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Prologue

In January 1985, Professor C.E. Taylor addressed the Linnean
Society of London making the comment ‘I can think of few
problems in evolutionary biology that are more important than
controlling resistance, a problem that is serious enough now,
and certain to become more so” (Taylor 1986). His prophetic
comment remains as pertinent now as it was then for, despite
significant advances in our knowledge of the genetics, physio-
logy and biochemistry of resistance, little progress has been
achieved in formulating practical countermeasures against the
inexorable march of resistance. This study is an attempt to
address this problem.

Neil W. Forrester



Abstract

An insecticide resistance management (IRM) strategy was introduced into the summer rain-
fall cropping areas of eastern Australia in the 1983/84 season. The aims of this IRM strategy
were to manage pyrethroid and endosulfan resistance problems in Helicoverpa armigera
(Hibner), formerly Heliothis armigera (Hiibner), and to avoid any possible future problems with
organophosphate or carbamate resistance. An alternation strategy was adopted which was
based on the rotation of unrelated chemical groups on a per generation basis, along with a
strong recommendation for the use of ovicidal mixtures. These chemical countermeasures were
then incorporated into an acceptable integrated pest management (IPM) programme. The vol-
untary restrictions were applied to all crops susceptible to H. armigera. They were even applied
to other co-incident pest species on these hosts, such as sorghum midge Contarinia serghicola
(Coquillet) (Diptera: Cecidomyiidae), as it was shown that pyrethroids applied to flowering
sorghum for midge control caused selective mortality of co-incident H. armigera larvae and
resulted in differential selection for resistance. The demonstration of the imdependence of the
endosulfan and pyrethroid resistance mechanisms vindicated the sequential use of these two
groups in Stages I and II of the IRM strategy, respectively.

The impact of the IRM strategy on pyrethroid and endosulfan resistance was followed using
a monitoring technique based on discriminating dose testing of larvae reared from field collect-
ed eggs. This proved to be a very sensitive technique which facilitated fine tuning of the strate-
gy’s guidelines as and when necessary, e.g. the reduction of the pyrethroid window from 42 to
35 days from the 1989/90 season onwards. Pyrethroids selected for resistance in both moths
and larvae and this was manifested within the Stage II window and in the early Stage III peri-
od, respectively. The two main factors influencing the frequency of pyrethroid resistance were
dilution by susceptibles immigrating from the refugia and pyrethroid selection pressure.
However, as the refugia became increasingly contaminated, their effectiveness as a dilution
source declined, resulting in gradually increasing pyrethroid resistance levels in all areas over
time. This highlights the importance of maintaining an effectively large susceptible gene pool
for sustained dilution of resistance as was shown in the case of self regulated resistance man-
agement in the polyphagous, highly mobile sibling species Helicoverpa punctigera (Wallengren).
Inadequate cultivation of post-harvest fields harbouring overwintering pupae resulted in the
carry over of large numbers of resistant pupae. The strategy was shown to be a successful
delaying tactic for pyrethroid resistance. The possible reasons for the much more successful
management of endosulfan resistance are discussed.

The Via tolerance curve analysis of Fi data indicated an abrupt change in the relative impor-
tance of field pyrethroid resistance mechanisms following the mtroduction of the IRM strategy.
The strategy favoured the selection of the more amenable oxidative resistance mechanism over
the intractable nerve insensitivity resistance mechanism which was also clearly demonstrated
by the dual insecticide + synergist discriminating dose technique. Two possibly complementary
explanations are put forward for this; differential genetic dominance, and/or selection in more
than one life stage. The Beeman-Nanis analysis was unsuccessful in identifying the relative
importance of the field resistance genes due to lack of full genetic dominance.

Moths expressed pyrethroid resistance to both direct {eye test) and imdirect (tarsal plate test)
exposure without hypo-irritability. Selection of adults in the field resulted in dispersal of resis-
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tant moths from sprayed to nearby unsprayed cotton. The phenotypic expression of pyrethroid
resistance in moths declined with age. This resulted in poor correlation of adult resistance
(determined from pheromone trapped males} and resistance in field collected eggs. Oxidative
metabolic detoxification was shown to be the major pyrethroid resistance mechanism in moths
as well as larvae.

Both pyrethroid and endosulfan resistant H. armigera larvae were shown to have marginally
longer development times. However, these were not manifested as significant biological deficits
in laboratory and field competition studies on pyrethroid resistant larvae and prepupae (endo-
sulfan not studied). The absence of back selection against pyrethroid resistant H, armigerz im the
unsprayed refugia, due to the lack of any selective disadvantage in the immature stages (adults
not studied), helps explain the gradually deteriorating pyrethroid resistance situation.There
was no evidence of selection of fitness modifiers to overcome the slower development of either
pyrethroid or endosulfan resistant larvae.

The demonstration that the strategy has favoured selection of the more amenable oxidative
resistance mechanism, led to the study of possible chemical countermeasures, such as syner-
gists and resistance breaking pyrethroids. The methylenedioxyphenyl and acetylenic com-
pounds were the most effective synergists with moderate activity from some organophosphate
compounds. All the other compounds tested were either ineffective or only marginally effec-
tive, including most organophosphates tested, pyrethroid analogues, N-alkyls, esterase and
glutathione transferase inhibitors, various nitrogen heterocycles, juvenile hormone and ana-
logues, formamidines, organochlorines, anti-oxidants, and kojic acid. The most promising syn-
ergists indicated for further evaluation were synthetic analogues of piperonyl butoxide (Pbo},
phosmet, propargite and possibly also fenthion, phosalone, azinphos-ethyl, pyrazophos and
kinoprene. Studies with various solvents indicated that the mode of action of Pbo and the other
synergists in this study, is principally true biochemical inhibition and not quasi-synergism
(improved penetration). Studies on Pbe indicated that a set rate of Pbo should be used, irre-
spective of the activity of the accompanying pyrethroid, residual activity of Pbo is poor but that
this could be partially overcome by increasing the rate, straight Pbo applied onto a weathered
pyrethroid deposit could restore control but only temporarily and would probably be of little
practical field use and that, no difference in residual activity could be found between the four
Pbo formulations tested. In order to preserve the long-term effectiveness of Fbo as a pyrethroid
synergist within the Australian IRM strategy, an optimal use strategy {based on synergist rota-
tion within the present insecticide rotation scheme) is discussed.

