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ABSTRACT
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Derivation of a series of multiplication factors for suggesting field application rates
of insecticides to control Choristoneura occidentalis Freeman based on laboratory data
is described. The seven chemicals (acephate, carbaryl, fenitrothion, methomyi, per-
methrin, sulprofos, and thiodicarb) on which these factors are based had been field
tested previously against C. occidentalis so that an estimated minimum effective dose
to cause 90% mortality in the field (MED,,) was available for each, The first laboratory
bioassay estimated the effective dose resulting in 90% mortality (ED,,) for each chem-
ical by conventional procedures in which the doses tested resulted in 5 to 99% mortality
when sprays were applied to larvae on foliage. In the second bioassay, each ED,, was
reestimated by testing doses predicted from the first bioassay to result in 75 to 98%
mortality. Finally, the rainfastness of each chemical applied at the ED,, dose was
determined to assess the degree to which rainfall affects efficacy. The ratio of the
MED,, to the precisely estimated ED,, for each insecticide was then determined. With
future field tests of rainfast chemicals, conversion factors of 4, 8, and 12 seem ap-
propriate. Increasing the factors to 5, 10, and 15 should suffice to assure comparable

effects for chemicals adversely affected by rain.

For many years, laboratory bioassays of insecti-
cides being developed for use on forest defoliators
were limited to topical and spray application exper-
iments designed to determine dose-response rela-
tionships (Lyon et al. 1972, Robertson et al. 1975).
Based on these simplistic bioassays, the relative tox-
icity of new chemicals compared with those tested
both in the laboratory and in the field were deter-
mined. A loose extrapolation was then made to sug-
gest field application rates for the new chemical.

To improve the process of selecting chemical in-
secticides with the best potential for suppressing the
western spruce budworm, Choristoneura occidentalis
Freeman, a series of bioassays and ranking criteria
that use a multiphase experimental approach was
done (Robertson and Haverty 1981). Although this
investigation demonstrated the benefits of using ex-
panded choice criteria, it did not address the selec-
tion of field application rates for two reasons. First
the conventional design of relevant experiments did
not permit precise estimation of the effective dose
that would result in 90% mortality (ED,,) in the
laboratory. Second, a generalized relationship be-
tween laboratory ED,, and field aE)plication rates
had not been described.

Reported here is the derivation of a series of mul-
tiplication factors for suggesting field application
rates of insecticides based on laboratory data. These
factors were derived by means of a comparison be-
tween extant field test data and laboratory ED,, val-
ues estimated by a new experimental protocol. In

ILepidoptera: Tortricidae.
2This publication reports research involving pesticides. It does not contain rec-
ommendations for their use, nor does it imply that the uses discussed here have been
i d. All uses of p ides must be regi d by appropriate State and or
Federal agencies before they can be recommended. Received for publication 23 Jan-
uary 1981,

this protocol, dose-response lines were first esti-
mated by a conventional design (e.g., Finney 1971)
when each insecticide was applied to foliage on which
6th instars were present. A new design was then used
to refine the estimated ED,, for each formulation.
Finally, the reestimated ED,, was tested for rain-
fastness in a deluge simulation. We assessed the re-
lationship between laboratory ED,, and the mini-
mum effective dose necessary to obtain 90% mortality
in the field, and we derived a series of multiplication
factors for both rainfast and nonrainfast chemicals
to suggest application rates to be tested in future
field experiments with new candidate insecticides.

Materials and Methods

Insects and Foliage

Insects used in all bioassays were recently molted,
sixth-stage larvae, weighing from 20 to 60 mg each.
Larvae were selected from the 87th to 88th gener-
ation of a nondiapausing laboratory colony reared
as described by Robertson (1979). Foliage of Doug-
las-fir, Pseudotsuga menziesii [Mirb.] Franco, was
collected every 2 to 3 weeks from small trees in a
plantation on the Russell Evergreen Tree Farm,
University of California, Lafayette, and stored in
plastic bags at 5°C.

Twenty-four hours before treatment, small
branchlets (15 to 25 cm in length and composed of
ca. 50% of the current year’s foliage) were cut from
the larger branches. Ten larvae were selected at ran-
dom and placed on each branchlet. Each branchlet
with the insects was held in a Randall cage, and the
branchlet stem was placed in water.

