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Diflubenzuron (Dimilin™), an insect growth regulator, is effective against various
insect pests of soybean [Glycine max (L.) Merrill], cotton (Gossypium hirsutum L.),
citrus, vegetables, ornamentals, and forests (both coniferous and deciduous trees)
(Crop Protection Handbook, 2003). In Louisiana, some soybean producers routinely
apply diflubenzuron at the R2 to R3 growth stage (Fehr et al. 1971) before velvetbean
caterpillar, Anticarsia gemmatalis Hubner, become established (Willrich et al. 2002).
At this stage, soybean are blooming and are attractive to velvetbean caterpillar moths.
Velvetbean caterpillar annually migrate from Central and South America and occur in
damaging densities in soybean from early to mid-August through September. Diflubenzuron appears most effective in preventive applications on soybean because
larval mortality is not immediate and velvetbean caterpillar are rapid defoliators. Boethel (1986) reported efficacy for 54 days after treatment (DAT), and Willrich et al.
(2002) observed control for 42 DAT in Louisiana. Foerster (1993; cited in McDonald
and Weiland 1995) in Brazil has also reported on the extended efficacy of diflubenzuron against velvetbean caterpillar on soybean. Season-long infestations of velvetbean caterpillar in soybean are negligible when treated with diflubenzuron, at the rate
commonly used in preventive programs (0.035 kg ai/ha) (Willrich et al. 2002). Additionally, in a laboratory bioassay, diflubenzuron provided control of beet armyworm,
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Abstract
Diflubenzuron [Dimilin™, N-[{(4-chlorophenyl)amino}carbonyl]-2-6-difluorobenzamide] is an insect growth regulator that is highly effective and provides residual control (up
to 54 days) against velvetbean caterpillar, Anticarsia gemmatalis Hubner, on soybean, Glycine
max{L.) Merrill, in Louisiana. We conducted a study to quantify the field persistence of diflubenzuron residues on soybean leaves when applied at 0.035 kg/ha, a rate used in preventive
programs for velvetbean caterpillar. Day of application (day 0) concentration of the insecticide on
the leaves was 206 ± 41 ng/cm2. By 14 days after treatment insecticide leaf coverage had
decreased to about 20 ng/cm2, where it remained for the remainder of the study. This persistent
low level residue on the soybean leaves is consistent with the extended diflubenzuron efficacy
toward velvetbean caterpillar that has been documented in Louisiana.
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Table 1. Persistence of diflubenzuron residues on foliage*
Study
Verloop and
Verloop and
Verloop and
Verloop and
Bull and Ivie
Mansager et

Ferrell (1977)
Ferrell (1977)
Ferrell (1977)
Ferrell (1977)
(1978)
al. (1979)

Crop

Residue persistence

soybean
corn
cabbage
apple
cotton
cotton

93% remaining, 60 DAT
8 6 % remaining, 60 DAT
100% remaining, 60 DAT
8 6 % remaining, 60 DAT
90% remaining, 14 DAT
t-1/2 = 1 4 days; residue persistent
after 14 DAT
t 1 / 2 ca. 14 days
residue persistent for at least 29 DAT,
March/April; t 1 / 2 = 14 days, July/August
t 1 / 2 = 1.3 days until 2 DAT; remaining
residue persistent, 2-120 DAT
t 1 / 2 ca. 5 days until 8 DAT; remaining
residue persistent, 8-141 DAT

Austin and Carter (1981)
Nigg et al. (1986)

apple
orange

W i m m e r et al. (1993)

black oak

Prendergast et al. (1995)