The structural requirements for designing a resistance breaking pyrethroid to overcome
oxidative metabolic pyrethroid resistance in H. armigera were studied. Changes from the con-
ventional phenoxybenzyl alcohol moiety could overcome most, if not all, resistance, Simnple
benzyl alcoliols were the most effective followed by cyclopentenolones and a methylated
biphenyl alcoliol. Incorporation of synergophore groupings (methylenedioxyphenyl and
acetylenic) were fully effective in breaking resistance. Changes from the conventional central
ester bond to an ether and reversion to an unsubstituted alpha carbon analogue, both lowered
resistance. Some evidence was found to indicate that Pbo could be acting both as a classical
monooxygenase inhibitor and a preferential penetration synergist in resistant larvae. Fully or
partially resolved isomers were clearly much more toxic on resistant strains, indicating a
possible blocking effect of the inactive isomers. A simple benzyl resistance breaking pyrethroid
(Series Two) was shown to be equally effective on both adult and larval H. armigera, giving sim-
ilar results to a pyrethroid/Pbo mix. The ideal requirements for a resistance breaking
pyrethroid are discussed as well as factors acting against their possible commercialization.
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Section 1

The Australian insecticide resistance
management strategy

Summary

In response to field pyrethroid failures against Helicoverpa armigera
(Hiibner) in early 1983, an insecticide resistance management (IRM) strategy
was introduced for insect control in summer crops in eastern Australia. The
aims of this strategy were to contain the pyrethroid resistance problem, to
prevent re-selection of historical endosulfan resistance (both curative IRM)
and to avoid any future problems with organophosphate/carbamate resis-
tance (preventative IRM). An alternation strategy was adopted which was
based on the rotation of unrelated chemical groups on a per generation basis,
along with a strong recommendation for the use of ovicidal mixtures. These
chemical countermeasures were then integrated with other non-chemical
control methods (biological and cultural) into a workable integrated pest
management programme. The restrictions were applied to all Helicoverpa
armigera susceptible crops (including cereals, oilseeds, grain legumes, toma-
toes, tobacco and cottor) and even to other co-incident pest species. From its

inception, compliance with the voluntary strategy has been exceptional.

Introduction

In January 1983, pyrethroids failed to give satisfacto-
ry field control of Helicoverpa armtigera (Hiibner), former-
ly Heliothis armigera (Hiibner), at Emerald in central
Queensiand, Prior to that, as in the USA (Riley, 1989),
they had been ‘heralded as miracle insecticides’ as they
replaced the resistance prone and environmentally liable
organochlerines, cyclodienes and organophosphates
{(Morton & Collins, 1989). When they were introduced
commerciaily in the late 1970s, they had many benefits
over what was then available. They were very cost-effec-
tive at extraordinarily low dosage rates on a broad range
of agricultural and public health pests, had no residue
problems, were safe to mammals, had low environmen-
tal impact and were immobile in the soil (Elliott, 1989},
Indeed, they were regarded as the almost perfect insecti-
cide (Leahey, 1985a). In fact, by 1986, their popularity
was such that they accounted for around 25% of all
insecticides used in agriculture and public health
(Jackson, 1989; Hirano, 1989a). They were particularly
favoured in cotion because of their contact mode of
action and pgood efficacy against previously resistant
pests and by the mid-1980s accounted for 49% of the
world cotton insecticides market (Riley, 1989;
Watkinson, 1989). So when the breakdown at Emerald
was clearly shown to be due to the development of resis-
tance (Gunning ef al., 1984), there was no disguising the
concern of the Australian cotton industry in particular,
but also the other field crop industries in which H.
armigers was a key pest. Within six months of these
reported field failures, a strategy aimed at containing
the resistance problem had been formulated and ratified
for use in the following season, by all parties concerned
(Forrester, 1990a).

Background, format and aims of the Australian
strafegy

Insecticide resistance has been a recurring problem
for Australian summer crop, particularly cotton, grow-
ers. Helicoverpa arniigera has developed resistance to vir-
tually every insecticide group used against it, including
the organochlorines, cyclodienes, organophosphates,
carbamates and pyrethroids (fig. 1). Although prompted
by the development of resistance fo pyrethroids, the
Australian strategy does not just aim to manage
pyrethroid resistance, Because of a predicted increased
reliance on alternative insecticides with previous resis-
tance histories (particularly endosulfan), it was decided
from the outset that the aim should be to manage resis-
tance to all the available chemical groups. These
included the pyrethroids, endosulfan and the
organophosphates/carbamates. A different approach
was used for each group, depending on the severity of
the resistance risk and predicted selection pressure,

Pyrethroid and endosulfan resistance management
was designed mainly on an alternation strategy based
on rotation of chemical groups on a per generation basis.
Pyrethroids {maximum of three} were recommended to
be used for a 42 day period (Stage II window) during the
middle of the season (fig. 2). This 42 day period corre-
sponded to the minimum time required for the develop-
ment of one generation of H. armigera in the field (Room,
1983). Thus, pyrethroid selection pressure was restricted
to one of the four to five generations per season.
However, because of the tendency for growers to apply
a pyrethroid late in the Stage 11 window and the residual
nature of the pyrethroids, it was found that a 42 day
pyrethroid window was selecting for more than one
generation, particularly in hotter than average seasons.












Section 2

Evaluation of the impact of the
strategy on pyrethroid and
endosulfan resistance: discriminating
dose studies

Summary

The monitoring technique employed in this study {discriminating dose
screening of larvae reared from field collected eggs) proved extremely suc-
cessful in documenting the impact of the strategy on both pyrethroid and
endosulfan resistance, without the problems of alternative techniques.
Because of the sensitivity of this technique, strategy users have been able to
verify the anticipated impact of the strategy, identify problems, adjust their
management practices accordingly and assess the effectiveness of these
procedures. This has resulted in the maintenance of the strategy’s excellent
compliance rate.

