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Abstract We have written a simulation model to predict the effecis of various pesticide uses and insect management regimes
on the {frequency of susceptible and resistant inscots using the medelling program VENSIM®. The model, DEMANIR
(DEvelopment and MaMagement of Insecticide Resistance), is based on the saw-toothed grain beetle, Orvzephifus
surinamensts (L.). DEMANIR enables simulation of various insecticide use patterns and management strategies of grain
proteciants {insecticide) to prolong their effective life. DEMANIR allows for the density dependent effects on reproductive
rate and migration, with a Poisson-distributed random variable added to the migration term; differing reproductive polential
on various types of grain; effects of farm hygiene; variation in fitness levels between susceptible and resistant beetles, 1t is
possible to model the use of different chemicals and chemical use patterns in combination with variation in protectant efficacy.
Protectant efficacy includes the criterfa: time since treatment; insccticide resistance level and proteciant application efficiency.
The program incorporates defanli settings (scenario) but these can be varied for each simulation run. Fach run simulates two
vears, with a harvest in each year and various clean-up (hygiens) and insecticide freatment strategies. Initial simulations
indicate that in the absence of organophosphate (OP) use, the proportion of resistant insects declines, but does not reach zero,
OF use reverses Lthat trend, but unexpectedly docs not climinate all susceptibles. Untreated grain provided z "refugia® for
susceptible insects which influences resistance development. The maintenance of such "refugia” is discussed in terms of

overall insecticide use and grain protection.

L iINTRODUCTION

Pesticide resistance management is essential as more than
477 arthropod species have developed resistance and
conservatively costs 816 b annually {Georghiou 1986).
Pesticide resistance in arthropods is occurring with an over
increasing frequency, in both numbers of species and
pesticides afTected (Georghiou 1986). The phenomenon
of insecticide resistance is well iHustrated In stored product
insects on farms {Herron 1990}, and preliminary models of
stored product pesis have been developed (Muggleton
1986; Sinclair and Alder 1983). Pesticide resistance
management is an  option often considered by
entomologists, but requires a considerable knowledge of
the insect pest's biclogy and population dynamics o
effectively implement (Roush and Daly 199G}, Roush and
Daly (1990} detail 10 techniques for manipulating
selection pressure in integrated resistance management
strategies. One important management approach listed is
the preservation of refuges {refugia) for susceptibles to
breed,

The stored product pest, saw-toothed grain beetls.
Orvzagphilus surinamensis (08, was chosen as 2 good
insect to model. This beetle is at present resistant to alf the
organophosphate (OP) grain protectants {insecticides
applied to grain) used against I, with only the Insect
Growth Regulators {IGRs) providing effective control.
Protectant resistance to newer materials, started in 1983
with resistance to fenitrothion followed by pirimiphos-
methy! and chlorpyrifos-methyl resistance by 1986
(Collins er af. 1987, Herron 19903, Conssquently, the
biology and population dynamics of this insect arz

different to the one {Sirophifus oryzae 1.} used by Sinclair
and Alder {1983). Considerable information is available
on the general biology and relative survival of resistant
and susceptible OS5 genotypes (Sinha 1971, Muggleton
1986) and the results of laboratory grain bioassayvs o a
range of resistant and susceptible genotypes are also
available (Colling 1985

The maodel is based on farm management practices
observed at Grong Grong during a large farm survey
(Herron 1990} We have written the simulation model
using the modelling program Vensim®™ Ver. 1.61 (Ventana
19945 to predict the effect of pesticide use, farm hygiene
and insect management regimes on the frequency ol
resistant OS.

We report the structure, detailed  equations  and
assumptions of the model; discusses the results of
stmulation in relation to the Grong Grong survey and
speculate on future  implications  for  resistance
management.

Z. MATERIALS AND METHODS
2.1 Biclegical information

Population parameters for OF development on a range of
grain types were obtained from Sinha (1971} He
provided information on OS population increase when
reared on a range of varieties of soft and hard wheats,
barley and oats. Sinha {1971) found OS fed soft wheat
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multiplied 7-8 fold; 5-6 fold on hard wheats; 10-11 fold on
harley and 10-13 fold on cats. These factors were used to
provide the fecundity values for OS on the differing grain
types. Muggleton (1986} determined the relative fitness of
malathion resistant 0% to be 0.8 compared to that of
susceptible OS. We have used that fitness value for OF
resistant O8 in our model.