oak

DAT = days after treatment. The WP25 formulation was applied in all studies except Verloop and Ferrell
(1977), who applied a wettable powder formulation otherwise unidentified. The investigations were conducted in the field except for Verloop and Ferrell (1977), and Mansager et al. (1979), who carried out their
work in greenhouses.
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Spodoptera exigua Hubner, on cotton after 34 days and 229 mm of rain (Weiland et
al. 1996).
Several groups have extracted and determined the persistence of diflubenzuron
residues on plant foliage. Table 1 presents results of various field and greenhouse
studies with wettable powder formulations. In a greenhouse study Verloop and Ferrell
(1977) saw only slight diminution of the insecticide on soybean leaves for 60 DAT;
these investigators reported similar results for corn, cabbage, and apple. Bull and Ivie
(1978) observed 9 0 % of the initial (day 0) concentration on cotton leaves at 14 DAT;
Mansager et al. (1979), however, reported for the insecticide on cotton a half-life of 14
days, followed by a non-diminishing residue after that time. Austin and Hall (1981)
reported on persistence of diflubenzuron on apple leaves, finding a half-life of about
14 days. Nigg et al. (1986) observed residues on citrus leaves (Valencia orange) with
a half-life >29 days in March-April and 14 days in July-August. Wimmer et al. (1993)
observed a biphase persistence on maples, oaks, and yellow poplar (tuliptree) leaves
(upper canopy) such that 2 0 % to 80% of the initial coverage disappeared within the
first 3 wks after application, followed by a generally persistent residue until leaf fall.
Similarly, Prendergast et al. (1995) reported on the upper canopy of oak foliage at t 1 / 2
of about 1.3 days until 2 DAT, followed by a persistent residue for the next 118 days.
The results of Wimmer et al. (1993) and Prendergast et al. (1995) were complicated
by rainstorms within one day of application. Some of these reports on the leaf persistence of diflubenzuron are consistent with the typical but not invariable observation
that leaf pesticide residues show an initial rapid disappearance that tapers off to a
more or less asymptotic behavior (Willis et al. 1985, Willis and McDowell 1987;
Wheatley 1973). This early period after application is the time of volatilization and
other physical removal processes preceding a more intimate association with the leaf
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The objective of this study was to determine the field persistence of diflubenzuron
residues on soybean foliage. The investigation was conducted in an attempt to relate
insecticide leaf coverage to long-lasting control of velvetbean caterpillar by this insecticide as reported by Boethel (1986) and Willrich et al. (2002).

Materials and Methods
Soybeans, "Hartz 6101RR" (Maturity Group VI), were planted at the St. Gabriel
Research Station (Iberville Parish) of the LSU AgCenter and managed using agronomic practices and pest control strategies as recommended by the LSU AgCenter.
Plots consisted of 4 rows on 91-cm centers and 9.0 m long. Diflubenzuron and
non-treated plots were arranged in a randomized block design with 4 replications. On
15 August 2000, diflubenzuron (Dimilin™ 2L, 22.0% [ai wt:wt], Uniroyal, Middlebury,
CT) was applied to soybeans (R2 to R3 growth stage) with a hand-held C 0 2 sprayer
calibrated to deliver 140 L/ha at 207 x 10 3 Pa (0.035 kg ai/ha) through TeeJet 8002
flat fan nozzles (2 per row).
Soybean leaves (blades with petioles) were collected (20 leaves/plot) from the
upper 1/3 of the canopy approximately 3 h after application, on day 1, and then weekly
or biweekly for the remainder of the 56-day season. Leaves were stored in locking
plastic bags over ice for about 2 hours until they were transported to the laboratory for
area measurement and extraction. The single-surface area of the leaves was determined with an LI-3100 area meter (LI-COR Inc., Lincoln, Nebraska). Leaflets were
then cut into strips 1-2 cm wide, placed in 1-L jars and covered with 500 mL of ethyl
acetate for 3 minutes. The extract was decanted from the leaf pieces, which were then
kept covered with an additional 500 mL of ethyl acetate for 3 days. After this time, this
second volume of solvent was decanted from the leaf residue. This residue was
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cuticle. Various conditions have been implicated to be important in determining persistence of leaf pesticide residues: rainfall, relative humidity and leaf wetness, solar
radiation, heating-degree-days, plant species, and pesticide lipophilic/hydrophilic nature (Willis et al. 1985, Willis and McDowell 1987). Nigg et al. (1986) reported shorter
persistence of diflubenzuron during a hot/wet period (July/August) compared to a
cool/dry period (March/April). Their results are consistent with higher temperatures
(July/August) favoring volatilization and a consequent shorter persistence, but increased humidity, also a condition of their later study period, has been shown to both
increase and decrease leaf surface persistence of pesticides (Willis and McDowell
1987). The results of Wimmer et al. (1993) and Prendergast et al. (1995) are consistent with each other. All of these investigations show diflubenzuron to be long
persistent on foliage, sometimes with and sometimes without an initial rapid decrease
in residues. The non-diminishing persistence of the insecticide on foliage reported by
Verloop and Ferrell (1977) and by Bull and Ivie (1978) may be due to application
differences, compared to the other reports (Table 1). In both of the earliest citations
of the table, labeled insecticide was added to the leaves. Bull and Ivie (1978) describe
their careful syringe application to cotton leaves; Verloop and Ferrell (1977) do not
describe their procedure for applying labeled diflubenzuron. In the other work listed in
Table 1, spray applications of the formulation were made. It is conceivable that
syringe application leads to an immediate intimate association of the residue to leaf
cuticle; whereas, spray applications take a few days for this close association to occur
and allow time for sloughing/volatilization of the residue.
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Results and Discussion
Approximately 80% recoveries of the applied chemical were obtained when the
extraction and analysis procedure was applied to soybean leaves to which a known
quantity of diflubenzuron had been added (Table 2). The percentage of material
removed by the 3-min dip, compared to that taken up in the 3-d extraction, was 88.4