Pyrethroids imposed selection for resistance in both moths and larvae,
resulting in increases in resistance within the Stage II window and the early
Stage III period, respectively, These two peaks effectively merged into one
large peak while the pericd of pyrethroid use remained at 42 days. However,
the initiative to reduce the pyrethroid window to 35 days separated the two
peaks and proved to be a successful delaying tactic. The two main factors
influencing pyrethroid resistance appear to be dilution by susceptibles imini-
grating from the refugia, followed by pyrethroid selection pressure.
However, as the refugia becamne increasingly contaminated, their effective-
ness as a source of susceptibles for dilution declined, resulting in gradually
increasing pyrethroid resistance levels in all areas over time. Adult selection
was more important in the mixed crop Emerald study area because of pre-
maling selection. This, along with the higher Helicoverpa armigera pressure at
Emerald, probably offset any potential benefit of the longer crop season at
this site. Inadequate cultivation of post-harvest fields harbouring overwin-
tering pupae, presumably due to low price forecasts in the economically
sensitive cotton industry, resulted in the survival of large numbers of resis-
tant pupae. As a result, cultural control of overwintering pupae has become a
major compoenent of the integrated Australian resistance management strategy.
The strategy has not overcome the pyrethroid resistance problem but has
proved to be a successful delaying tactic in ‘buying time’ and extending the
useful life of the pyrethroids.

However, the strategy has been much more successful in managing
endosulfan resistance and some possible reasons for this are discussed:
effectively lower selection pressure, fitness deficit, fewer life stages selected,
or lower genetic domminance. However, it was not possible from this study
to determine the relative importance of these factors or their interactions.

Introduction

The need to monitor resistance has been widely rec-
ognized for some time (Cook, 1981; Dover & Croft, 1986;
Georghiou & Taylor, 1986; Hammock & Soderlund,
1986; National Research Council, 1986; Dennehy, 1987).
Indeed, Dennehy (1987} considered that ‘monitoring
methodology was the vehicle needed to make most
Resistance Management Strategies implementable and

verifiable’. This need was also recognized very early on
in the planning of this strategy and considerable effort
was given to design a monitoring system which could
simply and accurately indicate the irnpact of the strategy
an pyrethroid and endosulfan resistance. A technique
based on discriminating dose screening of larvae reared
from field collected eggs was adopted, as it was consid-
ered simple, accurate and efficient (see Appendix 2 and
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then either pooled into collecting weeks and graphed
using between site binomial standard error estimates
{figs 4, 5 and 6, table 1), or into collecting Stages (I, II or
I} and tabled or graphed using standard errors of the
mean (table 2, fig. 7). Comparisons were also made
between the weekly pooled and between site binomial
standard errors {table 1), as suggested in Sawicki et al.
(1989). The significance of the indices of total season
selecHon pressure (increase in pyrethroid resistance
between Stages I and TII, table 5), inter-season decline
(decrease in pyrethroid resistance between previous
Stage Il and the following Stage I, table 4) and adult
selection (increase in pyrethroid resistance between
Stages 1 and II, table 3), were all inade using unpaired t
tests on comnbined Stage means.

Rainfall and crop surveys

Rainfall records for 45 sites spread throughout the
New South Wales portion of the eastern Australia sum-
mer rainfall crop belt (fig. 3), were obtained from the
Bureau of Meteorology. The average monthly summer
rainfall (December to February) was expressed as a per-
centage of the long-term average (fig. 8}. This time peri-
od was chasen as rainfall in these inanths would Unpact
on the growth of sorghum, the immajor alternative host
flowering during Stage II in this region. In addition,
sorghum production records for the same area were
obtained from the Anstralian Bureau of Statistics and
NSW Agriculture & Fisheries (fig. 8). This allowed a bet-
ter assessment for the Stage ITI diluton potential of the
surrounding refugium area than just rainfall data or
sorghumn area alone, as sorghum production takes into
account both the quantity {area) and quality (amount of
rain) of this important dryland (raingrown) alternative
host.

Winter cultivation surveys

After recognizing the critical importance of the over-
wintering population in carrying over resistance from
one season to the next, an annual winter cultivation sur-
vey was instigated from 1987 onwards (table 6). The sur-
vey was carried out in late September/early October,
just prior to sowing and moth emergence from dia-
pause, to allow the maximurn available period for stub-
ble management decisions to be undertaken.
Cultivation practices were classed as either ineffective
{little or no scil disturbance) or effective (stalks dis-
turbed) in killing overwintering pupae of H. armigera
(table 6).

Results
Species composition (figs 9 and 10)

Namoi/Gwydir H. armigera Stage Ilevels were gener-
ally quite low (0-20%}, except for a variable peak in the
early December period. This peak may be the first H.
armigera generation on cotton but in fact, it is the second H.
armigera generation of the season in the Namoi/Gwydir.
Stage 1 H. armigera levels at Emerald were quite variable
from season to season, probably reflecting changing crop

culivation patterns in response to variable rainfall.
However, it is quite clear that Stage I H. armigera pressure
at Emerald is significantly higher than in the
Namoi/Gwydir, Stage II H. armigera levels, both in the
Namoi/Gwydir and Einerald, were generally higher than
in Stage I, particularly towards the end of this period. The
changeover to late season H. armigera dominance was gen-
erally complete in Stage III in both areas, except for a few
periods of H. punctigera pressure in March.

Pyrethroid resistance - Namoi/Guwydir

Each season showed a similar pattern with slight but
significant increases between Stages [ and II {tables 2
and 3) and sharp peaks in Stage III {fig. 4}, except in the
1989/90 shortened pyrethroid window season.
Noermally resistance peaked in the first few weeks of
Stage III (early March}, but in the 1989/90 season it in
fact dropped during this period, reaching a peak only in
late March. This resulted in a ‘twin peak’ quite distinct
from previous seasons with longer pyrethroid windows
{fig. 4). The apparent twin peak of 1986/87 was quite
different from the 1989/90 season in that the trough
occurred in the last two weeks of the Stage II pyrethraid
window, not m Stage IIl (figs 4 and 11). This was the
only season when pyrethroid resistance declined within
the pyrethroid window and it coincided with a swing
away from pyrethroids during the latter half of the Stage
1 window in this season (fig. 11), because of serious
resistance problems.

Stage I levels returned to quite low levels (less than
10%} for the first three seasons but showed an alarming-
ly large increase early in the 1986/87 season (fig. 7).
This coincided with high survival of the highly resistant
overwintering pupae (44.5% average resistance for the
previous Stage I1J, table 2) which were not destraoyed by
stubble cultivation during the 1986 winter because of
record low prices on the New York cotton futures (table
6, fig. 12). In fact, the index of inter-season decline for
this winter, was the lowest recorded during the study
(table 4). Growers responded to these gloomny price fore-
casts by cutting back their cotton areas for the following
season, sowing ouly their best fallow fields and leaving
cotton stubble either uncultivated or sown to alternative
winter crops instead of working them up for following
cotton crops (table 6). When prices stabilized, stubble
management and ¢rop rotation practices also returmned to
normal (table 6). The following Stage I (1987 /88 season)
also indicated a return to normality with a significant
decline in resistance but not quite to the low levels of the
first three years of the strategy (fig. 7, table 2). In fact,
overall, there has been a clear and steady increase in
resistance levels, in all three Stages over time (fig. 7).