Insecticides and Treatment Procedures

Seven insecticide formulations were used: ace-
phate (Orthene 75S%), sulprofos (Bolstar 6E®)
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thiodicarb (UC51762 4F®) carbaryl (Sevin-4-0il®),
fenitrothion (Sumithion 8E®), methomyl (Lannate
1.8%), and permethrin (Pounce 3.2E®). All were
formulated in water, except carbaryl, which was for-
mulated in diesel oil. A new stock solution of each
toxicant was formulated on the basis of wt/vol of Al,
then serially diluted to the desired concentrations
for each replication. To assess spray deposit, 1% (wt/
vol) oil red dye was added to the carbaryl formu-
lation and 1% (wt/vol) aniline blue was added to the
other formulations.

Sprays were applied to insects on foliage with the
Mocliman spray chamber (Robertson et al. 1979).
A delivery volume of 0.25 ml (0.125 ml for carbaryl)
was expelled through the nozzle at 704 g/cm?, spray
targets were exposed for 60 sec, and average volume
of spray deposit was equivalent to 9.35 liters/ha (4.68
liters/ha for carbaryl).

Immediately before spray, each branchlet was re-
moved from the Randall cage and the stem was held
so that it was perpendicular to the plane of the spray
table. A funnel of filter paper was placed beneath
the foliage to catch insects that fell during spray
application. Immediately after spray application, the
branchlet was removed from the spray chamber, fallen
larvae were replaced on the foliage, the branchlet
was placed back within the Randall cage, and the
stem again was placed in water. :

Determination of Conventional Dose-Response
Lines

After initial dose-fixing experiments to bracket
concentrations resulting in mortalities of 5 to 99%,
eight final concentrations of each formulation were
tested. Each dose-response determination was rep-
licated three times. All formulations were tested in
a given replication before the next replication began.
For each replication, two branchlets were sprayed
simultaneously with one concentration. The order
in which the insecticide formulations were applied
in a given replication was randomized. For each in-
secticide formulation, test solutions were applied in
order of increasing concentration after application
of the appropriate water or diesel oil control.

Larvae fed on the treated foliage for 7 days, and
mortality was assessed at the end of this period.
Results from both branchlets were combined so that
each data point of each replication represented the
response of 20 insects. Data were analyzed with the
probit option of POLO (Russell et al. 1977) to de-
termine the dose-response line and estimates of dose
that would cause a given level of mortality.

Refinement of ED,, Estimate

ED,, values can be estimated from the dose-re-
sponse lines described earlier. Considerable varia-
tion, however, is associated with the extremes of a
dose-response line, such as ED,, or ED,, (Copen-
haver and Mielke 1977). Further testing is necessary
to refine the ED,, estimate to recommend applica-
tion rates for field testing.

This bioassay was done in a manner similar to that
described for the dose-response determination. The
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age class of insects, the insecticide formulations, and
the spray application and treatment procedures were
all the same. One of five application rates of the
insecticide formulations was applied to two branch-
lets in each of nine replications. The five concentra-
tions tested were those that would theoretically pro-
duce 75, 85, 90, 95, and 98% mortality as predicted
by the line. The refined estimate of ED,, was de-
termined by subjecting these data to log-probit
regression. This refined estimate of the ED,, was
then evaluated for rainfastness.

Rainfastness

To assess rainfastness, the ED,, of each formu-
lation was applied to four branchlets in a randomized
complete block design; this procedure was replicated
eight times. Branchlets were sprayed with insects
present, as previously described. Immediately after
spraying, insects were removed from the branchlet
and were held temporarily in petri dishes. The sprayed
branchlets were allowed to dry for 2 h. Two of the
branchlets were chosen at random and subjected to
1.27-cm-equivalent rainfall over a S-min period with
the rain chamber described by Robertson and Boel-
ter (1979); the other two branchlets were not sub-
jected to rainfall. One hour later, the insects were
replaced on their original branchlet. Each branchlet
was then held in a Randall cage, and mortality was

assessed as described earlier. )
Contingency table analysis (Steel and Torrie 1960)

was used to determine whether rainfall washes off a
significant amount of each insecticide to reduce west-
ern spruce budworm mortality caused by each for-
mulation at the ED,, level, or whether differences
in mortality between formulations subjected to rain-
fall were statistically significant (o = 0.05).