3,2 Efficacy of {nsecticide Treatments

Colling ef af. (1987) showed resistant OS could readily
survive in  protectant treated  grain Protectanis
investigated by Collins ef al. (1987) included fenitrothion,
pirimiphos-methyl, chlerpyrifos-methyl and the inscct
growth regulator methoprene.  Results of those grain
bicassays, in ferms of adult mortality and establishment of
infestation, were used to provide a

f

2]
effectiveness of the various insecticides for susu,pubk, and
resistant OS.

te of the

Azamathiphos will control fenitrothion resistant insects,
but fenitrothion will not {Wallbank pers. comm.) I the
mode! we assume azamethiphos excludes 80% of all OS,
but fenitrothion is oaly active against susceptible O5.

2.3 MModel Structure

The DEMANIR model includes three grain
holding wheat, barley and oats, and assumes two harvests
over two vears, The time inicrval is .125 vears {ca. 6
weeks, or one 08 generation). The model also mchudes 2
arain spill, containing mixed and damaged grain, which is
replaced after cach harvest. 08 can migrate inio and out
of each grain storage; migration rales arc density
dependent and are influenced by the type of inseeticide
surface spray applied lo the grain storage walls jmm o
fifling (if anv). A random Poisson variable is added to
storage migration.

storages,

Insect multiplication  within each grain storage is
dependent on grain type, protectant treatment and

resistance level. i fumigation with phosphine occurs all
insects are eliminated. The only protectant fully cffective
against OF resistant insects is methoprene, Most variables
are subscripted for grain type and insect resistance status;
and incorporate differences in OS reproductive potential
and insecticide effectiveness. Farm hygienc s
incorporated as & cleanup of grain spills and reduced insect
migration. The frequency of resistant OS is determined
for each individual grain storage and for the overall farm
population, The relative effectiveness of each protectant
is reflected in the mortality of resistant OS.

2.4 Model variables

The "dynamic variable" drives the model and that is the
presence of adult insects. The injtial insect infestation
{both susceptible and resistant) is specificd for each grain
storage {Startads).

There is a total of 35 variables and two sets of subscripts
in DEMANIR.

Variables are divisible in three groups which are:
Population variables (eg Adult, Adult Deaths, Eggs.
Larvae, Pupae, Fecundity, Fecund Females); Insecticides
and their Effectiveness {eg Fumigant, Pre Harvest 85
(storage wall surface spray), Pre Harvest (grain
protectant), Post Harvest S5, Post Harvest T, Res Level);
physical variables (eg Time, Time Step, Final Time,
Storage Velume, Cleanup, Harvest),  Some of the
variables are additionally influenced by time, harvest,
cleanup, pesticide treatment and storage volume.

The subscripts are: grain tvpe; wheat, oats, barley, mixed;
susceplibility to insecticides; susceptible, resistant. This is
a simplification of a complex genetic svstem (Roush and
Daly 1990), but it does enable real differences in
insecticide effectiveness to be included.

2.5 Blodel equations

There is insufficicnt space to describe all equations, so
only the main equations are detailed. Vensim™ arranges the
couations in appropriate order.

i Eg(1)is the dynamic model variable:

Adult [substraie, suse status] INTEG {{Pupac
Isubstrate, spse status] * survival [substrate, susc
status] * Cleanup [substrate] - {Adult deaths [substrate,
suse status] © Migra Out [substrate, susc status]) *
Cleanup fsubstrale] + Migra In [substrate, susc status]),
startads [substrate, susc status])

2. Eg (2) introduces the influence of fumigation:
Fumigate [substrate] = [F THEN ELSE (Time =

S OR: Time = 1375, Fumig Bffic [substrale]. 1)

g (33 describes the interaction between the spraying
of wrain storage walls with insecticide prior 1o filling
ition into the storage:

ta3

and nsect migra

Migra In [substrate, resistant] = 1IF THEN EL3E
{storage volume [substrate] <= 0.2, 0, SUM (Migra
Out [substratel, susc statust]) * AvRes * 0.005 *
Surface Sp {substrate]) + Random Poisson (N)
Susceptible N = 3; Resistant N = 1.