Pyrethroid resistance - Emerald

Resistance patterns were remarkably similar to those
found in the Namoi/Gwydir area, but with some impor-
tant differences. For example, the increases in resistance
between Stages I and 1I, tended to be higher than in the
Namoi/Gwydir, despite often lower selection pressure
(table 3). This index of adult selection correlated well
with the area of naize sown at Emerald, being highest
when maize was a significant alternative crop in the irri-
gation area (table 3). There were also some differences
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Table 2. Average pyrethroid and endosulfan resistance levels in Helicoverpa armigera for each Stage (I, IT and [} of the Resistance
Management Strategy, for three study areas {the Namoi and Gwydir valleys of northern NSW, the Emerald irrigation area of central
Queensland and a sample of the unsprayed refugia area centred on Inverell in northern NSW). Resulfs expressed as the percentage of
larvae (reared from field collected eggs) surviving the discriminating dose (0.2 and 10 pg of fenvalerate and endosulfan, respectively,
per 3040 mg larva) + the standard error of the mean. n = the total number of larvae tested in each Stage.

Study area Scason Fenvalerate Endosulfan
1 jii] ] m
av. Eae n av.  Lhe n av, tse o av. ELX X o ar. + 5, n av. tse n
Mamoi/Gwydir 1983/84 9.2 11 1207 0.3 1.3 842 14.6 13 567 — — — — — — — - -
34785 75 1.2 732 129 EE U ] 279 16 2,048 — — — — — — — — —
85/B6 7.8 06 1789 13.0 06 4104 44.5 14 5,266 — _ — — — — — — —
86/87 a2 16 1765 36.7 1.2 3003 429 17 4,333 7.1 11 095 167 15 B67 20.1 11 2516
87/BE 198 12 204 0.t 1.5 1,725 344 15 2,035 7.3 14 220 176 22 S07 23.0 LB L107
BB/E9 196 28 H0 42.4 a1 43 w7 0 1,055 B8 18 214 132 a0 145 106 17 Livy
89/60 247 1.6 619 45.3 53 357 625 24 i 9.2 12 478 14.8 3.5 272 159 14 585
Emcrald 1WE5/86 &8 06 V268 171 13 272 14.4 0.6 5,871 — — — _ — — — — —
BB BE 08 2831 26.5 16 1&de ¥ L5 3423 7.7 10 1,114 204 16 1091 17.3 1.3 2910
B7/88 159 14 2097 271 21 838 274 21 1,575 95 0.9 1.036 14.3 23 475 137 e 1,393
88789 19.8 15 1,255 387 49 358 4.3 192 1,354 5.1 11 1013 136 3.5 259 71 11 el
89/90 279 31 274 46 7.0 7 54.6 23 565 31 ey 127 21.0 5.2 42 0.8 2.6 53
Tnverell 1087708 12 18 48 204 13 €70 194 18 481 113 21 29 0.5 10 558 348 1 292
83/89 219 28 291 289 54 509 417 21 7 9.4 24 157 4.8 12 373 a4 1.2 615
88790 22.1 18 24 327 21 476 38.2 Gl g7 40 1.3 243 52 19 M7 71 i3 ]

to the very low pyrethroid selection pressure in that sea-
son because of the late timing of the pyrethroid window
(see Appendix 3).

The Stage I resistance levels for the first two seasons
of monitoring at Emerald, were similar to the early Stage
I fipures for the Namoi/Gwydir (table 2). The 1985/86
Stage I levels are particularly interesting as they indicate
that pyrethroid resistance levels, after two seasons of
non-use at Emerald (see Appendix 3), had declined fo
levels no lower than where pyrethroids had been used
each season (table 2). The 1987 /88 Stage I data are also
interesting as they clearly show a spring to early sum-
mer decline in pyrethroid resistance during the muitiple
generation Stage [ period (fig. 5). However, recent Stage
I patterns at Emerald have been quite variable and diffi-
cult to interpret {fig. 5).

The twin Stage II/Stage III peak noted for the
1989/90 shortened pyrethroid window season in the
Namoi/Gwydir {fig. 4), was not so clearly evident at
Emerald {fig. 5), probably because of lower pyrethroid
use at this site,

Pyrethroid resistance - Inverell refugium

Pyrethroid resistance levels at the start of the season
(Stage I} have increased to similar levels as those found
in the nearby sprayed Namoi/Gwydir cotton area (fig.
7, table 2). The Stage II and III Tevels match fairly closely
the same pattern as for the Namoi/Gwydir but at a
lower level. The trend to steadily increasing resistance in
all three Stages over time, noted both in the
Namoi/Gwydir and at Emerald, was alse evident in the
Inverell refugium (fig. 7).

Dilution potential of refugia

The index of total season selection pressure {the
increase in pyrethroid resistance between the start
(Stage [} and the end (Stage III} of the season (table 5} is
influenced by a complex interaction of factors selecting
for and against resistance. Table 5 and figure 13 compare
the relative impact of an operational factor favouring

selection {pyrethroid use} and two ecological factors
{summer rainfall and sorghum production} favouring
dilution by susceptibles from the refugia. Pyrethroid use
and surmmer rainfall correlated poorly with the total sea-
son selection pressure, while the best correlation was
clearly with sorghum production (fig. 13). When
sorghum production was above average, either because
of good summer rain (1983 /84, 1987 /88) or a large area
sown (1986/87), dilution by susceptibles resulted in the
lowest selection indices, while in dry years with
sorghum production below average (1984/85, 1985/86,
1988/89), selection indices reflected closely the
pyrethroid use in the sprayed cotton areas, without the
confounding influence of immigration (table 5, fig. 13).

Endosuifan resistance - NamoifGunydir

Each season showed a similar pattern with the
largest increases (up to 2.4-fold) between Stages [ and II,
and only smaller increases or none, between Stages 11
and III (table 2). These moderate mid/late season resis-
tance levels always returned to low levels by the begin-
ning of the following season {table 2, figs & and 7).
Unlike the pyrethroids, there was no trend to increasing
resistance levels in any Stage over time.