Results

Conventional Dose-Response Lines

Conventional dose-response lines and estimates of
the ED,, were determined for each of the seven for-
mulations (Table 1). For methomyl, the value of g
exceeded the conservative safety limit of 0.50; 95%
confidence limits for the initial ED,,, therefore, were
not estimated. The relative toxicities at ED,, of the
seven insecticide formulations were (index of rela-
tive toxicity = ED,, for least toxic formulation, car-
baryl, divided by the ED ,, for formulation x): thio-
dicarb, 28.3; methomyl, 25.6; permethrin, 15.7;
acephate, 8.3; sulprofos, 7.6; fenitrothion, 2.6; and
carbaryl, 1.0. '

Refined ED,, Estimates

Bracketing the doses tested between the estimated
ED,, and ED,, provided a more reliable estimate of
the dose that will give 90% mortality compared with
values obtained with the conventional design (Table
1). The confidence limits for the refined ED,, were
always calculated and were generally much nar-
rower. Relative toxicities, on the basis of the refined
ED,, values, were: permethrin, 26.4; thiodicarb, 10.4;
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Table 1.—Toxicity (EDy) of seven insecticide formulations to 6th-instar western spruce budworm feeding on branchlets of

Douglas-fir in two experiments®?

Expt 1: conventional design

Expt 2: refined design

Insecticide n NC Slope (SE) EDy 95% CL n  NC Slope (SE) EDyf 95% CL

Acephate 489 39  1.93 (0.16) 74.8  31.5-2,562.1 887 90  3.19(0.37) 65.7 56.4-81.5
Sulprofos 446 40 276(0.27) 814  61.5-123.9 858 88  3.76 (0.49) 74.1 63.4-90.5
Thiodicarb 470 39 1.98 (0.23) 22.0 15.4-39.9 865 91 1.96 (0.27) 24.1 18.4-38.5
Carbaryl 469 40 1.36 (0.13) 622.5 320.4-2,249.1 877 87 2.56 (0.36) 250.7 208.3-334.7
Fenitrothion - 476 39 1.82 (0.24) 236.1  135.1-927.7 885 86 1.96 (0.26) 128.2 100.3-191.7
Methomyl 481 40 4.02 (1.16) 24.3 —A 866 89 3.27 (0.50) 33.7 29.3-44.4

Permethrin 466 39 0.82 (0.10) 39.7 12.5-361.5 866 90 1.14 (0.16) 9.5 5.8-22.9

@ 1In the first experiment, the eight dosages selected resulted in mortality ranging from 5 to 99%. In the second, a refined estimate of the EDgq was derived from dosages

lhé'l,l resulted in mortality of 75 to 98%.

n, Number of insects treated; NC. number of controls; SE. standard error of slope; 95% CL, 95% confidence limit for EDgg.

¢ Dosage expressed as g/ha; estimate was made by using the probit model.
4 Confidence limits were not computed because the g statistic exceeded 0.5.

methomyl, 7.4; acephate, 3.8; sulprofos, 3.4; feni-
trothion, 2.0; and carbaryl, 1.0.

Rainfastness

The rainfastness experiments validated the rees-
timated ED,,’s; the percent mortalities resulting from
the estimated ED,; of all seven insecticide formu-
lations not subjected to rainfall (Table 2) were not
significantly different from one another (x> = 11.1
with 6 df), nor were any of them significantly dif-
ferent from 90%. Mortality resulting from the ED,,
of acephate, thiodicarb, fenitrothion, and methomyl
was significantly reduced by application of 1.27-cm-
equivalent rainfall (Table 2). The difference among
mortalities resulting from ED,, dosages subjected to
rainfall was highly significant (x> = 79.3 with 6 df).

Multiplication Factors for Field Application Rates

All insecticides tested in this study currently are
commercially available. Each is a registered product
and has been field tested by aerial application or
simulated aerial application against western spruce
budworm. The simplest relationship between labo-
ratory ED,, and minimum effective dosage that will
cause 90% mortality in the field (MED,,) is the ratio
MED,/ED,,. For all insecticide formulations tested,
except fenitrothion, this ratio fell between 4.46 and
11.91 (Table 3).

In field tests, three application rates are usually
tested. If one of the rates selected fails to provide
90% mortality, a minimum effective dose (i.e., the
next highest dosage) can be selected. The ratios of
MED,, to ED,, in this study suggest that multipli-
cation factors 4, 8, and 12 times the laboratory ED,,
are likely to predict an effective application rate for
candidate insecticides in a field test. For insecticide
formulations which are adversely affected by rain-
fall, such as acephate, thiodicarb, fenitrothion, and
methomyl, increasing the multiplication factors slightly
should account for lack of rainfastness. Multiplica-
tion of ED,’s by 5, 10, and 15 should suffice.