Eq (4) ensures that a minimum of ane fecund female is
required to establish an infestation, otherwise the value
is Ot

Fecund Females [substrate, susc status] = IF THEN
ELSE (Adult [substrate, susc status] < 1.9%, 0, Adult
[substrate, susc status] * Gender * Cleanup [substrate]
* Fumigate {substrate],

5. Eq (5) calculates the influence of cleanup at specific
times. Individual values can be set for each grain
storage and spill:
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Cleanup [substrate] = I¥ THEN ELSE (Time = (0.625
cOR : Time = 1,623, Factor {substrate], 1).

6. BEq {(6) determines which insecticide protectant
treatment is applied to the grain in storage. Pre
Harvest indicates grain in storage at the start of a
simulation and after the second harvest. Post Harvest
indicates the grain stored from the first harvest which
is retained until the next harvest. Separate treatments
can be set for Pre and Post, as well as for each storage
and susceptibility level:

Spray Effect [substrate, susc status] = [F THEN ELSE
(Time < 0.625 : OR : Time > 1.625, Pre HYT
[substrate, susc status], Post HVYT [substrate, susc
status]).

7. Eq {7} allocates the volume of stored grain in litres,
We assume | L of wheat is approximately equivalent
to 0.8 kg, Additionally. the effect of having a rain
spill can be included, as well as changing the relative

amounts of various types of grain:

o

Storage Volume {subsl‘rate‘] =¥ THEN ELSE (Time
<0.75 : OR : Time > = .75, Pre Harvest [substrate],
Post Harvest {substratpg).

2.6 Blodel Simulations
2.6.1 The default settings were:

@ empty wheat and barley storage walls spraved with
fenitrothion prior to filling;

e wheat initialty containing no OS and grain protected
with fenitrothion;

@ bartey initially with some insects and grain protected
with fenitrothion (susceptible and resistant 08 ina 5:1
ratio respectively);

® oats initially with some insects and no grain protectant
ot storage wall treatment (susceptible and resistant 08
ina 5:1 ratio respectively);

@ anunireated grain spill with unrestricted OS movement
into and out of the grain spili {susceptible and resistant
05 inn 2 2:1 ratio respectively).

2.6.2 Bimulation runs were;
@ first simulation: Defauit settings as above;

@ second simulation: All default settings except
azamethiphos replaces fenirothion as the spray on
grain storage walls;

@ third simulation: Azamethiphos again replaces
fenitrothion as the spray for the grain storage wails,
however, the survival of susceptible OS in treated
barley was increased (simulating pockets of untreated
grain);

fourth simulation: All default settings except oats was
treated with fenitrothion after the first harvest;

@

# fifth  simulation: AN default  semings  except
azamethiphos again replaces fenitrothion as a grain
storage wall reatment and oats 5 again treated with
fenitrothion after the first harvest;

# sixth simulation: All default seitings except the oats
were again treated with fenitrothion after the first
harvest (as simalation 43 and fepitrothion used as oats
storage wall treatment,

® seventh simulation: All default seitings except

ezameihiphos is used to treat empty grain storage

walls prior to filling and no grain spiils assumed:

& eighth simulation: AH default settings except empty
grain storage walls are not sprayed at all prior to

filfing.
2.7 Maodel Output

Vensim®™ writes values for each variable al specific time
intervals (time step): in this cass at $.125 years (ca. 6
weeks). The data can be graphed or downloaded to a
spreadsheet.  Variables of specific interest include
Resistance level, the frequency of resistant OS in each
stoyage and Tor the farm; Fecund females, susceptible and
resistant, for each siorage and both Migration In and
Migration Out which provide an indication of the mobility
of resistant 08 within the farm. This is reflected in the
tevel of infestation that develaps in initially uninfested
slorages,

3. RESULTS AND DISCUSSION

For comparative purposes we have selected: simulation |
and 3 (Fig. 1a); simulation 1 and 4 (Fig, 1b); simulation 1,
2 and & (Fig. Ic)k simulation 1, 3 and 7 (Fig. id):
simulation 4 (Fig, Za); simulation 1 {Fig. 2b); simul: tmn
5 and 6 (Fig. Ze); and simulation 7 and 8 (Fig. 2d). -
three main model outputs used were AVRES per i‘arm;
Reslevel (proportion resistant OS) for each grain type and
storage; and Fecund Females.