Endosulfan resistance - Emerald

The resistance pattern at Emerald was similar to
Namoi/Gwydir but with some differences. The increases
between Stages I and II were generally higher at Emerald
{(up to 6.8-fold, table 2) despite similar Stage I selection
pressure (Appendix 3). The average Stage III figures at
Emerald indicated little or no change between Stages 11
and III {table 2), whereas the weekly data indicated a
clear response to Stage Il selection pressure with sharp
Stage IIT peaks (35-45%} in three out of four seasons (fig.
6). Similar high levels were only reached in one out of
four seasons in the Namei/Gwydir area (fig. 6). The
longer Stage Il season at Emerald would have masked
these transient high levels when averaged over the entire
Stage III period. As in the Namoi/Gwydir, these moder-
ate to high mid/late season resistance levels always
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Table 3. Impact of two different cropping regimes (a cotton moncculture in the Namoi and Gwydir river valleys of northern New
South Wales and mixed cropping in the Emerald frrigaton area of central Queensland) on the selection of pyrethroid resistance in

adult Helicoverpa nrmigera.

Season Crop area (ha) Pyrethroid resistance Index of adult selection Pyrethroid selection
(Pyrpy {increase in Pyt between pressure?
Stages 1 and IT] {sprays/cotton areal
Cotton  Maize (% of total arca) Stage I Stage 11
NAMOL/GWYDIR
1683/84 49,239 150 0.3%:) 2.3 95 1.02% 23
1984/85 61,242 150 (0.2%) 7.5 129 1.72* 21
1985/86 61,709 100 {(0.2%) 7.8 13.0 1.67* 27
1586/87 46,533 250 (0.5%} 322 36.7 1.14% 32
1987 /88 59,221 100 {0.2%} 19.8 301 1.52* 2.6
1988/89 51,091 100 (0.2%} 19.6 42.4 2.16* 23
EMERALD
1985/86 8,500 2,639 (24%) 6.8 17.1 2.51*% 0.6
1986/87 6,435 1,964 (23%) 8.8 265 a.01* 2.5
1987 /88 11,814 602 (5%} 15.9 27.1 1.70% 1.7
1988/89 9,000 1,000 (10%:} 19.8 387 1.95% 15
. data from table 2
v data from figs 54 & 56
L

{nnpaired t test}

returned to low levels by the beginning of the following
season and there was no trend to increasing resistance
levels in any Stage over time (table 2, figs 6 and 7).

Endosulfan resistance - Inverell refugium

Resistance remained low and relatively constant
throughout the whole study and did not reflect the
increases recorded in the nearby Namoi/Gwydir cotton
area (table 2, fig. 7).

Resistance by host crop

During collecting trips, eggs were sampled from
whatever hosts were available at the tiine. Obviously, few
alternative hosts were available in the Namoi/Gwydir
cotton menoculture but various crop hosts and weeds
were available at Emerald and in the Inverell refugium.
Table 7 indicates the periods when sufficient samples of
more than one host could be collected concurrently. Quite
clearly, resistant moths did not discriminate between
hosts as there was no occasion where either pyrethroid or
endosulfan resistance levels differed between the varicus
crop and weed hosts (table 7).

Comparison of sampling errors

The between site binomial standard error was on
average slightly higher than the pocled binomial stan-
dard error for fenvalerate, but not for endosulfan or the
fenvalerate/ piperonyl butoxide mix (table 1).

Discussion
Monitoring technigue

The monitoring technique employed in this study
(discriminating, dose screeming of larvae reared from
field collected egps) proved extremely successful and
had a number of advantages over other techniques. It
was found to be extremely sensitive in detecting even

,™ indicate Stage II Pyr levels are significantly higher (P« 0.05) or not significantly different, respectively, from Stage I levels

small changes in resistance which could then be correlat-
ed with various operational and ecological factors. This
would not have been possible if the classic resistance
monitoring technique (full bioassay of laboratory reared
F1 progeny) had been employed (see Section 3). This no
doubt, was due in part to the iinproved statistical effi-
ciency of the discriminating dose technique (Roush &
Miller, 1986) but also to the fact that the technique
allowed assay of individuals unchanged genetically
from the field. The importance of bicassaying material
direct from the field to avoid altering resistance frequen-
cies during laboratory culturing, has been noted by a
number of authors (Boggild & Keiding, 1958; Roush &
Miller, 1986; Dennehy, 1987). Field material can also be
lost during laboratory culturing through prior para-
sitism (e.g. Suckling ef al., 1987), disease, escapes, rear-
ing deformities and low copulation rates (e.g. Topper,
1987b) which can often mean that putative and actual
population numbers are generally quite divergent. This
technique avoided the loss of field collected material to
parasitism and disease, except for a small amount of
parasitisin by the egg parasitoids Trichogramma sp. and
Trichogrammatoidea sp. {(Hymenoptera: Trichogram-
matidae} (especially at Emerald) and the egg/larval par-
asitoid Chelonus sp. (Hymenoptera: Braconidae) {(mostly
early season). The technique allowed screening under
closely controlled standard conditions (temperature,
weight, diet) and also avoided the possibility of prior
exposure to sub-lethal doses, all of which can be major
variables with the direct assay of field collected material
{Martinson et al., 1991), particularly so for moths (dis-
cussed more fully in Section 7). The technique also
catered quite easily for the assay of field material from
remote sites at a centralized testing laboratory, quite
impoessible with moth testing (Forrester, 1990a). It also
allowed culling of the coincident sympatric species, H.
punctigera, which is not possible with any of the tech-
niques involving the screeming of neonates reared from
field collected eggs. These latter self dosing foliar

)
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Table 4. Impact of cotton price forecast (for the critical four month period after picking} on growers’ stubble management decisions and
the subsequent effect of these on the survival of the highly resistant overwintering Helicoverpa armigera pupae under cotton in the
Namot and Gwydir river valleys of northern NSW.

