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Economics of Insecticide Resistance Management in Heliothis
armigera (Lepidoptera: Noctuidae) in Australia

PETER G. COXJ ant NEIL W, FORRESTER?2

J. Econ. Eatomol, §5(5) 15381550 {1V4%)

ABSTRACT An insectivide resistanee manugement (IRAM) strategy for Heliothis ennigera
{ITibner) bas been used iy Australia since 1983. An ex post evaluatinn iz difficult beeanse
we are unsure what the outcomne would have bieen had the IRM not been intoduced. We
eompared the aclual outcome with the projected outeome of various scenarios that eap-
tured the best available estimates coneeining what wounld have happened without 1RM or
with alternative 1AM strategics. We also compared bwo varfants of the economic surplus
method for evaluating tha Dnvestnent in TRM. Our analysis sugpests that the econcmic
benefits of the intreduction of FRM have been substantial aod that an IRM strategy should
be desigaed to exploit insecticide susceptibility at an optimal rate. In Anstralia, the highest
aconomic velumn wat¢ realized by the permitted use of three pyrethroid sprays per season.
The low cost of snplemonting and maintaining the IRM in relation to its high rate of
economic retumn indicated an excellent opportunity for increased investment in researel
inte alternative IRM approuches. TRM iz 2 soeial technolopy. The IRM in Austmlin is :
wnusual because so many factors warked in its favor. The transfer of TRM technology to
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dillurent saciocconomic situations might be more diffcult.
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Ust OF CHEMICAL INSECTICIDES can increase
crop yields by reduciag the level of damage
cansed by insects, In many cases, insceticide nse
simultinecously seleets for insects with resislance
genes, The insect populalion becames resistant
to the insccticide, which will cventlually no
tonger boe used by growers beeanse it does not
waork. Genolypes that are susceptible egnstitute o
eritical national resource (Moborg 1900); presar-
vation of suseeptibility is recognized as an in-
portant global issue (Riley 1990). Insecticide re-
sistance is one of the constraints for the
profilabl: production of food and fiber and main-
tenance of public health programs in the ftture
{Dover & Croft 1984, National Research Coungil
1986). The way in which the development of
resistance in inscct populations can and should
be managed is of cument concorn (Smale 1990).

The economic aspects of insecticide resistance
ranagement (IRM) must be understood if the
introduction of'a resistance management steategy
is to be efficient, Knight & Norlen (1989) pro-
vided an overview of the cconomics of agricul-
tural pesticide resistance in arthropods, but we
are vot aware of auy detailed cconomic evalus-
tion of 2 succosshul IAM. As Sawicki (1989) indi-
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cated, all existing TRMs were eslablished as
emergency measures without any inftial ap-
praisal. A successful IRM for the management of
insecticide resistance in Heliothis armigera
{(Hisbner) in Aunstralia has been in operation
since 1983 (Forrester & Cahill 1987, Sawicki et
al. 19890, Forrester 1990).

An TRM attempls to maintain genotypes for
insccticide susceptihility by minimizing selec-
tion pressure in the tarpet pest populatinn, Min-
imizing selcction pressure is usually achieved by
testricting the use of particular pesticides to par-
ticular times or regions, Resource allocation
docisions in market sconomics are usually made
through the price mechanism, [Towever, the
price mechgnism fails to value the stoek of insee-
ticide susceplibilily correctly becanse-itis not a
traded commodity. This problem has been rec-
ognized by biological researchers such  ag
Rrattsten (1990), who stated, “A major problen
in using chemicals is the mistaken notion that
they can be used according to present-day eco-
nommic marketing ideas; rather, loxic chemicals
must abviously be uscd in accordance with hio-
lagical and evolulionary processes, of which we
have inadequete knowledge™ An IRM tries to
correct for ihis failure of the price wechanism,
The susceplibility nf inscets to insecticides 15 o
natoral respuree with unigue featares thatl are
not found in other economie topics, One of them
is nonrencwahility; anather is the problem of
common property (Harlwick & Olewiler 1936),
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Rencwability of Insccticide Susceptibility.
The management of the stock of insecticide sns-
ceptibilily has been considered by Hueth & Ie-
gey (1974), Regev et al. (1883), and Miranowski
& Carlsonr (1986). In somc sitnations, there is
little doubt that susceptibility to & particular pes-
ticide chemistry can renew itself, Ta others, this
abilily may decline with time or may be true for
only a linited period. An IRM is considered sue-
cessful il it can “buy lime™ (Hammock & Sader-
lund 1986, Sawicki & Dcnholm 1987); i.e,, i it
can delay an increase in the frequency of resis-
tant genolypes.

The rate of rcgeneration of susceptibility to
inseclicides depends ou the rate of use in a way
such that, if we sought to maintain very high
levels of susceptibility, the Ievel of pesticide use
might need o be so low that very few sprays
would be applied at all. The economic benefit of
the exercise would be small, but we are not usu-
ally interested in the roaintenance of susceptibil-
ity tn a porticular type of chemieal indefinitely
hecause substitutes are already available or will
be, Thuy, this allilude is not simply naive tech-
nological optimism.

An JRM might seek to maintain the suseepti-
bility ol an insect population fo a parlicular type
of chemical hoeavse (1) substitutes are more ¢x-
pensive, (2) they are less efficacious, (3) they are
less suituble {e.g., their ingestion mode of aclion
15 more restrictive or they control a narower
spectnun ofpests), (4) alternative chemicals hiave
enviromnental prohlems, and (5) we do not know
how many more substitates cxist.

However, future benefits ave valued less than
present benefits because the inenme can be re-
invested in olher productive activities. Benefits
received in differenl time periods can be com-
pared by applying a discount rate to calenlate
their present valuc. In the analysis of IRM, we
fmust reconcile the econservation cxiterion of
keeping the stock of susceptible genotypes inlact
with the present vahue eriterion of economic ef-
ficiency. A positive disecount yate implies that
susceptibility should be harvested at a rate thatis
grealer than that which sustiing the level of sus-
ceptibility indefinitely (Hartwick & Olewiler
1986}. The notion that a responsible TRM uses up
susceptibility is important.

Ingecticide Susceptibility as 1 Common Prop-
erty Resource, The management of pests as a
common property resource is discussed Ly Re-
gev el al, (1976) and by Lazarus & Dixon (1984).
The development of resistance to a parlicular
chemical in 2 post population is an oxternal effect
assoeiated with pesticide use. The externality
arises hecause the costs of resistance are not
borne by individual decision-makers; inseets {in-
cluding vesistant ones) are mobile. Thus, usc of
the slogk of snseeptibility by one producer also
reduces the stock for another producer, increas-
ing his chance of expericncing a spray failure.
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The cost of consuming susceptibilily is not di-
rectly related to the level of pesticide use on
individual farms. Susceptibility is a common
property resource which needs to be managed if
the lotal benefit to all grewers, and o the wider
community, is 10 be maximized.,

Other kinds of externality arc associated wilh
pesticide use that also pertnin to this problem.
The inteoduction of synthelie pesticides into the
eaviromnent is a kind of envirenmental pollu-
Hon which can affect anyone. The cost of pollu-
Hon is also an externality but differs from that
assoctuted with reductions in the stock of suseep-
tible genotypas becauso it is external to the in-
dustry, not just to individual prodocers. Expag-
siort of the cotton induslry in response lo the
successful management of inscelicide suscepti-
bility can lead to grealer total pesteide use and
Lo more pesticide in the environment. This eMect
occurs even though the chemical prolecled by an
IBM may be safer than its subslitute, and fewer

csticide applications per hectaye are used. We
Ba not yet know how to value the environmental
costs which result. In this report, we assmine that
they are negligible.