Variation in DEMANIR parameter values caused major
differences iy final resistance frequencies n 03
populations. Using default value settings caused overall
farm resistance frequency to increase from 0.167 to 0.352
(Fig. 1c). When survival of suscepiible OS in fenitrothion
treated barley {(simulation run 3) was increased from 0.1 to
0.25, the final average OF resistance frequency was
marginally reduced to £.324 {Fig. id}. That was achieved
by the average OS resistance frequency in the barley
decreasing from 0,907 to 0.826 (Fig. lab.

Treating the wheat basically prevented 08 infestation. At
the end of the default run (simulation 1) there was only
one resistant OS in the wheat and no OS if azamethiphos
was used as the grain storage surface spray (simulation 2),
However, it no surface spray was used, 1.5 OS were
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Figure 1. Effects of parameter settings on the frequency of resistant Oryzaephilus surinamensis:
(a) grain protectant use, (b){(d) removal of survival of susceptibles, {c} surface sprays.
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present (simulation 81 (Fig. 2d). The elfects of various

surface spray treatmenis on populations of G in wheat are

given in Figs Zed.  Azamethiphos reduced  both
susceptible and resisiant S (Fig. Zg).  Resistance

frequency increased rapidiy in fenirothion or pirimiphos-
from 0167 1o 0907 (Fig. la).
ed In the untreated grain spiil
from £.333 1o 0.258 (Figs

methyl treated barley,
However, resistance decr
in the absence of insecticides,

1a.b).

tment, or treatment with an insecticide
ant (08, resulted in a similar slow
e frequency {Fig. 1b' This was

ster rate of increase

No insegticide tres
effective agai 1“&,1 tﬂs‘
decling in resis

achieved by a much 1R

azamethiphos as a surface spray
infestation by resistant O35 {Fig. te)
When resistant and suscepiible 05 were allowed to
reproduce in treated grain, bul the rale was less for
susceptible, increasing from 250 to $60, compared to
resistant increasing from 30 to 5496 {Fig. 2b). in the grain
spill, the susceptibles increase from 10 to 55 whereas the
resistant increase from § fo 19

The results from DEMANIR are broadly consistent with
the results obtained from the grain farm survey (Herron
1990 aad from Muggleton's {1986) general modet. Herron
{19907 found OF% surviving in grain trested with eithe
fenitrothion or pirimiph-o-s~1wihvl The surface spray
azamethiphos was not rey mri as being used on any of the
survey farms, although © ’{./‘J\‘H? suggests it could be
usefol in restricting the spread of resistant 05, MuWMGH
{1986} assumed no migration in s general model, buts
concluds it clearly influences spread of resistance.

The rapid increase in resistance frequency in grain treated
with fenitroihion or pirimiphos-methy] was expected. We
alse anticipated the slow decline in untreated grain o grain
freated with the IGR methoprene. This is consistent with
Muggleton {1986}, The iﬂﬁuwz'f’ of an untreated grain
spill on reducing the overall frequency of resisiance is
inleresting as it has clear impi cations on farm hygieng.

L MNiR's default seftin are twor unireated

e the

in DERMA
storages (3.
these increased the incidence of resistant 085 (Fig, 1d).
the interests of hygiene grain spills should be removed, but
some untreated grain storage is necessary to reduce the
incidence of registant 08, If 2l residues are treated, the
resistance frequency incresses (Fig, 1o} and absolute
numbers also inerease (Fig. Zabh

5 thers W

2, oals grain spill).

Azamethiphos shows activity ;main%t several resistant

stored product pests {Wallbask 19825 and it scems fo be

zffective in restricting movement of the inseets {Figs 1o,
!

Jc) Muggleton's (1986 general model allowed for a
variable porticn of the OF to avold treatment.  In
DEMANIR the untreated OF are physically separated from

the treated, but m
migration by using &
discriminate  between

ion iz possible.
spray that dees not
and resistant (8

storage wall

susceptible
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in numbaers of
susceptible 08 compared to resistant O3 {(Fig. 2a). Use of
reduced the rate of

Removing either of

Reduction of

2

(azamethiphos, Wallbank 1982 acts to reduce the
frequency of resistant OS {(Figs ic, Zc).

4, COMCLUSION

For the purpose of resistant management in on-farm grain
siorage we suggest. on the basis of the modei DEMANIR,
good hygiene combined with prophylactic use of effective
grain storage wall sprays, grain protectant use on long
term grain storage only and no protectant use on short term
storage. This restricts long term damage to stored grain,
while supplving refugia to ald resistance management.
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