Table 2. Recoveries (%) of diflubenzuron from spiked leaves
Time after treatment
Extraction duration

1 hr

24 hr

3 min
3 day
Total

69.8 ± 4 . 0
10.6 ± 2 . 3
804

71.3 ± 16.8
7.5 ± 2 . 0
78.8
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rinsed three times with additional amounts of solvent and the rinsings were combined
with the extended-time extract.
Both extracts were concentrated to 2 mL to afford a pale yellow-green solution
(with some suspended solids) from the 3-minute extract and a green-black solution
(also containing suspended solids) from the 3-day extraction. The extended extraction removed all of the chlorophyll from the leaf pieces. The concentrated extracts
were freed of oils and chlorophyll by elution with 150 mL of hexane:diethyl ether
(70:30) through 10% deactivated Florisil (15 g in a 2-cm id glass column). The eluent
was concentrated just to dryness, dissolved in 5 mL of benzene, and eluted a second
time through another column of Florisil.
For analysis by gas chromatography, diflubenzuron in the extracts was converted
to a derivative that lends itself to such analysis. For this purpose, we converted
diflubenzuron into A/-(4-chlorophenyl)trifluoroacetamide by treating the Florisil eluant,
after concentration to 5 mL, with trifluoroacetic anhydride in benzene containing trimethylamine. This procedure, described by Smith et al. (1983), afforded a derivatization yield of 60%. The analytical results were divided by 0.6 to correct for the yield
in the derivatization step. Recovery of diflubenzuron from soybean leaves spiked with
known quantities of the insecticide was >90%. Elution of the insecticide through
Florisil was equally efficient.
Extracts, after derivatization, were analyzed with an Agilent Technologies 6890N
gas chromatograph with a 15 m long HP-210 capillary column at a temperature of
110°C. The diflubenzuron derivative moved through the column with a retention time
of 8.0 min.
The above extraction, derivatization, and analysis procedure was followed with
soybean leaves to which a known quantity of diflubenzuron was applied. Dimilin 2L
tank mix was added to 20 leaves with a pL-syringe such that 10 pg of diflubenzuron
in 50 pL of water was placed on each leaf to give 200 pg of the insecticide on the 20
leaves. Two 20-leaf samples were collected 1 h after treatment, and another two
20-leaf samples were collected 24 h after treatment.
Software for statistical analysis was SAS v. 8, P R O C R E G (SAS Institute Inc.,
Cary, NC), and Excel 2000, A N O V A (Microsoft Corporation, Seattle, WA).
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Fig. 1. Diflubenzuron coverage (ng/cm 2 ) on soybean leaves; 3 minute and 3 day
extractions, and regression for total leaf insecticide content.
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± 3.6%, compared to 12.8 ± 4.9%. This ratio indicates that most of the applied
insecticide was in an easily accessible location on the leaf surface, and that the
remainder was more intimately associated with leaf cuticle. Verloop and Ferrell (1977)
report negative evidence for leaf penetration/translocation of 3 H- 1 4 C-diflubenzuron
applied to soybean leaves. Bull and Ivie (1978) and Mansager et al. (1979) have
shown with 1 4 C-diflubenzuron that leaf penetration/translocation does not occur on
cotton. Results discussed below are consistent with the absence of penetration/
translocation of this insecticide on soybean leaves. Except for a trace of rain (producing no leaf drip) on the day of application of diflubenzuron, no rainfall was recorded during the first 7 DAT. A total of 150 mm fell during the 56-day study season.
Diflubenzuron coverage on soybean leaves (Fig. 1) rapidly declined over the first
7 days after application, followed by a persistent residue for the remainder of the
season. The figure graphs both 3-min and 3-d extraction results. The regression is the
equation for total diflubenzuron leaf content, which is important with respect to velvetbean caterpillar control, because this insecticide exerts its toxicity toward this
insect through ingestion. Day 0 total levels averaged 206 ng/cm 2 . At 7 DAT these
levels of diflubenzuron were at 30.7 ng/cm 2 , 14.9% of day 0 coverage. At 56 DAT, the
total coverage was 18.0 ng/cm 2 , 8.7% of those measured at day 0. The regression is
a modified first order disappearance equation; it decays to a constant level of 20
ng/cm 2 after day 20. Consequently, the equation exhibits an increasing half-life for
remaining diflubenzuron leaf residues. These half-lives increase from 3 to 6 d in the
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Often, as in the data we report here, pesticide residues initially decline rapidly from
a leaf surface. This initial rate is due to physical removal of the residue that is in poor
contact with the leaf surface. This process is largely due to evaporation, which is
influenced by wind, temperature, and relative humidity. A component of this initial
disappearance may be caused by sloughing off when leaves rub together, a process
especially important with dusts and wettable powders (Ebeling 1963). The initial rate
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Fig. 2. Areas (cm 2 /20 leaves) of soybean leaf samples.
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first 14 d. The equation models an unchanging residue coverage after day 20; the
observed difference between 30.7 ng/cm 2 at day 7 and 18.0 ng/cm 2 at day 56 was not
significant (Microsoft Excel single factor ANOVA, P = 0.30).
From day 21 forward, the 3-d extraction did not remove any diflubenzuron residue.
This negative result indicates that at this time leaf coverage was sufficiently small that
it was all removed by the 3-min extraction. Leaf penetration by the insecticide should
have been revealed by an increasing amount removed by the extended extraction.
Soybean leaf areas (Fig. 2) were not significantly different among sampling dates
(Microsoft Excel single factor ANOVA, P = 0.97). Mean areas for 20 leaves ranged
from 920 c m 2 on 56 DAT to 1090 cm 2 on 14 DAT. Similar leaf areas throughout the
study show that leaf expansion did not account for the decrease in coverage that was
observed. Soybeans grown in Louisiana are determinate varieties; treatment with
diflubenzuron with a long residue persistence after initial decrease is effective because there is minimal new leaf growth. Lauren et al. (1984) reported diminishing
diflubenzuron concentrations on alfalfa, Medicago sativa L., but concluded that this
decrease over their 22-d study season was due to leaf expansion.