Winter % Pyrethroid resistance (Pyr)a Index of inter-season decline % Cotion stubble? New Tork cotton futures®
{decrease in Pyr between left uncoltivated
Autumn {Stage [H} Spring fearly previous Stage [H and the Lowest av. tmonthly Cents
summer (Stage I} following Stage I| proview (LS cents/1b} change between
May o August May and August
1584 14.6 7.5 1,65+ o6 -18
1983 279 78 358 &0 -5
1988 445 322 1.35% =04 (est.) an =31
1987 429 198 2,17 291 &9 +11
1588 4 19.6 1.96% 3.2 53 -14

2 dak from table 2

¢ dala derived fram fig. 12
b data from table 6 {1586 data estimate only)

= indicates Stage | Pyr lovels are significantly lower (" <0.01} than previous Stage I11 levels
(unpaired t test)

residue tests are also subject to avoidance behaviour
problems (Brown & Brogdon, 1987} and have, at least
for H. armigera, been shown to be less efficient than the
precision dosing topical larval test (McCaffery ef 4l.,
1988).

Because of the high migratory ability of H. armigera
{Daly & Gregg, 1985; Farrow & Daly, 1987), no mean-
ingful trends could be found by correlating resistance
and insecticide use on an individual property basis.
Consequently, each study area was treated as one large
‘Helicoverpa farin’ and collection data for properties were
podled over set periods of time (either weekly or by
Stage). Such pooling was also found necessary when
analysing data for the considerably less mobile housefly
(Musca domestica Linnaeus (Diptera: Muscidae)) (Gibson,
1981). The need to pool samples from a large area
because of migration between properties with different
selection regimes, precluded the possibility of incorpe-
rating an effective ‘control’ area of unregulated insecti-
cide use into the study (discussed further in Forrester,
1990a).

No attempt was made to convert the percentage
resistance data (i.e. percentage of larvae surviving the
discriminating dose) to gene frequencies, as this was
considered inappropriate for a number of reasons.
There were multiple genes involved with at least three
resistance mechanisims (Gunning, 1988; Sawicki &
Denholm, 1989} and the interaction of these genes was
and is still, unknown. There was also a variable overlap
of the susceptible and heterozygote lines for the princi-
pal metabolic resistance mechanism (Daly, 1988; Daly &

Murray, 1988), with the degree of this overlap possibly
depending on the genetic background {(e.g. Busch-
Petersen & Wood, 1986). Given all these difficulties, it
was decided not to attempt to convert the percentage
resistance data to gene frequencies in this study as there
was insufficient information available on the genetics of
any of the resistance mechanisms or their various com-
binations. Firko (1991) and Daly & Fisk (1992) both
advise similar caution when the mode of inheritance is
unclear.

The comparison of the between site and pooled
binomial standard errors yielded some interesting
information for designing possible future manitoring
programmes. Because of funding restrictions, more eco-
nontical monitoring methods are continually being
sought. One such possibility is to remove the need to
handle samples separately in the laboratory by combin-
ing collections for a set time period {say weekly inter-
vals). This would then lower the labour requirement for
sample and data processing without any loss in preci-
sion, at least for endosulfan. The slightly higher (8%)
error level for the fenvalerate between site binomial
standard error over the pooled, indicates that ideally,
collecting sites should be kept separate for this chemical.
The reason for the larger between site variation for fen-
valerate over endosulfan can probably be attributed to
the noted repellent properties of the pyrethroids
(Sawicki et al.,, 1989, see also Section 7 and references
therein). The slight loss in precision incurred by adopt-
ing the simpler pooled error estimate would be signifi-
cant only for the pyrethroid screen component of the

Table 5. Effect of an operational factor {pyrethroid use) and two ecological factors (summer rainfall and sorghum production in the
unsprayed refugia) on the intensity for pyrethroid resistance in Helicoverpa armigera from the Namoi and Gwydir river valleys of north-

ern New 5puth Wales,

Season % Pyrethroid resistance {Pyr)a Index of total season selection Pyrethroid uset Refugia dilution potentials
pressure {increase in Pyr (sprays/eottan area)
Stage I Stape 111 between Stapes [ and I} Summer rainfall® Sarghum production«

(% of long term mean) (% of six year mean)

1983 /84 93 14.6 1.5 2.3 +74 +32

1984 /85 75 279 372 2.1 -57 -14

1985/86 7B HSE 3.7 27 =26 -3

1986/87 322 428 1.33% 3.2 -22 +7

1987 /88 19.8 384 1.04% 6 +11 +12

1985/89 156 0.7 3.10% 13 -21 -13

*  dala From table 2 ©  data from fig 10

® dala from fig, 54 = indicakes Stage 1N Pyr levels are significantly higher (P <0205 and P <0401, respoctively) than Stage |

levels (unpaired t st}
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Fenvalerate tolerance curves: Emerald
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Fig. 16. Tolerance curves (after Via, 1986) for the fenvalerate bioassay of F1 progeny of

Helicoverpn armigera fenvalerate discriminating dose survivors from the Emerald study area

(1985/86 to 1986/87). Abscissa, log dose {(ug/30-40 mg larva). Ordinate, incremental kill fre-

quency for that dose. Combined = Stages I, II, Il together. n = total number of larvae tested.

Number of putative female parents in brackets. Dotted background fignre is the tolerance curve

for the fenvalerate bioassay of a strain heterozygous for a resistance mechanism fully suppress-
ible by piperonyl butoxide (presumably a microsomal monooxygenase), from figure 14.

sion, that the Emerald site was not investigated until
two years later, i.e. the 1985/86 season).

The deltamethrin tolerance curves in the
Namoi/Gwydir and Emerald (fig. 17) indicate a similar
situation to that for fenvalerate. The heterozygote toler-
ance curve matched a significant component of the pop-
ulation. The bimodal susceptible tolerance curve (0.005
to Q.05 pg/larva, from figure 14} could be detected quite
distinctly but the homozygotes {at about 0.3 pg/larva,
from figure 14) were more difficult to discern. As for
fenvalerate, small highly resistant populations could be
detected (between 0.5 and 5 pg/larva), once again par-
ticularly in the anomalous 1983 /84 seascen.

Beeman-Nanis analysis

The data correlated extremely poorly with the pre-
dicted theoretical response (fig. 19), consistently and sig-
nificantly overestimating the proportion of susceptibles
in the F1.