Discussion

Previously, we developed a method to select
chemicals with the best potential for controlling
western spruce budworm (Robertson and Haverty
1981). We used a series of bioassays to develop tox-
icological ranking citeria. This method necessarily
emphasized comparisons among insecticides. Five
insecticides (permethrin, sulprofos, fenitrothion,
carbaryl in the Sevin-4-oil formulation, and thiodi-
carb) were tested in both the present and the pre-
vious investigation. In the previous study, dose-re-
sponse lines were obtained by spraying the insecticides
directly onto larvae in petri dishes; in the present

Table 2.—Effects of 1.27-cm simulated rainfall on toxicity of seven insecticides applied at the estimated EDy, to 6th-instar western

spruce budworm feeding on Douglas-fir byanchlets

y

% Mortality«#

Dosage
Insecticide (grha) No rain Rain Yates’-corrected x2¢
Acephate 66.2 86.3 (13.6) 43.1 (26.0) 63.3
Sulprofos 73.9 92.5 (11.6) 87.5 (19.3) 1.7
Thiodicarb 24.6 90.6 (20.8) 68.1 (32.9) 23.5
Carbaryl 251.0 83.1 (14.4) 73.5 (21.9) 3.7
Fenitrothion 127.8 86.0 (17.0) 67.5 (22.5) 13.7
Methomyl 33.9 85.4 (13.0) 64.3 (20.9) 17.9
Permethrin 9.4 82.5(17.9) 73.5 (20.8) 3.2

@ Mean percent mortality (SD). Means are based on mortality resulting from eight replications of 20 insects each.
b Mortali%y from insecticides not subjected to rainfall was not significantly different (x2 = 11.1, 6 df). Mortality from insecticides subjected to rainfall was significantly

different (x% = 79.3, 6 df); acephate and sulprofos contributed most to the x? value.

¢ Value for comparison of no rainfall and rainfall for each chemical, For & = 0.03, critical x2 = 3.84, with 1 df.
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Table 3.—Ratios of minimum effective dosage for 90% con-
trol of western spruce budworm in the field (MED,,) to the
laboratory EDy, from which general multiplication factors are
derived

MEDy, Lab EDy,
Insecticide (g/ha) (g/ha) MED/EDy,
Acephate® 560° 66.2 8.45
Sulprophos 350¢ 73.9 4.74
Thiodicarb® 209¢ 24.6 8.50
Carbaryl 1,120¢ 251.0 4.46
Fenitrothion® 420° 127.8 3.28
Methomyl” 280/ 33.9 8.25
Permethrin 1124 9.4 11.91

“ Not rainfast.

b From Markin (1979).

¢ From Richmond (1981).

4 From Markin and Johnson (1982).
¢ From Morris et al. (1974).

/ From Markin and Johnson (1979).

study, insects were on foliage when sprayed. Our
previous ranking of the five chemicals was generally
confirmed by the similarity in relative toxicity values.
Thiodicarb, however, appeared to be more toxic in
the present study. Reasons for this chemical’s en-
hanced toxicity could not be specifically determined
but might be related to combined effects of contact
and feeding toxicity in the present study.

Because our investigation emphasized prediction
rather than comparison, we used a bioassay proce-
dure innately more natural than direct-spray appli-
cation to fully exposed larvae. Spray application to
larvae on foliage subjected the insects to contact with
the spray droplets, contact with spray residues on
foliage, and ingestion of toxicant when foliage was
consumed. We developed a two-phase estimation
procedure to calculate a precise estimate of the ED,,
and, thereby, to further improve prediction. The
conventional estimation procedure uses data encom-
passing a response range of 5 to 99%. After first
estimating this type of line, we focused attention on
the upper portion of the response where 75 to 98%
mortality occurred. The predictive value of this pro-
cedure was confirmed in the rainfastness experi-
ments.

The ED,s from a laboratory bioassay cannot be
used directly as recommended field rates. Often, as
much as 80% of spray aerially applied in the field is
not deposited at tree level (Williams 1973). Like-
wise, spray is deposited throughout the forest can-
opy, not just on single branches. Previdusly, labo-
ratory ED,, estimates were arbitrarily multiplied by
3 to obtain a field dosage (Williams 1973). In gen-
eral, the connection between laboratory estimates
and field application rates has been tenuous at best.
Since our multiplication factors are based on all
available extant field data, they should provide a
sound scientific basis for future experiments. The
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adoption of our protocol should reduce the number
of aerial application field tests that do not result in
the identification of an effective application rate for
new candidate insecticides.
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