404

J. Entomol. Sci. Vol. 39, No. 3 (2004)
CO CO -Q
O O CO
O O N

03 03

03 JD

O CO
O O

03 03 -Q 03 03
i CO
O CO CO -—
o o
o LO

03 -Q
CO
o CD

Q o
o~ 0) CD
o
CO "O
o
CVJ c

CD CD CO
™

JS g>

s_ CD jj_
^ * "O

T-t &
03 03 03 CO
T— O o CO
o r^ o o

<0
o

c

a>
n
4-1
a
>>
a)
>

03 03 03 _Q
CD CO o IT)
o o o CO
CO

CO _Q 03 -Q
o LO LO CO
—
t ^ CD o CT)
CO

>

en

c
"(0
Q)
CO

3
N
C
0
n
D

>
O
(0

o
it

LU
CO

0)
.Q

03 -Q 03 -Q
CO O) CO O
o CO o K
CM

03 03 CO CO
T— 00 CO CO
c\i O) CO a>

LL n
—I
CM
C\l
CM
>
>
LO
CM
! ^
E c
E
b
b o b o
„ £ oCD
0 „ CD
-C O) JZ o
CD
CO C
O O O CT> Qo Q
0
o
o>
G)
>TCM

8 cv]

10

fVL ?a5 ®
ffl o ffl
§ 1 ^
> co 5
c jz a
(C o 5
£
SD
o o5
—C
'Z
c co a)
O) CD <t;
co CC -j
o o 03
c ~ _J
O -Q CD
S c B
CD CO ^
— in -c
CD
E -C QCO
CO ~ CO "co JZ
CD
o
5
8 d*
T3 —
sr^ 8 C%
.2
DD OCD+-;
O C>
C
CO
- LU
II CO" "—'
c CO m
-— CD E •
£ - So .
cl i® t i
cot:
E >,n CO CO CD