Discussion

The F1 tolerance curves indicated clearly the domi-
nance of the oxidative metabolic resistance mechanism,

at least from the 1984/85 season onwards. The anoma-
lous 1983/84 seascn is quite interesting as it indicates a
possible major shift in pyrethroid resistance mechanisms
since the introduction on the resistance management
strategy. The very early resistance mechanism/s gave
very high orders of resistance and correlated peorly
with the expected oxidative metabolic resistance popula-
tion response. These early populations had been subject
to continued, intense and unrestrained selection pres-
sure for some years, which had resulted in the first field
failures occurring late in the previous 1982/83 season.
Thus the 1983/84 population (first year of the IRM strat-
egy) would have still reflected pre-strategy selection
pressure to a degree and may have expressed elevated
levels of Pbo insensitive resistance mechanisms, such as
kdr or even super kdr type nerve insensitivity. This sce-
nario has also been suggested by Gunning et al. (1991)
who arrived at the same conclusion by different means.
The possibility that the IRM strategy has favoured the
selection of the oxidative resistance mechanism cver the
nerve insensitivity mechanism is not enly academically
intriguing but is also extremely important at the practi-
cal level. The more amenable oxidative resistance mech-
anism can be challenged by synergists and metabolically
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Table 9. Impact of deltamethrin and endosnlfan selection on pyrethroid and endosnlfan resistance in larvae of a colony of Helicoverpa
armigera established from survivors from the 1983/84 Namoi/Gwydir fenvalerate screens. Colony split three ways at F1 and selected
with either deltamethrin or endosulfan or left nnselected. LDso expressed in pg/30-40 mg larva. Resistance factors (RF) expressed as
LDso reststant strain + LDso susceptible strain. Susceptible strain LDsos 0.01, 0.03 and 0.7 for deltamethrin, fenvalerate ahd endosulfan,
respectively (data from tables 37, 38 and 39).

Selection pressure Deltamethyin Fenwalerate Endosulfan
on previcus
Generation genetation LDsy LDso LDsn
number (g 73040 mg larva) (95% Confidence limils)  Slope RF {45% Confidence limits) Slope RF (955 Confidence lirnits) Slope RF
Field
F1 fonvalerate 0.2 024 (0,179, 10.321) 1.6 238 0.50 ((1.345, .74} 12 167 41 (2.76, 6.14} 13 5.8
Fz deltamethrin =05 0.21 (1152, 0.256) i3 2048 ny {0.64, 1.18) 240 1.3
F2 deltamethrin =015 0.36 (0119, 0.842; 05 35.6 0.67 0.M3,1.27 7 223 1.1 (0el, 1.4} 1.5 15
Fz endosulfan =5 0.05 (0.026, 0.07) 1o 48 0.41 (0.275, 0.55) 1.3 13.7 1.2 (1.43, 2.53) 2.0 27
E: ni 0.14 {0.055, 0.209) 14 136 041 (0.274, 0.663) 1.0 13.7 1.7 [1.29, 2.19} 24 24

Table 10. Impact of fenvalerate and endosulfan selection on pyrethroid and endosulfan resistance in larvae of two colonies
of Helicoverpa armigera established from fenvalerate discriminating dose survivors from the Darling Downs area of southern
Queensland in 1983/84. Colony 1 split at F1 and selected with either fenvalerate of endosnlfan. LDso expressed in pg/ 3040
mg larva, Resistance factors (RF) expressed as LDso resistant strain + LDso snsceptible strain. Susceptible strain LDsos 0.03
and 0.7 for fenvalerate and endosulfan, respectively (data from tables 37 and 39).

Generation Selection pressnre Fenvalerate Endosulfan
number on previons generation
(g /3040 mg larva) LDso LDso
(95% Confidence limits) Slope RF (95% Confidence limits) Slope  RF
Colony 1
Field
F1 fenvalerate 0.2 0.07 (0.046, 0.112) 11 23 0.5 (0.27, 1.29) 1.0 1.1
F2 fenvalerate .2 0.24 (0.143, 0.349) 14 8.0 1.4 {0.87, 1.96} 1.5 2.0
Fz endosnlfan >5 0.07 (0.055, 0.098) 2.0 2.3 1.5(1.07, 2.15) 15 2.2
Colony 2
Field
F1 fenvalerate 0.2 0.09 (0.072, 0,117} 1.6 31 4.4 (3.28, 5.70) 1.9 62
Ez fenvalerate 0.2 0.12 (0.056, 0.203) 08 39 2.8(1.29,29.3} 12 40
F3 fenvalerate 0.2 0.41 (0.276, 0.602) 1.2 136 0.9{0.67,1.13) 19 1.3

Table 11. Impact of fenvalerate selection on pyrethroid and cyclodiene resistance in larvae of two colonies of Heficoverpa armigera estab-
lished from survivors from the Emerald fenvalerate screens in 1984/85 and 1985/86. LD50 expressed in ng/30-40 mg larva. Resistance
factors {RF} expressed as LI)s0 resistant strain + LD3o susceptible strain, Susceptible strain LDsos .03, 0.7 and 2.9 for fenvalerate, endo-
sulfan and dieldrin, respectively (data from tables 37 and 39),

Generation Selection pressure Fenvalerate Endosulfan Dielddn

number on previous

generation LDsa LDse LD:a
{5/ 3040 mg larva) (83% Confidence limits)  Slope RF (95% Confidence limits)  Slope  RF {95% Confidence limits)  Slope RF

1984/B5
Figld

F1 fervalerate 0.2

Fz fenvalerate 0.2

F3 fenvalerate (1.2 052 {363, 0.739) 1.8 17.3

F4 fenvalcrate 1.0 209 (1.514, 2.854) 1.2 i) 23 (1.76, 3.08) 1.9 33 29 (2.21, 3.68} 1.8 1.0

Fs fenvalerate B0 767 {6252, B.940) 14 2586 al (219, 4.20¢ 15 4.5

Fa fervalerate 16.0 .13 {7.076, 11.965) 0.9 M 35 {2.71, 4.48) 15 50 5.1 {3.57, 6.76) i5 1.7
1985/ 86
Field

F1 fenvalerate (1.2 0.1% (0,151, 0.222) 1.5 ] 1.9 (1.36, 2.64) 1.9 27 4.4 {2.87, 6.06) 1.5 1.5

Fz fenvaleralr 2.0

F2 fermvalerate 2.0

Fa fenvalerate 2.0

Fs fetwalerate 2.0 4.58 {3.274, 63700 0.9 153

Fs fenvalerate 2.1} 30.8 (19.39, 57.25) 07 126 37 (3.02, 4.61) 22 5.3 10.4 (7.16, 14.71) 1.1 3.6

Fr fenvaleraln 216.0 86.2 (H.68, 7921} 08 2873







32 Management of insecticide resistance in H. anmigera

Table 14. Impact of endosulfan selection on pyrethroid and cyclodiene resistance in larvae of a colony of Helicoverpa armigera estab-
lished from pooled survivors from the 1986/87 Namoi/Gwydir and Emerald endosulfan screens. Selection switched to fenvalerate
after the eighth generation. LDse expressed in pug/30-40 mg larva. Resistance factors (RF} expressed as LD50 resistance strain « LDso
susceptible strain. Susceptible strain LDsos 0.03, 0.7, 2.9 and 0.6 for fenvalerate, endosulfan, dieldrin and endrin, respectively {data
from tables 37 and 39).

Generation Selection pressure Fenvalerate Endosulfan Digldtin Endrin
number on previous
generation LDso LDso LD L0

(g /3040 mg larva)  (95% Confidence limits) Slope RF (35% Confidence limits) Slope BF (95% Confidence limits) Slope BF (85% Confidence limits) Slope. RF

Field

F1 endosulfan 10

F2 endosulfan 10

Fa endosulfan 10

Fg endosulfan 10 023 (026404030 19 108 175  (1345,22.0%) 14 245 779 (539, 121.8) 09 265 132 {(10.66, 1656 1.7 220
Fs endosulfan 240 026 (0.204,03277 14 B6 314 (250540100 14 448 M34 (14755276} 7 846 156 ({1243,1975 13 289
Fs endolsulfan 280 030 0297, 0389 13 101 532 (43.39, 66.56) 16 Fod 4199 (2474, 10027 08 143 2746 (2207,3556) L5 460
Fr endosulfan 2160} 025 (0166,0335) 10 &4 1490 ({i09.7, 219.4} 1.1 23 »1,000 e (2460,40.18) 15 515
Fa endosulfan =420 030 {0.23,0273) 15 99 4398 (2289,13329) 0F &8 1,000 431 (33.0, 6023 15 2
Fe fenvalerate 21.0 021 {155,027%) 18 6.9 1106 (64.252589) 08 158

Fimn fenvalerate 1.0 176  (1139,2549) 09 BBY 173 {741 65.66) 07 7

Fit fenvalerate =2.0 1556 (8.375,8459) 1.1 519 47 (286, 6.71) 11 67 94 (390, 1637y (¥ 33 30 (1.81,4.29) 1.1 50

Table 15. Impact of endesulfan selection on cyclodiene resistance in adults of a colony of Helicoverpa armigern established
from the pooled survivors from the 1986/87 Namoi/Gwydir and Emerald endosulfan screens. LDso expressed in pg/200mg
staudard 1 day old fed moth. Resistance factors (RF} expressed as LDsn resistant strain = LDs0 susceptible strain. Susceptible
strain LDsos 0.52, 1.24, 5.62 and 8,61 for endosulfan female/male and dieldrin female/male, respectively (data from table 44},

Generabon Selection pressure Sex Endosulfan Dieldrin
number  on previous generation
(jg /3040 mg larva) LDso LDso
{95¢% Confidence limits) Slope RF (95% Confidence limits) Slope RF
Field
F endosulfan 10
Ez endosulfan 10
F endosuifan 10
9 11.0(7.91, 15.38) 1.2 21.2 31.4 {4.51, 516.3) .6 5.6
F, endosulfan 10
a 7.1 (4,64, 10.49) 1.0 57 42.4(18.1,91.8) 0.3 49
2 12.9(8.80, 18.34) 1.2 248 549.1 (429.8, §821.0) 29 977
5 >
B endosulfan 240 Py 14.3(9.21, 21.71) 10 115 8855 (537.1,6,173) 14 1028
9 32.4(18.48, 51.15) 1.2 62.3 »1,000
>
Fs endosulfan 280 d‘ 42.3 (2541, 69.94) 12 341 >1,000
Fr endosulfan 2160
g 35,3 (20.82, 57.81) 1.3 67.9 >1,000
>
Fe endosnlfan 2320 493 (35.55, 70.75) 18 398 >1,000

Cross resistance studies Discussion

As expected, there was good correlation between the
cyclodienes but none at all between the pyrethroids and
any of the cyclodienes (table 16}). The low slopes
between dieldrin (independent variable) and endosul-
fan/endrin {dependent variables) once again indicate
the low order cross resistance from dieldrin to endosul-
fan and endrin.

On no occasion did pyrethroid or cyclodiene selec-
Hon pressure result in a reciprecal increase in resistance.
In addition, no correlation could be found bebween
pyrethroid and cyclodiene resistance in paived bioas-
says. Thus, there is overwheiming evidence to conclude
that pyrethroid and endosulfan resistance in H. armigera
in Australia is due to multiple rather than cross resis-
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Fenvalerate / endosulfan selections:
Darling Downs 1983/84, larvae
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Fig. 22. Impact of larval fenvalerate and endosnlfan selection on
resistance In larvae of two colonies of Helicoverpa armigera
established from fenvalerate discriminating dose survivors
from the Darling Downs area of southern Queensland in
1983/84. Colony 1 split at Fi. Ordinate, log {LDso x 100)
(ug/3040 mg larva) * 95% confidence interval. Resistance
factors above or below each confidence limit. Data from table 10.

Fenvalerate selections: Emerald, larvae
19R4/85 and 1985/86
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Fig. 23, Impact of fenvalerate selection on pyrethroid and cyclo-
diene resistance in larvae of two colonies of Helicoverpa armigera
established from snrvivors from the Emerald fenvalerate
screens, in 1984/85 and 1985/86. Ordinate, log (LDso x 100)
{ng/30-40 mg larva) + 95% confidence interval. Resistance fac-
tors above or below each confidence limit. Data from table 11.

Cyclodiene selections; Emerald 1985/86, larvae
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Fig. 24. [mpact of larval cyclodiene selection on cyclodiene and

pyrethroid resistance in larvae of two colonies of Helicoverpa

armigera established from survivors from the 1985/86 Emerald

fenvalerate screens. Colony 2 sphit at Fi. Ordinate, log (LDso x

100 (ug/3040 mg larva) * 85% confidence interval. Resistance

factors above or below each confidence limit. Data from
table 12.
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Fig. 25, Impact of larval cyclodiene selection on cyclodiene and

pyrethroid resistance in larvae of two colonies of Helicoverpa

armigerq  established from survivors from the 1985/86

Namoi/Gwydir fenvalerate screens. Ordinate, log {(LDso x 100

{1g/30—40 mg larva) + 95% confidence interval, Resistance fac-

tors above or below each confidence limit. Data from
table 13.






