance —40%  9.7912  38. 6682
49.33% 0.43% 2.7608200773923845E9

Infection  Chance —20%  9.4221  37.2063

49.33% 0.41% 2.662943592741286E9
Basic Infection Chance 9. 2318 36. 4514 49. 33%
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0.40% 2.612258616810866E9

Infection  Chance +20% 9. 1005
49.33% 0.39% 2.5772636667880435E9

Infection Chance +40% 8. 9773 35.442 49.33%
0.39% 2.5442119041864915E9

Infection Chance +60% 8. 902 35. 1434 49. 33%
0.39% 2.523880213575725E9

35.9309

6.3 Effect of Inactivation Rate of Polyhedra

Initial population is 30 uninfected first instar larva
and 1 infected first instar larva. Increasing the inacti—
vation rate by 0.2 0.4 and 0.6 respectively. The
simulations indicated that the population size and crop
injury slowly increase as the increase of inactivation
rate of polyhedra.

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

Basic Inacti. Rate 9.2318 36.4514 49.33%
0.40% 2.612258616810866E9
Rate +0.2 9.2467 36.5107 49.33%
0.4% 1.6433660921769638E9
Rate +0.4 9.2608 36.5666 49.33%
0.4% 1.214922338471944E9
Rate +0.6 9.2767 36.6294 49.33%
0.4% 9.733373399087689E8

Inacti.

Inacti.

Inacti.

6.4 Effect of Vertival Transmission

Initial population is 30 uninfected first instar larva
and 1 infected first instar larva. Increasing the fraction
infected eggs laid by female adult by 20% 60%  and
decreasing it by 20% 40% and 100% ( no vertical
transmission) respectively. The simulations indicated
that the population size and crop injury decreases as
the increase of efficiency of vertical transmission.

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

No Verti. 12.1389 37.6951 38.10% 0.43%

2.84468146577488E9

Verti. —40% 10. 3544 36. 9663 44. 83% 0. 41%
2.704805346156465E9

Verti. -20% 9. 7864
0.41% 2.658461020416935E9

Basic Verti. 9.2318 36. 4514 49.33% 0. 40%
2. 612258616810866E9

36.7118  47.08%

Verti. +20% 8. 6905 36. 1853 51.59% 0.39%
2.5661989734965706E9
Verti. +60% 7. 648
0.38% 2.4745113172597303E9

35.6359  56.12%

6.5 Effect of Polyhedron Spraying Dosage

Initial population is taken as 30 uninfected first
instar larva. Polyhedra are sprayed on crop in at the
start of simulation. Holding basic temperatures and in—
creasing all the highest temperature and lowest temper—
ature by 57 C respectively. The simulation results
showed that polyhedra spraying is important to control
the population of insect and to protect crop from insect
injury. The necessity and efficiency for control with
polyhedra spraying will be different with the change of
temperature. Below the optimal temperature for devel-
opment as the increase of temperature the impor—
tance of polyhedra spraying becomes more distinctive.
The control efficiency will reach 98% for lower temper—
atures and reach 100% for higher temperatures with
10000000 PIBs spraying. The control efficiency has a
relative distinctive increase with the increase of spra—
ying dosage but basically stops increasing after reac—
hing a certain dosage ( 10000000 PIBs) .

Basic Temperatures

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

No Spraying 1956.2411 0.0 0.0% 19.89% 0.0

100000 PIBs  9.4119  37.1708  49.33%
0.41% 2.665085213618224E9
1000000 PIBs  8.4786  33.4697 49.33%

0.37% 2.413115564440661E9
10000000 PIBs  7.1558
0.30% 1.9492159309426908E9
100000000 PIBs 6.8968 27.1944 49.31%
0.30% 1.9766727688509068 E9

27.0604 49.13%

Temperatures +5°C
Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

No Spraying > 4517.0295 0.0 0.0%
100.0% 0.0
100000 PIBs  39.0907 100.4746 46.47%

0.94% 7.631813781159305E9
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1000000 PIBs  34.9335
0.84% 6.978386706155912E9

10000000 PIBs 29. 1981
0.7% 6.024913473658888E9

100000000 PIBs 29.1974 75.0811
0.7% 6.024886307791693E9

89.8055 46.47%

75.0829 46.48%

46. 48%

6.6 Effect of Polyhedra Spraying Time

Initial population is taken as 30 uninfected first
instar larva and polyhedra are sprayed on crop just at
the start of simulation and at the end of 1 day 6 day
12 day and 18 day with the dosage of 10000000 PIBs
per square meters ground after start of simulation.
The simulations indicated that without initial back-
ground polyhedra on crop the earlier polyhedra spra—
ying the little crop injury and population size. The
reasonable timing of polyhedra spraying is important in
controlling insect population.

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

Ost day Spraying 6.9481 27.3979 49.31%
0.30% 1.990917922683845E9

Ist day Spraying 10.9858 43.4028 49.34%
0.48% 3.0821611376041036E9

6th day Spraying 43.0809 168.9651 48.89%
1. 80% 9.287239462283693E9

12th day Spraying 90. 1470 338.2492 47.11%
3.27% 1.3740855574515907E10

18th day Spraying 197. 8341 644. 6446 43.04%
5.83% 1.5774306467603977E10

6.7 Effect of Spraying Larval Instar

Initial population is taken as 30 uninfected first
and fifth instar larva
and initial polyhedra on leaves are 10000000
PIBs/m” ground. The results showed that polyhedra

second third fourth respec—

tively

spraying in early larval instars will be largely beneficial
to the control of insect population. As the increase of
larval instar the efficiency of control with polyhedra
spraying will significantly decrease.

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

Ist Instar Spraying 7.1558 27.0604 49.13%
0.3% 1.9492159309426908E9

2nd Instar Spraying 19.9941 79.306 49.43%
0.9% 5.205278878408237E9

3rd Instar Spraying 46.0400 182.16 49.42%
2.11% 9. 427252820150648 9

4th Instar Spraying 94. 6442 370. 7922 49.28%
4.32% 1.3216927361707972E10

Sth Instar Spraying 189. 3258 729. 2557 49. 00%
8.02% 1.6405234411245085E10

6.8 Effect of Temperature

Initial population is 30 uninfected first instar larva
and 1 infected first instar larva. Decreasing the highest
temperature and lowest temperature by 2°C  5°C  and
increasing them by 2°C 5°C respectively. The simula—
tion results indicated that below the optimal tempera—
ture for insect development as the decrease of temper—
ature the population size and crop injury decrease sig—
nificantly which shows that the temperature is an de—
terministic environmental factor to influence the popu-—
lation dynamics and crop injury.

Tot. Uninf. Larva Tot. Inf. Larva Propor. Inf.
Popu. Leaf Loss Polyhedra

Temperatures -5°C  0.5123 3. 7471
0.20% 3.949377609811456E8

Temperatures —2°C  4.4867 20.9193 48.55%
0.28% 1.1573239996378636E9

Basic Temperatures 9.2318 36.4514 49.33%
0.40% 2.612258616810866E9

Temperatures + 2°C 16. 0970 52. 6391 48.47%
0.55% 4.195586694567865E9

Temperatures + 5°C 38. 0486 97. 8051 46.47%
0.91% 7.472413446654591E9

49.30%

7 Conclusion

(1) Polyhedra spraying is an efficient and impor—
tant way to control insect population on crop. Polyhe—
dra spraying and no spraying will result in distinct
difference in the dynamics of insect population and
crop injury.

(2) Timing of polyhedra spraying is the most im—
portant consideration in the control of insect pest on
crop. Generally the earlier the spraying time and the

younger the spraying larval instar the better the con-
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trol efficiency.

(3) Incubation time of virus is an important fac—
tor to affect the dynamics of insect population and crop
injury. It will substantially affect the behavior of the
model. The incubation time at certain values will result
in the periodic oscillation of insect population and be—
low certain value will result in the extinction of insect
population. Therefore the improvement of action speed
of virus is an important way to enhance the sustainable
efficiency of virus.

(4) Increasing the spraying dosage infection
chance of polyhedron and vertical transmission effi—
ciency will enhance the control efficiency with polyhe—
dra spraying. However for each of the above this effi—
ciency will not be significantly improved after a certain
value is reached. The infectivity of virus is negatively
related to the population size and crop injury.

(5) Although vertical transmission of virus will
surely enhance the epidemiologic level as indicated a—
bove it does not play a substantial role in epidemiolo—
gy of insect NPV while the horizontal transmission is
acting as the predominant epidemiologic factor. The
vertical transmission as shown by Anderson and May

(1981)

disease without horizontal transmission. This conclu—

is even not able to maintain an epidemiologic
sion together with present results indicated that the
horizontal transmission is probably the most important
transmission route of NPV in the epidemiology. The
major role played by vertical transmission is to main—
tain the virus population in the insect and triggers an
epidemiologic disease while no significant epidemiolog—
ic disease develops in the insect population ( Fuxa et
al. 1987).

(6) The change of inactivation rate of polyhedra
will not significantly affect the population size and crop
injury. The effort to strength the polyhedra’s anti — in—
activation in insecticide formulation is thus not distinc—
tively effective.

(7) Temperature is a deterministic factor to gov—
ern the dynamics of insect population and crop injury.
For this reason in any spraying practices the tempera—
ture situation should be considered as a major factor to

affect control efficiency of polyhedra spraying.
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