5 E

CO CD
CC _ CO
© Q. -o
CD CD
" o
-£= CX5 0)
CS CO
" Q

Downloaded from http://meridian.allenpress.com/jes/article-pdf/39/3/398/1564310/0749-8004-39_3_398.pdf by guest on 07 December 2022

O O

CD 0)
0
C0
D -5
oo n5
73
C
D
O
.c O c
Ho
CD
CvJ .Q
^
CD ~o CO
0
0
c
CD CO CD
CD £
D
OC
CD c
CO CO
CD CD c
JZ n3
hCD-1CD_c ^m
c
O CM
DCC
EO
CD b O
CVJ
Q. -c
3 1 "cc
a>
<0 cCD -C
o
c
E
C
O
o
O
c C
CD i

SOUTHWICK et al.: Diflubenzuron on Soybean

405

Acknowledgments
We are grateful to James L. Griffin, Department of Agronomy, LSU AgCenter, for loan of the
area meter, Gary M. Foster, USDA Biological Science Laboratory Technician, for his skilled
assistance, and Debbie Boykin, USDA Mid South Area statistician, Stoneville, MS, for assistance with statistical analyses.

References Cited
Austin, D. J. and K. J. Hall. 1981. A method of analysis for the determination of binapacryl,
bupirimate and diflubenzuron on apple foliage and fruit, and its application to persistence
studies. Pestic. Sci. 12: 495-502.
Boethel, D. J. 1986. Evaluation of insecticides for control of soybean insect pests. Louisiana
Soybean and Grain Promotion Board Annual Report, pp. 56-64.
Bull, D. L. and G. W. Ivie. 1978. Fate of diflubenzuron in cotton, soil, and rotational crops. J.
Agric. Food Chem. 26: 515-520.
Crop Protection Handbook. 2003. Meister Publishing Company: Willoughby, OH.
Ebeling, W. 1963. Analysis of the basic processes involved in the deposition, degradation,
persistence, and effectiveness of pesticides. Residue Rev. 3: 35-163.
Fehr, W. R., L. E. Caviness, A. T. Burmood and J. S. Pennington. 1971. Stage of development description for soybean, Glycine max {L.) Merrill. Crop Sci. 11: 929-930.
Foerster, L. A. 1993. Control of Anticarsia gemmatalis Hueb. (Lepidoptera: Noctuidae) in soybeans with thiodicarb. An. Soc. Entomol. Brazil 22: 287-292.
Hornsby, A. G., R. D. Wauchope and A. E. Herner. 1996. Pesticide Properties in the Environment. Springer-Verlag, New York, NY.
Lauren, D. R., M. P. Agnew and R. F. Henzell. 1984. Field life of the insect growth regulator,
diflubenzuron, on lucerne. N. Z. J. Agric. Res. 27: 425-429.
Mansager, E. R., G. G. Still and D. S. Frear. 1979. Fate of [14C]diflubenzuron on cotton and in
soil. Pest. Biochem. Physiol. 12: 172-182.

Downloaded from http://meridian.allenpress.com/jes/article-pdf/39/3/398/1564310/0749-8004-39_3_398.pdf by guest on 07 December 2022

is followed by a slower disappearance such that the overall rate is lower than first
order kinetics would predict (Wheatley 1973, Willis and McDowell 1987, Taylor and
Glotfelty 1988). In the present work, the third residue half-life (6 d) was twice the first
(3 d), followed by a non-diminishing residue from 20 to 56 DAT.
Diflubenzuron exhibits low water solubility (0.08 mg/L) and a high soil sorption
coefficient (10000 mL/g) (Hornsby et al. 1996). These properties encourage intimate
association with leaf cuticle and provide for a durable leaf residue that is noted for its
rainfastness (McDonald and Weiland 1995, Weiland et al. 1996). The initial residue of
diflubenzuron on leaves may, however, not be resistant to washoff. Both Wimmer et
al. (1993) and Prendergast et al. (1995) reported evidence of washoff of diflubenzuron
residues from tree leaves by rainfall. Until intimate association of the residue with leaf
cuticle occurs, rainfall washoff/knockoff can occur. In our work, however, the 150 mm
of rainfall recorded between 7 and 56 DAT did not apparently influence the residue
levels on the soybean leaves (Fig. 1). This low level residue that persists after loss of
9 0 % of the initial coverage is consistent with the extended efficacy against velvetbean
caterpillar following applications of diflubenzuron on soybean as reported by Boethel
(1986) and Willrich et al. (2002) (Table 3). In these field studies, velvetbean caterpillar
infestations in diflubenzuron-treated plots did not reach a level requiring treatment.
Compared to non-treated plots, applications of diflubenzuron prevented the establishment of significant infestations of velvetbean caterpillar for < 5 4 days in 1986, < 3 5
days in 1999, and < 2 1 days in 2000.