The introduction of an IRM will usually de-
pend on the incidence of the fivst kind of exter-
nality; i.e., where the benclits can be appropri-
ated Ly the indusiry, However, the cflects of
pollution ean support or detract from the benefils
of introduging an IRM depending on whother
the type of chemical protected by the IRM poses
more or less of an enviromnenlal danger than
substitutes. In Australia, the protected chemieals
{particularly pyrethroids and, {o a lesser extent,
cndosulfan) were more envirpnmentally accept-
able than possible allernatives such ns 1he or-
ganophosphates.

A third kiud of externality involves informa-
tion. Extraction from the stock of susceptibility at
arate greater than the rate of regeneralion yields
declining annual benefits as the stock is de-
pleted, plus inlormation about the steck (its
level, and the rate of depletion). Even if the
protected chemical and the substitute technol-
cgy were equivalent (in terms of price, cfficacy,
and environmental toxicity), it would pay to use
up first the stock of susceptibility whose rate of
regeneration was unknown because the process
of extraction reveals infarmation about its size
and vesponse characteristics (Havlwick & Ole-
wiler 1986). Post kill and information are joint
praducts. However, the information component
is an externality (in this case, a positive external-
ity or henefit) because it will not be appropristed
by individual growers but is readily available
throughout the industry. This informal:on can be
important in justifying an investment in THM
{e.g., to suppart tho argument, “We shall only

now we can do it ifwe try.”) and in mafnlaining
it {c.g., “We are losing a valuable chemical: we
tuust try harder to keep 1t.7).
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Fig. 1. Graplical illugtration of changes in con-
sumer and produocer suyplus in response o research
which shifls the industry supply curve for a serunodity
from Sy to 5.

Analysis of Costs and Benelits of Resistance
Management. Knight & Norton (1989} describe
the cconomics of resistance managemenl in
terms of economic surplus, Several writers have
used economic surplus for the analysis of alter-
native pest management practices {e.g., Taylor &
Frohberg 1977, Taylor & Lacewell 1977, Taylor
1980),

As shown in Fig. 1, ILM is introduced to re-
strict the movement of the supply curve for the
crop from § | to 8y (50 more is supplied at a given
ptice in vach lime peried; i.e., S;, baseline; §,,
with resislance), a movement which would ceeur
if resistance to pesticides developed in the insect
population. The quanlity term (shown on the x
axis in Fig. 1} refers to tolal crop production in a
given time period rather than to the agronomic
conecept of evop yield, The cquilibrium price
(wherc the supply eurve fntersects the demand
curve for the crop) is less after the introduction of
IEM because the demand curve is downward
sloping. Thus, if the IRM maintains the supply
schedule at S, consumew receive a surplos
equal to the quadrilateral PoABP, the change in
area above the price line and below the demand
curve. Producers reccive a surplus cqual (o the
differcnce in the areas below the price line and
above the supply curve; ic,, CBE ~ P,ACP,,
This auantity is usnally known us producer sur-
Plus. The economic surplus is the sum of the
eonsumer surplus and producer surplus (ABE).

This framework for the analysis of the costs
and benefits of agricul trral research was frst de-
scribed by Grilichies {1958), Edwards & free-
bairn {1981} used thig framework in Australia to
measure e gaing from roral research. The Aus-
tralian Centre for Intemational Agricultare! Re-
scarch (Ryan & Davis 1990} is currently using a

8% yimilar framework to assist in selting of prioritics

for agricultural research.

TRM in Awustralia

In Australia, an IRM strategy was introdaced
in response 1o feld failures of pyrethroids
against H. armigera at Emerald ju carly 1953
(Gunuing et al, 1984} The IRM concerns insect
control in all summer crops in easiern Auslralia

p and was iinplemented to contain pyrethroid re-

sistance, Lo prevent reselection of historical en-
dosullan resistance (i.e., curative IRM), and o
avoid any future problems with argancphosphate
or carbamate resistanee {proventive YAM), This
voluntary stralegy represents the world’s first al-
{empt al nationwide enrative TRM, and compli-
ance has been exceplional from its inceplion. An
alternalion slratepy (with thyce stages) was
adopted. This stratcry was based on the relation
of unrelated ehemical groups on a per-generation
basts, along with a strong recominendation for
the nsa of ovicidal mixtures. The middle (Stage
23 puriod defined a time when pyretliroids could
be used. These chemical countermeasures wero
integrated with ollier noncliemical control eth-
ods {biologieal, agronomic, and cullural} into a
workable Integrated Pest Management {IPM)
progrunt. Because of the mobility of the pest, the
restriclions were applied to all erops {(including
ecreals, oilseeds, grain |ogrumes, lomalocs, to-
baceo, and eotton) susceptible to fI. armigem
and evon to other coineident pest specics (For
rester 19903,

Pyrethvoids were introduced commercially
into Australia in e late 19705 when summer
crop industrics were ¢xperiencing major prol-
lems with the resistance-~prone and ¢nvironmen-
tally linble orgunochlorine, cyclodiene, and or
ganophosphate insccticides. The pyrethroids had
many benefils compared with inscclicides that
were then available. These chemieals were re-
garded as the almost perlect inseelicide (Leahey
1885) beeanse they were very cosl-cleelive at
cxtraordinarily low rales and had no residne
preblems, little adverse effeet on the environ-
menl, and low mamnalian toxicity (Elliott 1989},
Their use was particularly favored in collon be-
cause of their rapid contact modu of aclion and
good cfficacy wgainst previously resislant pests,
Before the IRM, pyrethreids would have ac-
countoed for at least two-thirds of ithe total insce-
ticides applied on colton, The develapment of
pyrethroid resistance gt Emerald was clearly of

= — = = ——r
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Toblo 1. lascctieiden vsed for conerol of Heliothis app. lurvae in Australiun colton
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used Geld rate, M inufchurers—formulycors

g [Alha
Organochlarine Exdosulfan 720 ICL, Rhone Paulene, Nulann,
loechst, Incitec, Farm Oz
Pyrethyoids Deltamethria 13 Honelist
Lambdacyhalotheia 14 1l
Esfenvalcinte 23 Shell
Cylluthrin 40 Bayer
Alphaeypermethrin 40 FMC, Shell
Fhavalinute 1058 Sandoz
Orgunophosphates Pmlenolos 750 Ciba Geigy, Incitee
Chlomyrifos 730 Daow, Dhone Poulens
Sulprafus 1,008 Bayer
Mongcroluphos 1,200 Ciba Geigy, Shell, Incitee
L] Parathion 1,250 Bayer, lneitee, Rhone Poulenc
Carbunatas Methomyl 430 Hoechst, Shell, Ineitee
Thiodicarh 523 Rhone Poulisne
Benzoylphenylurea chitin Chiorfunzuran 100 ICt
inhibitars
Binloicals Hacitlus thuringicnsis nfa Abbott

major concern to the Australinn cotton and other
surmmer crop industries.

The other key product for Heliothis spp. con-
trol in summer erops i endosulfan. Endosulfan
was discovered in the 1950s and has been used
in Australia on colton since the late 19G0s. Its use
has Huctuated acecording lo its own resistance
status and that of its contemporary alternatives.
For cxample, endosullan use increased after the
development of DT resistance in 1972, then
reached u plateau because of the development of
resistance to endosulfan itself. Endosulfau use
deereased after the introduetion of pyrethroids in
the late 1870s. However, its use then escalated
Jdramatically after the development of pyrethroid
resistance in 1983 because of restrickions an
pyrethroid use imposed by the IRM strategy.
This trunsition was facilitated by the inlroduc-
tion of an ultralow volume [ormulation of en-
dosulfan with improved efficacy in the early
1880s. Fndosulfan new ageounts for over hall of
all inseclivide wse against Hellothis in cotton
(Fable 1) and for an even greater proportion in
the other swmwmier craps. Like Lhe pyrethroids,
endosulfan hos no residue problems bLut is
slightly less cavironmentally desirable because
of its acute fish toxicity. The major advantage of
eadosulfan is that it has litle cffect on bencReial
isects and can be used early in Lthe season to
preserve the maximum bencht from parasites
and predators without causing outhreaks of sec-
ondary pests such as mites, aphids, and white-
flies. Thus, endosullan has a key early-season
role in the Australian INM strategy. Early-season
{(Stage I} endosulfan use is followed mid-season
(Stage 1) by the highly efficacions pyrethroids
tergeted to protect peak flowering and eardy boll
set (a vulnerable period of the eptton growth
cycle). Use afneither endosuifan nor pyrethroids
is a)llowec] Ly the IRM late in the season (Slage
1H),

As well as their key roles in the Australian
IRM slratepy, pyrethroids and endosulfun are
also the least costly of the insecticides used for
eontral of Heliothis spccics. Insect conbrol
{scouting, chemical cost, and applicalion) ac-
counts for abont one-third of the total variable
costs of Australian cotton growers (Bryunt 1986,
Volck & Turner 1986). These two cost-elleclive
insecticides are the most widely used insecti-
cides in cotlon production (and other summer
ficld erops); together, they also account for >80%
of insecticide use apainst Heliothls specivs.
Their loss to resistance wonld have Lhad a major
cconomie ¢ffcet, particularly in the cotton inclus-
iry.

We cstimated the level of pyrcthroid resis-
tance weekly during the cotton season from Lhe
start of the IRM (Fig. 2}, The percentage of H
armigera larvae surviving the tost with the dis-
criminating doso of fenvalerate at the starl of
each cotton season increased from a total Stage I
average of <10% in 1983-1984 to =25% in 1989
1990, The average Stage Iff percentage at the
end of cach senson increased from 15% in
1083/84 to >60% in 1989/30 {N.W.F., unpulw
lished data). The stock of suseeptibilily to pyre-
throid inscclicides was being gradvally ex-
hausted,

The Model

Two modcls of the economic benefit from in-
vostment in IRM in Australia were used. Model
1 is an cconomic surplus model. Madel 2, an
input-saving model, is a varjant of the economic
surplus madel, Bolh models use a net present
value (NPV) criterion. According to the NPV in-
vestinent criterion, a project should Lie imple-
meated if its NPV is positive in the ahsence of
any budget constraint (Sugden & Witliams 1978).

The cost of estahlishing the IRM, and of moni-
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Fig. 2.

Weekly pyrethroid resistance in H. armigers from the Namot and Gwydir river valleys of northern

New South Wales, Australin, for (he seven seasons sinee the introduction of a curative IRM shategy {for Stnges
1, If, end 111}, Results expressed as the perecntoge of larvae {reared from Held-collecled egps) surviving the
fenvalerate discrirninating dose (0.2 pa/30-40 mg larvael, *, 19891990 stage 11 pyrethroid window, 35 d duration;

all gthers, 42 d (N.W.F., unpublished data).

toring and maintaining it, are costs horne at the
industry Jevel. We applied the models to several
secnarios which relaled to differcnces in what
might have happencd had no IRM been intro-
duced, and the way in which the TRM might
{save buen implemeuted,

Qur analysis is restricted ta the cffect of acocss
to pyrethroids on cotton production. f no IRM
had been iatroduced, we assume that the stock of
snsceptibility of H, armigera to pyrethroids
would have becn substantially depleled by the
end of 1983-1984 (the scason after the first expe-
rience of field filwces following pyrethroid ap-
plications). Efficacy would most likely have hcen
quickly attenuated to the point where pyre-
threids would no longer have been regarded as a
relialile control measure.

In both models, the costs and benefits are ex-
pressed in real terms (19901001 Australian doi-
Iars). We used a diseount rate of 10% per nonum
for NPV caleulations. Insecticide costs were as-
sumed to be constant st 19901991 prices, Fino
adjustment of histotical price data for differences
in the rute of inflation, or differences in pesticide
pricing policy, in diffcront years do not substan-
tially afeet our analysis.

The annual cost of maniloring and maintaining
the 1RM was about $300,000 Australian. This
represents the fnput from both povernment and
prwatc: sectors. It includes the cost of an ento-
wologisl, technical support staff, and laboratory
fnm_l:ucs as well as travel nccessary to monitor
resistanee levels and attend grower meetings.
There were no initial research costs; e.g., to eval-
uate the efficacy of the IRM wsing a small-seale
) as always been secn as
j}ﬂ industry-wide attempt {o mar):age Iesiﬁhfncc,'
it was all or nothing. The cost represcats the
direct an ; : DIES -

annual cost of monitering sud maintaining

the IRM. Otler 1gsearch programs in Australia
provide information to support {the sirategy. The
annual total of (his publie- and industry-funded
investment in broadly resistance-relaled IRM ve-
search is generously estimaled ta be $1 million
Augtralian, This figure is used for the vensitivity
analyses.

Model 1. In the case of coton in Australia, the
cconomic surplus framework car be simplified
cousiderably (I'ig. 3}, Cotton is tmded {aterna-
tionally, most of the Australian eolton preduction
is exported, and Australia is not a major producer
in world texns. The level of Australian pradue-

Frica
So Si
F - D
o ) T Qo o .
Quanlity

Yig. 3. Producer smplas for a traded good with !
elastic demand (the area hetween the two supply
curves, the demand engve, and the axis),
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Table 2, Algebraic fovmulstion of model 1

a=lf |
NPY ~ E ’(1_+_..(<Qwit\| < QuitiowdnFn = My},
nwl r, }
where NFY is nat prosent valae,
PR
H s planuing havizon (years),
r 12 discount rate,
Choin, 18 guantity supplied with TRM (bales),
it 34 Quantily supplied without IRM (hales),
P {s price of crop (A$bale), and
M s establishment, monitoring, ard maintenznce
costs {A$)

tion does not affect the world price of cotten to
any appreciable extent. The annual price is de-
termined exogenously and the demand curve is
horizontal, Berause therc is no additional con-
simer surplus, we are not eoncemed with the
distributicn of the benefits of new technology
between producers and consumers. The intro-
duction of an JAM is effectively a costless tran-
sition at farm level, requiving only a change In
the scquence of different types of chemicals
within the overall spray regimen. The economic
surplus can be estimated directly from the shilt
in the (annual) supply curve. This is represented
by the shaded area {n Fig. 3. The model is ex-
pressedd in algebraic fonn in Table 2. The Net
Present Value of the investment in IRM is the
sum of lhie discounted annual net bonefits (value
of production attributable to the technology, less
agency costs) over the life of the project.

We are certain that, if there had been no [REM,
the Australian cotton industry would not have
expanded as rapidly as it did. Indeed, it might
have collapsod in the same way as the indusby in
the Ord River valley of northwestern Australiain
the 1970s (Ilearn 1975). The collapse of the cot-
ton industry in the Ovd was associated with high
(and rapidly increasing) levels of resistance to
DDT in the absence of a management strategy
Fovrester (1992), using Hearn's data, has demon-
strated the economic ¢ffect of DDT resistance in
I1. armigera on colton production in the Ord in
the five scasons preceding the abandonment of
colton growing in the area. The lotal sprays per
season increased from 15.9 in 1869 to 33.7 in
1873, The cost of insect control increased from
$63 Australian/ha to $2t4 Australivn/ha, The av-
crape yield deereased to 4.1 balesiha, the same
value as in 1968 Lut afler reaching 4.79 balesfha
in 1971, Conseruently, the breakeven price of
catlan inercased From §157 Australian per bale to
3208 Australian per balo, Cotton production was
no longer cconomically viable. When resistance
10 pyrethroids Arst became a problem in eastern
Australia in the carly 1980s, the specter of the
Ord calastrophie was one of the faclors which
predisposed the cotton industry toward accep-
tance of IRM.
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A similar scenario has been reported from
soulhwestern Texas, northeastern Mexico, and
Central and South America hy Bottrell & Adkis-
son (1077). The comparison with the sitiation {n
Thailand is particularly similar. In 1983, the size
of the That cotton industry was similar to that of
Australin {Fig, 4). Problems with the develop-
ment of resistance to pyrvthroids appesred at
about the same time in the lwo conntries. The
Thai Depariment of Agriculture produced a strat-
ery of recommended alternations of peslicide
chemistries o reduge the selection pressure, but
the alternation was haphazard and uncoordi-
nated (Collins 1986). Without an eflective TRM,
the Thai induskry eollapsed (Collins 1986, Sa-
wicki & Denholin 1989). The heavy insect pres-
sure and the very sirong resislance to pyrethroids
foreod growers to abandon growing cotton. This
decline in the Thal cotton acreage ocenrred de-
spite & strong local demand for raw cotton far the
booming textile industry (Wanghoonkang et al.
1989; Fig. 4). With an IRM, the Australian cotton
induslry thrived and expanded to become a rural
suecess story. Ironiecelly, = portion of Auslralia's
increased production is exported to help salisfy
the supply shortfall in Thailand. Althongh other
factors undoubtedly contributed to this differ-
ence between experiences in Thailand and Aus-
tealia (such as the relatively high capitalization of
the Australian industry and the easc ol switching
ta an alternalive crop in Thailand), the compari-
son is sugpestive of the importance of managing
insccticide resistance,

1f the Australian cotton industry had collapsed
in the same way as that in Thailand or in the Ord
River Valley, the downstream costs would have
been layge both in terms of the accelerated de-
preciation of capital assets {(e.g., abandoned gins,
oil mills, specialived collon machinery such as
pickers and module makers) and reduced rural
ernployment {c.g., agrochemical and equipinent
suppliers; erop and financial advisers; farm, gin,
and mill workers) leading to massive social re-
structuring in the affected areas. We have not
ticd to account for these social costs separately
in our analysis.

Turthermore, we do not know how much the
grawth of the cotton Industry in Australia would
have progressed if insecticide resislance had
been managed by some other method, Other
mechanisms would prohahly have come into
play (e.g., the adoption of expensive alternative
chemieals, the use of which was constrained by
the pricing policy of the chemical companies
[Miranowski & Carlson 1986]). These would
have helped to maintain the cconomie benefits of
resistance management, but the distribulion of
the Lenefits would have been different; a lnrger
prapartion would have haen transferred to the
chemical eompanies.

Because we do uot know how much the supply
curve: was shifted by successful resistance man-

i
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agement, we tre obliged to use the best esti-
mates provided by technical specialists. Such es-
timates are ingvitably subjective. We considered
three scenarios for the sitwation if no 1IBM had
been introduced in 1983, These scenarios were
that annual output of the cotton industry would
have stayed at its 1983 level, the annual produc-
tion would have halved from jis 1983 level and
remained there, and the actual annual produc-
tion would have been cut by half. All threc sce-
narios are realistic assessments of the probable
course of events. They reflect both the subjective
assesstnent at the time the IRM was fonmulated
and the historical experience elsewhere. They
differ only in our subjective evaluation of the
sbility of the Australian cotton industry 1o sur-
vive using alternative chemistries. We assumed a
project life of 10 yr Dala on cotlon arca and
production were ta{en [ram ABARE {1991},
 Model 2. The inputs-saved appmach of
Sehultz (1953) can also be used for the analysis of
the valug of 1AM in Australian cotion produclion.
The total number of Heliothis spp. sprays used
currently is about 8 per season (range, 6-16), Of
‘l.}lmsa, 2.5 are pyrethroids, 4.5 endosulfan, and
'Q are others (0.5 organophosphates plus 0.5
yddicarb). I pyrethyoids were lost (no IRM
ral ; 0 )
; number of sprays would increase from 5
§ because some of the alternative chemicals

{organophosphates) have a shorter residual offect
and others {thiodiearh, benzoylphenylurea chitin
inhibitors) have a different mode of action (they
are stomach peisons which require more fre-
quent application than contact pesticides on rap-
idly growing crops). Of these 12 sprays, 4.5
would be endosulfan (ihere wonld be no oppor-
tunity to increase endosulfan use heeause of re-
sistance problems with that chemieal), 4 would
he erganophosphates, and 3.5 would he thiodi-
carh. Pyrethroids cost $17 Austalian/ha, organo-
phosphates $39 Australian/ha, and thiedicarly $41
Australian/ha (1990-1991 prices). Acrial applica-
tion costs about $7 Australian/ha. The saving por
scason if the low-cost pyvothroid dcchnology is
preserved is thus $245 Australisn/ha (chemical
plus application eosts), Assuming linear inlerpo-
lation, the cost saving per pyrethroid spray is
=5100 Australianfhn.

This estimate of the bepelit of TRM is repre-
sented by the shaded area in Fig, 5. According lo
this model, the same quantity of eotton is pro-
duced both with and without 1RM, Lut the ben-
cfit is a reduction in the cost of pradusing that
quantity. Without M, li¢ marginal cast of cat-
ton production will incyease. An algebraie fornu-
lation of model 2 is givin in Table 3. The NPV of
the investment in 1BM is the sum of the dis-
counted nnnual net benehits (aren of cxop prown
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Fig. 5. Neonomie beneft estimated using the in-
put-saving approach (xeprescented by shaded area),

times number of applications of the protected
chemistry per heclare times the cost saving asso-
ciated with access to a protected chemistey, less
agency costs) over the life of the project.

Using model 2, we considered only the valye
of proteeting aceess to pyrethroids. Simultancous
loss of aceess to both endosulfan and pyrethroids
would alter the pattern of pesticide nse to such
an extent that we could not predict the result, We
assumed that the life of the project in ycars (H)
was directly proportional to the number of pyre-
throid sprays (£y) allowed by the IRM strategy,
by the equation 1f = 25 — 5Py, The justification
for this assumption rests ou the subjective belief
of tochnical specialists that, if the number of
pyrethroids allowed by \he IRM had been st at
four, this chemical would have been abandoncd
within 5 yr. With three pyrethroids allowed une

Table 3. Algebraic formolation of madel 2

n=f 1
NV 3 T 5 Cotout = Cuindtn — M)
B=1
whare NI'V {5 net present viloe,

n s year,

H is project lify {years),

r is diteount 1ohe,

oy % production cost willy THM ($ Austalinn per

In),
t‘.'.'“,"-miIL ;s production eust without 1RM (§ Austrylian
per ta),

A it area afleted by IRM (ha), and
M 13 estiblishment and monitoring casts (3
Australian).
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der the TRM, it has lasted 8 yr, but distinct signg
of collapse are already evident (Fig. 2). If usa of
only one pyrcthroid had been allowed by the
LM, susceptibility could have been maintaine
for an indefinite period. With a discount 1ate of
10%, any benefits occurring >20 yr in the future
can be ignored. We considered lour cases corre-
sponding with the uge of one, two, three or four
pyzethroid applications in the IRM pyrcthroid
window. The costs of establishing and maintain-
ing the IBM are considered to he independent of
the severity of the stralcgy and aro the same as

. those used in mode] 1.

Results

Model 1. Our analysis of economic swrplus
suggests that value of the investment in IRM hag
been substantial, If 1983 produclion had been
maintained without an IRM, the NPV was 31,405
million Australian. If production had stayed at
half the 1983 level without an IRM, the NPY was
$3,398 million Austealiun, If production would
have been reduced by 50% withont an 1M, tlie
NPV was $2,605 million Australian, Thus, de-
pending on the scenario, the NPV of the invest-
ment in IRM is between $1,400 million Ausira-
lian and $3,400 million Australan (mean, $2,500
million Anstralian). These NPVs should be scen
as upperbound estimates. Undoubtedly, such a
profound change in the Australian cotton indus-
try would have released resources for use in
other productiou processes, although we are un-
sure how,

Model 2. The results of the NFV caleulation
suggest that a resistancc muanagement stralegy
lased on restriction of the number of pyrethroids
to hetween one and four all give a positive NPV.
‘The size of the NPV depends on the number of
pyrethroid applications allowed. With 1 spray,
the NPV was $181 million Australian; with 2
sprays, $314 million Australian; with 3, $350 rmil-
lion Australian; and with 4, $240 million Austra-
lian. Thus, restriction of the number of permiited
pyrethroid sprays to three gives the highest NPV
(==$3%50 million Australian).

Benelits estimated with the econamic surplus
approach are substantially higler than those es-
limated using the inpuk-saving approach, parily
because the dircct cost savings oo 4 fixed-spray
regimen for a single chemieal do not capture (e
full value of the technology. The IRM manages
resistanco to chermicals other than pyrelliroids,
hath direetly {¢.g., endosulfan} and indivectly (by
restricting the use of expensive pesticides be-
cause it mainteing continued access lo cheaper
chemicals). Cox et al. (1990) estiinated that Joss
of access to endosulfan (whether through the de-
velopment of resistanee or becanse of logigla-
tion} would cost the Australinn cotton industry
~$200 million Australian.
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The valie of the investment in IRM in Ausiva-
lia is probably between $350 and $2,500 million
Australian. This value is the NPV of the invest-
ment undertaken in 1983 expressed in 1990~
1991 Anstralian dollars. These estimates are ad-
mittedly very crude, but whichever estimate is
used, the value of the econornic return has been
substantial. Restriction of the number of pyre-
throid sprays to three gives the highest economic
rehrn consislent with our assumptions. Three is
the actuzal number permitted under the IRM.
Necessarily, the number was determined before
any economic assessment was made.

Tt the agency cost of the IRM is represented
instead by the cost of all resistance-velated re-
search supported by the Australian cotton indus-
try ($) million Aunstralian per annum), the NPV
would be redvced by ouly ~1%. The rate of
return on yesearch investment would still have
been substantial,

Discussion

In the Australian IRM, the duration of the pe-
riad when the protected chemical could be used
was determined larpely on biological grounds.
The wse of pyrethroids was confined to z single
generation of the pest, thus reducing the overall
scleclion pressure and allowing time {or sugcep-
1ihility lo partially yegenerate before the follow-
ing season. In addition, the maximum numnber of
protected sprays was specified at three at the
inception of tho IRM. The choice of three pyre-
throid sprays (rather than (we) appears vational
for several reasons. First, the JAM had a better
ehanco of being accepted iFit was less severe and
gave more iminediate economic retwns to grow-
ers; the effcet was uncertain, so better to try for
the greater gain. Second, the progressive ine
crease in spray failures associated with a more
liberal IRM helped to reinforce the perccived
benefit of maintaining the strategy. Kinally,
mueh information. was gained about the behavior
of the biological processes that would have heen
lost if the final spray had not been marginal,

An IRM of the type used in Aushalia will gen-
erally be of limited Quration because the optimal
rate at which suscepliblo genotypes are used up
Is positive. The extraction rate will converge
with the rate of rogeneration as time progresses
because of the increasing risk of a spray failure as
ﬂ"”‘ slock of suseeptibility is used up, ‘Tho exirac-
tion of susceplibility was achicved in Australia
by targeling a single H, armigera generation per
soason, The number of applications required Lo
do this also represents the level which maxi-

\ ~rmized the ccenomie benefits of the investment
& 4if IRM. This coineidence was not entircly fortu-

aus, HD\'}FGWE}‘, as the stock of susceptibility is

] it wﬂ} Jead to incressing pressure to
11he period when the partieulay chemisicy
be used and hence reduce the value of the

net aunual benehit from the IAM. This happened
in Australia. For 6 yr, the period for pyrethroid
use was held al 42 d; from the 1989-1090 scason,
the window was shorlened to 35 d. The number
of pyrethroid applications permitted wnder the
IRM remained at threc. Whereas 8.5-3 pyre-
throids were wred originally, the number used
now is closer 1o 1.5-9.0 per season (because of
the increasing incidence of spray filures rather
than {he shorlening of the pyrethroid window).
In practice, the specifieation of an oplimal extrac-
Lion rate is Jargely heside the point; an IM i5 a
holding action to prescrve the use of pesticidoes
which are ¢heap, eflcctive, and environmentally
sound.

Miranowski & Carlson (1986) discussed the
conditions favoriog velunlary multifarm resis-
tance management. These are that pests are mo-
lile, {lat the coordination costs arc low, that the
benebts and cost are proportional to the level of
parlicipation, and that minor beacfits accrue to
those who do not ahide by the stratepy. All of
these conditions apply to the successful IRM in
Anclralia, Heliothis spp. are very mobile pests
{Fitt 1989). The vHeet of dilution from a suscep-
tible refugin is one of the mechanisms by which
susceptibility is regenerated. The coordination
cosls have been low, Decausc sprays are applied
predominantly by independent acrial operators
{often on the advice of third-parly crop consull-
ants), adherence to the IRM is maintaingd by
peer pressure within the industry, The JRM
guidelines are nol easily violated without any-
one knowing about it, and breaking the guide-
lines is unaceeptable behavior, Fow violate the
guidelines. Some growers of crops other than
cotton have had difficultics; e.g., the nced to use
pyrethroids against armyworm on wheat oulside
the pyrethroid window or the need Lo accommn-
date sorghum growers' aceess to pyretlireids for
midge control. Ilowever, these diffivulties are
not a major threat to tho 1RM because the proh-
lems faced by these growers were widcly recog-
nized and overy effarl was made to mect their
necds.

In addition, there was little opportunity for a
gsingle chemical company to manape resistance
successfully beeause hoth pyrethréids and en-
dosubian are manufactured and marketed by sev-
eral different companics, each with linited abil-
ity lo increase prices (Table 1), However,
compliance of the chemical companies as a
pronp was achivved becanse the YIIM extends
the product life ¢ycle of the generic product.
Suppliers of substitute technologics also cooper-
ated with the strategy: the higher prices which
they obtain is a justification for maintonance of
the IRM.

Parvin {1988} indicated two troublesome as-
pects of the IAM concept; i.c., thal it gives chem-
ical companies the wrong impression and actu-
ally delays the arrival of the next technological
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VM 1y stanckard plactics in
Australian zoton pruduction
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elliencious, and
environmentaily sound
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teelinglouivs
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Modern progressive
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Concept of stewardship
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pigoeiated with pest contrul

Willingness of porticipanty to
acaept outside dircetion
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hreakthrough in chemieal insect control, and that
the success of an TRM depends on the perception
of the: supplicrs. If a chemieal supplier perceives
tha! IRM will fail, it will eut prices to maintain
markel share and revenue, If pyrethroid prices
fall low enough, Parvin maintainy that the IRM
cannot be successful, Hlowever, neither of these
considerations applies to the IRM in Australia.

First, the Australian cotton industry is eompar-
atively senall by world standards, and all the
chemienl manulacturcrs are based overseas, Any
action in Austmlia to prolong the life of nearly
obsolete chemical technologies is unlikely to in-
flueneo the rate of innovation by pesticide man-
ufucturers in Europe and North Amcrica. How-
ever, Lhe loss of these pesticides would be a very
gerious wmatter for the Australian colton jndustry.
The TRM was instrumental jn eliminating the
assumnption that novel pesticides would always
he available if the ewrrent ones failed.

Second, the protected chemieals {pyrethroids
and cndosullan) are already incxpensive com-
pared with substitules {such as organophos-
phates); this is an important part of the arqument
{hat maintains the IRM. Further priee reductions
of the protected pesticides would enhance the
perecived need for an IRM and augment the
east-saving ta growers. The possibility of col-
[apse in the TEM becausc of a price war bebhveen
supplicrs of the prolected chemistries empha-
sizes the importance of ensuring the participa-
tion of the chemical suppliers in the design and
management of the TAHM. IRM should nnt be
perceived by cither growers or by their suppliers
as a technology which is imposed on them by
higher atthority, n peint ¢mphasized previously
hy IForrester (1990). In practice, pyrethroid use is
limited move by decreasing eflicacy over time.
To a large extent, changes in efficacy override

changes in price; if Lhe sprays do not work, they
will not e vsed whatever the prices,

Couversely, the supplicrs of the key chemieals
also supply substitutes, If the supply of new pos-
ticides is limited, the inlroduction of IIM will
belp to maintain their cush Bow and profit margin
thronpeh the pricing of the substitute technolo-
gies; the higher the price of the substilute, the
greater the benefit to the pesticide indusley of
maintaining the IRM. Reduced use of the substi-
tute technolopy will also help to prolong its life
and the income associated with it Thus, far (rom
expeeting a collapse of the TRM because of the
pricing poliey of the ¢hemical manufacturers, we
expcet manufacturcrs to be interested in ensur-
ing its success. Because the chemiecal suppliers
valued the orderly marketing and predictable
volumes associated with the IRM, Parvin's
{1988) fears are largely groundlcss in the Austra-
lian eontkext.

The Australian IRM was fortunate hecanse its
major beneficiary was the cotton industry. Many
factors contributed to itz success {(Tablc 4). The
realization of the benefits of IRM depended on o
combination of hislorical, economie, and socio-
cultural experiences, not just the technical con-
sidcrations concerning the behavior of pest pop-
ulations and pesticide chemistries. For example,
it is unelear what would have happened if eatton
growers had been isolated and made heir own
decisions without the help of erop consultants,
chemical resellers, and aerial operatars.

The high rate of economic relurn generated by
the introduction of IRM in Australia is consistent
wilh the argumoent that agrienltural vescarch is
underfunded. Addilionsl research investment
could be wsed to finance the development of
allernative pest management technologies. Such
technologics will be needed once the current
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generabion of chemical inscelicides is lost, The
cconomic relurns to the investment in IRM pro-
vide bath the evidence of the profitability of re-
search into IRM funded by indusiry and the re-
sourges needed to undertake it

In Australia, novel chemicals for usc in sum-
mer crops will probably not be widely available
until the mid-1990s, and they will be expensive.
The present IRM will have only just managed to
support the growth of the Australian cotton in-
dustry until the current group of pesticide chem-
istrics can be gafely disearded (=10 yr). We have
degeribed the cconomies of curative FRM in re-
sponsc o the developinent of field resistanee to
pyrethroids. An analysis of the economics of pre-
ventive IRM is slightly differcnt beeause of the
uncertain lemporal displacement of the benefits,
An answer o this uncertuinty will soon be re-
quired by the Australian cotton and summer ¢rop
indusirics. We must develop innavalive ap-
proaches within IRM to cope with the changed
situation; c.g., the usc of simulation madels to
design and gvaluate allcrnative sirategies (Cox et
al. 1991}, or the marketing of product-use periods
in the stralegy to pesticide compantes (o help
finance the research into IRM.

The design of any future YRM, whethar in a
developing or a developed agricultural system,
must include recognition of the importance of
comniereial and regional linkages and the partie-
ipalion of many differcnt actors in the design of
the tochnelogy. This approach to agrieultural re-
search has heen institutionalized in recent years
throngh the development of fanining syslems re-
search (Remenyi 1983). Tox et al, {1990) sugpgest
the importance of expanding the policy dimen-
sion of fanuing systems vesenrch through consid-
eration of soeial and maerocconomie issues. IRM
is an example of 2 social technology, The prob-
lem facing IRM is the development of sustain-
able institutions (Brinkerhoff & Goldsinitly 1990)
to manage susceptibility to valuable pesticide
chemistries.

Conclusion

Alhough ithe cxpericnce with the manage
meut of insecticide resistance in Hellothis sPY.
In Australia shows that the economic returns as-
sociated with IRM can be substantial, IRM is a
social technology. Tlhe design and management
of institutional sustainability is a now experience

or researchers trained in the natural scienecs.
'llbc appraisal of any IRM project ju other coun-
tries, where the socio-cultural context and histor-
iral experience are difgsrcnt, must consider all of

cide registanee management
Egatnn(:t be based simply on the perecived neces-
Sity to preservo a particular pestieide without

nee to cconomie and social forees,

Acknowledgments

The manuseript benchited from comments by Gary
Fitt {CSIRO Division of Entomology), Balph Young
(CSIRO Corporate Center), and Norm Dudley (Univer-
sity of New England). We thank the Secrctariat of the
Intermnational Gotton Advisory Commitlee for provid-
ing us with Australian and Thai cotton production data.
This work was partinlly snpported by grants ta both
authors from the Colton Resenrch and Development
Corporation, Australia,

References Cited

ABARE, 1991. Nationul agricultuml and resouress
putlook canference 1991, Australian Bureau of Ap-
ricolwural and Resonrce Econemics, Canherra.

Bottrell, D, G, & P. L. Adkisson. 1977. Cotton insect
pest management. Aunu. Rev, Entomol, 22: 45]=
481,

Brattsten, 1. T, 1990, Resistance mechanisms Lo cur-
bamnate aud organophosphate insccticides, Ch, 4,
pp. 42~-G0. In M. B. Green, H. M. TeBaron & W. K
Moberg [ods,], Managing resistance to ayrochemi-
cals, From lundamental research o practical strate-
gics. ACS Symposium Series 4121, American Chem-
ieal Soctely, Washington, DC,

BrinkerhoH, D, W, & A, A. Goldsmith [eds.), 1990
Insttutional suslainability in agricullure and rurs!
gevln:lopmcnt. A global pemspective. Prucger, Noew

ork.

Bryant, M. 1986. Cotlen viabilily and stralepics for
survival, Aust. Cottongrower 7(3): 14-17.

Collins, M. I/ 1986. Pyretliroid resistunec in e
cotton bollworm, fleliothis armigere—a case his-
tory from Lhailand, pp, 883-590. In Procecdings ol
the 1986 British crop proteclion ennferunee—pests
and diseasgs, British Society of Chemiceal Tndustry.
Brighton, UK

Coy, P, N, Forrester & K. Brook. 1990, IHaw much
wonld the loss of endosulfan vost? Aust. Coltoa-
prower 11(2): 11-14.

Cox, P, G, 5. G. Marsden, K. I. Brook, H. Talpaz &
A.B.Hesm, 1991, Economic optimnisation of He-
{tothds thvesholds ou colton using a pest manape-
ment madel. Agrie. Syst. 35(2):; 157-171.

Dover, M. & B. Grolt. 1984, QGeling tough: publie
policy and the management of posteide resistance.
World Resourees Institute, Washinuton, DO,

Edwards, G. W. & J.W. Frecbairn, 1981, Maeasuring
a country’s pains from research: theory and applica-
Hon to raral rescarch in Australia, Australian Gov-
ermment Publishing Service, Canberya.

Ellioti, M, 1989, ‘The pyrethroids: early discovery,
recent advances and the future. Pestic, Sci. 27: 337-

Fiet, G, B, 1989, The ecology of Mellothis spe¢ics in
relation ta agroveosystems. Annu. Rev. Enlomo!,
34: 1758,

Forrester, N. W. 1990. Designing, implementing
and servicing an insechicide resistance management
stratepy. Peslic. Sci, 28: 167-179,

1992, Trediction und avoidance of resistance Lo in-
sceticides, In Becenl developiments in the Beld of
pesticides and their application to pest control in
China and other developing vauntries of the veplan,
Renap, New Nelhi, Indta.

Forresier, N. W, & M. Cahill.

1987, Manngement of




RPN S

:21-FEB-2001 WED 08:05

insecHeide vesistunee in Helipthis armigere (FHih.
ner} in Australia, Ch. [1, pp. 127-137, In M. G. Ford
gt al. [eds.], Combating resistance to xenobiotics.
Biological and chemiesl approaches Ellis Hor-
wood, Chichester.

Fox, I, T. Finan, §. Peison & E, Monke, 1990, Tx-
panding the policy dimension of farming systems
research. Agrie. Sysk 33: 271-287.

Gunning, R. V., C, 5. Easton, [, R. Greenpup & V, E,
Edge. 1984, Pyrethroid resistance in Heliothis
armigera {Habner) (Eepidoptera: Noctuidae) in
Austrilin, J. Eeon. Entomol. 77; 1263-1287.

Criliches, Z. 1958, Research costy and social res
tmms: hybrid com and telaled innovations. [, Polik.
Econ. October 1958; 419—431 Geprinted in N.
Hasenheyg [edd ], 1971, The econamices of technplog-
ieal clinge, Ch. 9, pp. 182-202, Pengnin, Harmonds-
worth.

Hammock, I, ). & D, M. Soderlund, 1936, Clicin-
ical strategies for resistanes management, pp. 111~
129. In Nationul Reseurch Council, Pesticide resis-
tunce: strategies amd lactics for management
Nationa) Academy Press, Washington, DC.

Hartwick, J. M. & N. D). Olewiler. 1986. The cco-
um'iics of nakural resource use. IMarper & Row, New
York.

Hearn, A. B, 1975, Ord Valley colton crop: develop-
ment of a technology. Cotton Grow. Nev, 52(2): 77—
102,

Hueth, D. & U, Regev. 1974, Optimal agricaltural
pest management with inercasing post resistance,
A J. Agric, Ecan. 56: 543352,

Knight, A, .. & G. W. Norlon. 1989, Fconomics of
agricntbural pusticide resistanee in arthropads.
Annu, Rev. Fintowmol. 34: 993313,

Lazarus, W. I, & B. L. Dixen. 1984, Apgricultural
pests as ¢common properly: conliol of the com root-
worz, Am. J. Agric, Econ. 66(4): 456-165.

Feahey, J. 1885, Metabolism and environmental
degradation, pp. 363-342. I'n Leahey, J. P. [ed.],
'{he pyrethroid insecticidos. Taylor & Freuvis, Lon-
don.

Mirmawski, J. A, & G. A. Carlsan, 1986. Tconomic
ixsues in public and private approaches te preserv-
ing pest susceptibility, pp. 436—448, In National
RKesearch Council, Pesticide resistance: strategles
and factics for monagoment. National Academy
Press, Washington, DC.

Moberg, W, K, 1990, Understanding and combuting
aprochemical resistance, A chemist's perspective on
an interdisciplinary challenge, Ch, 1, pp. 1-15. In
M. B, Green, H, M. LeBaron & W. X, Moberg [eds.],
Managing resistance W agrochemicals, From funda-
menlal research to practical strategies. ACS Sympo-
sium  Series 421. American Chemical Society,
Washington, DC,

National Hescarch Council. 1986. Pesheide rtesis-
Llanee: skeategios and tactics foy management, Nao
lionul Academy Press, Washington, DC,

Farvin, D. 1988. The midsouth resisbince manage-
ment shrategy calls for market distortion. Can it
work? Cotton Graw. 24{7): 20.

Regev, U, A, P. Gutierrez & G, Feder, 1976. Pesis
as a common Droperty resource: a case sludy of
alfalfa weevil control. Amer, J. Aprie. Econ. 58:
§8G-197,

Regev, U, H. Shalit & A. P, Cutierrez. 1983, On the
optimal allocation of pesticides with inerensing re-

CSIRO COTTON RESEARCH

JougNaT, OF ECONOMIC ENTOMOLOGY

Fa¥ NO. 0267931186

Val. 85, ne. 5

gistanes: the case of alfalfn weevil J. Envison,
Econ. Manaye. 10: §6-100,

Kemenyi, . V. [ed]. 1985, Agriculturul systemns re.
search for developing countiies: proceedings of an
international warkshop held at Mawkeshury Agri-
caltural College Richmand, NEW., Australia,
12-15 May 1985. ACIAH Proceedings No. 11, 149
pp. Australian Centre (or International Agvicultuml
Research, Canberra.

Riley, 8. L. 1990. FPyrethroid resistance in Heligthis
spp. Corrent monitoring and management pro-
wraras, Ch, 9, pp. 134-148. In M, B. Green, H. M,
LeBaron & W. K. Moberg [cds.], Minaging resis.
tmee lo agrochemicals, From fundamental resenrch
to practical strategies, ACS Symposium Seriez 421,
Amesican Chemical Sociely, Washington, DC,

RAyan, J. G, & ], 5. Davis, 1990, A decision support
system o assist agricultural research priority set-
ting: experience at ACLAR aud possible adaptations
for the TAC/CCIAR, ACIARISNAR Project Puper
Na, 17, ACIAR, Canberma.

Sawicki, R, M. 1983, Cumcnt inseelivide manage-
ment practces in coton arvund the world—short-
term succcsses or templates for the future? Peslie,
Sei. 26: 101-410,

Sawicki, L, M., & I, Denholm. 19587, Management of
resistince to peslicides in collon posts, Trop. Pest
Manage, 33(4): 262272,

1589, Insecticide resistance manupgement revisited,
pp. 183-2035, In 1989 BCFPC Monograph 43, Y'rog-
ress and prospects in inseel conbrol, British Crop
Proteetion Council, Byighton, UK,

Sawicki, R. M., I. Denholm, N, W, Forrester & C, 12,
Kershaw, 1989. Present inseclicide-resistance
management strateics in cotton, Ch, 4, pp, 3143,
In M. B. Grcen & D. J. de B. Lyon [eds.]. Pest
management in cotton, Ellis Flarwood, Chichester.

Schultz, T. ¥. 1953, The cconomic organization of
sgriculture. MeCraw-Ilill, New Yoik.

Smale, B. C. 1990, Iniernatiounal pest resistance
management congress: working geoups prepare for
199] meelings, Pest Resistance Management Nows-
letter 2(1): 11-12.

Sugden, R. & A. Williams. 1978, The principles of
practical cosbbencft analysis. Ouford University
Press, Oxlord,

Taylor, C. R. 1980, The nature of henefils and costs
af use of pest control measares. Am. J. Apric. Econ,
6G2: 1007-1011.

Taylor, C. R. & X, K. Frohberg. 1977. The wellare
eftects of erosion controls, banning pesticides, and
limiting Fectilizer application in the com helt. Am. J.
Amie. Eeon. 59; 25-35.

Taylor, C. I. & A. D, Lacewcll, 1977. Bollwecvil
control skrategies: regional benefits and costs, South
). Agric, Econ. 9: 1294135

Yolck, G. & J. Turner. 1986, Keceping the lid on
costs—minimise costs and maintiin yields. Aust
Cottangrower 7(2); 44—47,

Wangboonkong, S, M. Kachapong & M. Rumakom.
1989, The adaptabilities of Thai farmers in cotton
pest teehnology transfer (abstract), p. 121, In The
first Asia-Pacific conference of entomology (APCE),
November 813, 1889. Chiang Mai, Thailand,

Received for publication 17 fune 1991; accepted 17
April 1995,

4

Resistance
to Bacills
| ;

ABSTH
secticid
mesthied
wilditive
selectio
caused

method
FUEICssl
tegistapn
three st
with 0.0
was 0.1
Lxtrpo.
maices or
CXPOSUTY
craased
gonerati
ol sclee
sugprests
potentia
deseribe
ments, |
Prow'e ey
into syst

KEY W(

[IESISTANCE WISK
tempt to predict !
aping resislance 3
in a particular en:
spite recognized |}
for resistance is w
in proposcd syst
meqt (National B
mlory selection
there is no guarar
velop in the field
lceted in the labo
ation compared w
1986}, Successful
unequivocal ¢vide
tance, but extrape
ment, level, and t
problematic (Keid