406

J. Entomol. Sci. Vol. 39, No. 3 (2004)

610-612.

Sundaram, K. M. S. 1996. Initial deposits, persistence and degradation kinetics of the insect
growth regulator, diflubenzuron, in some terrestrial matrices following simulated aerial application. J. Environ. Sci. Health. B31: 135-163.
Taylor, A. W. and D. E. Glotfelty. 1988. Evaporation from soils and crops, pp. 89-129. In R.
Grover [ed.], Environmental Chemistry of Herbicides. CRC Press, Boca Raton, FL.
Verloop, A. and C. D. Ferrell. 1977. Benzoylphenyl ureas—A new group of larvicides interfering with chitin deposition, Pp. 237-270 In J. R. Plimmer, [ed.], Pesticide Chemistry in the 20th
Century. ACS Symposium Series 37. American Chemical Society, Washington, DC.
Weiland, R. T., P. T. McDonald and N. Melninkaitis. 1996. Persistence of Dimilin (diflubenzuron) on cotton foliage as determined by beet armyworm (Spodoptera exigua) bioassay.
Beltwide Cotton Conf. 1040-1043.
Wheatley, G. A. 1973. Pesticides in the atmosphere, Pp. 365-408. In C. A. Edwards, [ed.],
Environmental Pollution by Pesticides. Plenum Press, London.
Willis, G. H. and L. L. McDowell. 1987. Pesticide persistence on foliage. Rev. Environ. Contam. Toxicol. 100: 23-73.
Willis, G. H., L. L. McDowell, L. M. Southwick and S. Smith. 1985. Toxaphene, methyl parathion, and fenvalerate disappearance from cotton foliage in the Mid-South. J. Environ. Qual.
14: 446-450.
Willrich, M. M., David J. Boethel, B. Rogers Leonard, David C. Blouin, Bentley J. Fitzpatrick and Robert J. Habetz. 2002. Late-season insect pests of soybean in Louisiana: Preventive management and yield enhancement. Bull. 880, Louisiana State Univ. Agric. Center,
Baton Rouge, LA. 48 pp.
Wimmer, M. J., R. R. Smith, D. L. Wellings, S. R. Toney, D. C. Faber, J. E. Miracle, J. T.
Carnes and A. B. Rutherford. 1993. Persistence of diflubenzuron on Appalachian forest
leaves after aerial application of Dimilin. J. Agric. Food Chem. 41: 2184-2190.

Downloaded from http://meridian.allenpress.com/jes/article-pdf/39/3/398/1564310/0749-8004-39_3_398.pdf by guest on 07 December 2022

McDonald, P. T. and R. T. Weiland. 1995. Rainfastness of Dimilin (diflubenzuron) on cotton as
determined by beet armyworm (Spodoptera exigua) bioassay. Beltwide Cotton Conf. 920922.
Nigg, H. N., R. D. Cannizzaro and J. H. Stamper. 1986. Diflubenzuron surface residues in
Florida citrus. Bull. Environ. Contam. Toxicol. 36: 833-838.
Prendergast, B. F., W. G. Yendol, S. Maczuga, R. C. Reardon, W. H. McLane, D. R. Miller
and M. P. McAneney. 1995. Diflubenzuron residue and persistence on an oak forest after
aerial application. J. Environ. Sci. Health. B30: 359-376.
Smith, S., G. H. Willis and L. L. McDowell. 1983. Electron-capture gas chromatographic determination of diflubenzuron and permethrin in soil and water. J. Agric. Food Chem. 31:

