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can be a convenient and practical tool
for irrigation management. There may
also be opportunity to further adapt
SWP measurement for on-farm irriga-
tion management, if mid morning mea-
surements can be accurately related to
mid afternoon measurements of SWP
but this will require additional experi-
mentation.

Literature cited
Ameglio, T., P. Archer, M. Cohen, C. Valancogne,
F. Daudet, and P. Cruiziat. 1999. Significance
and limits in the use of predawn leaf water
potential for tree irrigation. Plant Soil 207:155–
167.

Bates, L.M. and A.E. Hall. 1981. Stomatal clo-
sure with soil water depletion not associated with
changes in bulk leaf water status. Oecologia
50:62–65.

Begg, J.E. and N.C. Turner. 1970. Water poten-
tial gradients in field tobacco. Plant Physiol.
46:343–346.

Bradford, K.J. and T.C. Hsiao. 1982. Physiologi-
cal responses to moderate water stress. Encyclo-
pedia Plant Physiol. 12B:263–324.

Boyer, J.S. 1995. Measuring the water status of
plants and soils. Academic Press, San Diego,
Calif.

Garnier, E. and A. Berger. 1985. Testing water
potential in peach trees as an indicator of water
stress. J. Hort. Sci. 60(1):47–56.

Jones, H.G. 1985. Physiological mechanisms

involved in the control of leaf water status: Impli-
cations for the estimation of tree water status:
Acta Hort. 171:291–296.

Lampinen, B.D., K.A. Shackel, S.M. Southwick,
and W.H. Olson. 2001. Deficit irrigation strate-
gies using midday stem water potential in prune.
Irr. Sci. 20:47–54.

McCutchan, H. and K.A. Shackel. 1992. SWP as
a sensitive indicator of water stress in prune trees
(Prunus domestica L. cv. French). J. Amer. Soc.
Hort. Sci. 117:607–611.

Meyer, W.S. and G.C. Green. 1980. Water use by
wheat and plant indicators of average soil water.
Agron. J. 72:253.

Naor, A. and M. Peres. 2001. Pressure increase
rate effects the accuracy of stem water potential
measurements in deciduous trees using the pres-
sure chamber technique. J. Hort. Sci. Biotechnol.
(in press).

Olien, W.C. and A.N. Lakso. 1986. Effect of
rootstock on apple (Malus domestica) tree water
relations. Physiol. Plant. 67:421–430.

Olson, W. et al. 2001. Environmentally sound
prune systems (E.S.P.S). Prune Res. Rpt. Califor-
nia Prune Board, Pleasanton.

Shackel K.A. and E. Brinckman. 1985. In situ
measurements of epidermal cell turgor, leaf water
potential, and gas exchange in Tradescantia
virginiana L. Plant Physiol. 78:66–70.

Shackel, K.A., B. Lampinen, S. Southwick, W.
Olson, S. Sibbett, W. Krueger, J. Yeager, and D.
Goldhamer. 2000. Deficit irrigation in prunes:
maintaining productivity with less water. Hort-
Science 35:30–33.

Sinclair, T.R and M.M. Ludlow. 1985. Who
taught plant thermodynamics? The unfulfilled
potential of plant water potential. Austral. J. Plant
Physiol. 12:213–217.

Turner, N.C. and M.J. Long. 1980. Errors aris-
ing from rapid water loss in the measurements of
leaf water potential by the pressure chamber
technique. Austral. J. Plant Physiol. 7:527–537.

Fig. 5. Diurnal patterns in hourly
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midday stem water potential measure-
ments. Vertical bars represent ± 2 SE

where multiple dates are pooled; 1.0
MPa = 10.0 bar.
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looper (Anagrapha falcifera) nuclear
polyhedrosis virus, rotenone–pyre-
thrin, or codling moth granulosis
virus, fruit damage by larval codling
moth and oriental fruit moth was
significantly less than trees treated
with Bacillus thuringiensis var.
kurstaki or water (control). Trees
treated with azinphosmethyl or celery
looper nuclear polyhedrosis virus had
fewer damaged fruit where larvae
exited than did other treatments. By
21 days after the last treatment, all
treatments had significantly more
wormy or damaged fruit than did
azinphosmethyl. At 10 days after
treatment, the two viruses were more
deleterious to codling moth than to
oriental fruit moth causing a <1:3
ratio of these larvae compared to >3:1
ratio for the other treatments. On 16
June, 100 predatory mites were
released onto the trunk of each tree.
The minimum ratio of predatory
mites to european red mites (>1:10)
that favors biological control of
european red mites occurred in all
treatments by 14 July, except those
treated with azinphosmethyl or
rotenone–pyrethrin that had signifi-
cantly more cumulative mite days of
european red mites than the other
treatments. The use of
azinphosmethyl delayed biological
control of the european red mites
until 27 July whereas rotenone–
pyrethrin treatment never attained
biological control of the mites.

The codling moth and the
oriental fruit moth are
major pests of deciduous tree

fruit in Arkansas (Johnson, 1988).
Many insecticides such as DDT, orga-
nophosphates, carbamates and pyre-
throids have been used to control these
pests (Croft and Riedl, 1991). Fre-
quent applications of these chemicals
result in outbreaks of secondary pests
such as european red mite by killing
predatory mites (e.g., Neoseiulus
fallacis) (Glen et al., 1984). In addi-
tion, resistance to chemicals may de-
velop as happened after long exposure
of codling moth to DDT during the
mid-1950s (Barnes and Moffit, 1963).
Azinphosmethyl is the most widely
used insecticide against codling moth
and oriental fruit moth (Rothschild
and Vickers, 1991; Varela et al., 1993).
However, Varela et al. (1993) found
populations of codling moth tolerant
to azinphosmethyl in California, Or-
egon, Utah, and Washington. In the
USSR, populations of codling moth

were reported to be resistant to several
organophosphate compounds
(Tolstova, 1979). Oriental fruit moth
populations have also been reported to
be resistant to organophosphates and
carbamates with developing low levels
of resistance to pyrethroids (Kanga et
al., 1999). The potential for chemical
insecticides to cause outbreaks of sec-
ondary pests and the need to conserve
natural enemies makes microbial in-
secticides an attractive alternative for
control of codling moth and oriental
fruit moth.

Microbial insecticides have been
tested against numerous lepidopter-
ous pests. Codling moth granulosis
virus (CMGV) is a baculovirus that
was effective against codling moth in
the United States (Falcon, 1981),
Canada (Jaques, 1990) and Europe
(Burgerjon, 1986). Also, CMGV does
not cause population resurgence of
arthropod pests as do certain pesti-
cides (Hess and Falcon, 1987; Jaques,
1990). The celery looper nuclear poly-
hedrosis virus (AfNPV) may control
several economically important lepi-
dopterous larvae including codling
moth (Hostetter and Puttler, 1991).
The bacterium, Bacillus thuringiensis
var. kurstaki, significantly reduced
apple fruit damage by internal lepi-
dopterous larvae, e.g., codling moth,
oriental fruit moth and the lesser
appleworm (Grapholita prunivora).
This bacterium was significantly less
effective than azinphosmethyl against
internal lepidopterous larvae
(Andermatt et al., 1988; Rothschild
and Vickers, 1991).

Botanical insecticides have not
been as effective as microbial insecti-
cides in fruit tree orchards. One com-
mercially available mixture of botani-
cal insecticides is rotenone (a ground
root of cube imported from Peru) and
pyrethrin [seeds of chrysanthemum
(Chrysanthemum cinerariaefolium)
from Kenya]. In New York, a complex
of internal fruit-feeding lepidoptera
including codling moth, oriental fruit
moth, and lesser appleworm, caused
28% and 1% apple fruit damage, re-
spectively, when sprayed weekly with a
mixture rotenone–pyrethrin or sprayed
every 14 d with the synthetic insecti-
cide azinphosmethyl (Kovach et al.,
1989). In addition, rotenone–pyre-
thrin and a synthetic pyrethroid,
esfenvalerate (Asana®) (Du Pont Ag-
ricultural Products, Wilmington, Del.)
disrupted biological control of spider

mites by killing 64% of the population
of the predatory mite, Typhlodromus
pyri (Kovach et al., 1989; Nyrop et al.,
1990). Acaricides have long been used
to control outbreaks of european red
mite in commercial orchards. Regis-
trations of acaricides such as cyhexatin,
dicofol and chlordimeform have been
canceled or subjected to toxicological
reevaluation. In addition, resistance
has developed to several acaricides
(Royalty et al., 1991). Thus, conserva-
tion or augmentation of natural en-
emies must be integrated with a more
selective pesticide program that may
include use of microbial insecticides.

The utility of microbial insecti-
cides or botanicals for control of co-
dling moth and oriental fruit moth in
apple has not been reported for any
southern state in the United States.
Our objective was to compare field
efficacy of three microbials, one bo-
tanical and one synthetic insecticide
against codling moth and oriental fruit
moth in Arkansas. In addition, we
noted the effects of each treatment on
native populations of european red
mite and augmented populations of
predatory mites.

Materials and methods
The occurrence of egg hatch pe-

riods of codling moth and oriental
fruit moth were estimated by record-
ing pheromone trap counts three times
each week until biofix (first trap catch)
occurred then monitored weekly or
more often from mid-May through
Aug. 1993. Three Pherocon® 1CP or
1C pheromone traps (Trece Inc., Sali-
nas, Calif.) were each baited with lures
for codling moth or oriental fruit moth,
respectively. Traps were placed in early
April in apple trees at a height of 1.5 m
(4.9 ft) in trees adjacent to the test
block. Pheromone lures were replaced
every 4 weeks and trap bottoms were
replaced as needed. Daily temperature
records were obtained from a NOAA
weather station set 400 m (1312 ft)
from the study block (National Oce-
anic and Atmospheric Administration,
1993, 1994). Degree-days were calcu-
lated by using the codling moth and
oriental fruit moth stage development
models (Johnson, 1988, 1989). Cu-
mulative degree-days after first moth
catch (biofix) were used to time treat-
ment applications against hatching lar-
vae of each generation of each species.

In 1979, three rows of apple trees
were planted on Malling-Merton 106
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rootstock at the University of Arkansas
Agricultural Experiment Station in
Fayetteville. These trees were spaced
2.5 m (8.2 ft) apart with 3 m (9.8 ft)
between rows [≈1333 trees/ha (539
trees/acre)]. The two outer rows used
in this study were sports of ‘Red Deli-
cious’, i.e., ‘Royal Red’, ‘Red Spur’
and ‘Nu Red’. The middle row of
‘Golden Delicious’ acted as a buffer.
In 1993, each ‘Red Delicious’ tree
averaged about 4 m (13.1 ft) in height.

Treatments were arranged in a
randomized complete block design
with six replications. Each block con-
tained six trees. No fungicide nor bac-
tericide applications were applied to
this block of trees. An 11-L (2.9-gal)
Hudson® hand pump (H. D. Hudson
Manufacturing Co., Chicago, Ill.) and
a 15-L (4.0-gal) Solo® lever pump
sprayer (United Spray Systems, Inc.,
Le Sueur, Minn.) both held at 2.8
kg·cm–2 (39.8 lb/inch2) were used to
apply each spray treatment. Each treat-
ment was mixed into a 0.18% water
solution of Latron CS-7 (no-foam
spreader-binder, Rohm and Haas Co.,
Philadelphia, Pa.). During spraying,
adjacent apple trees were covered with
a plastic tarp to reduce contamination
by spray drift. The sprayer was agitated
every minute to sustain each insecti-
cide in suspension. According to the
tree-row-volume formula (Sutton and
Unrath, 1988), these trees were about
75% of tree standard size and required
about 2.13 L (0.56 gal) of spray per
tree to attain spray run off [about 2838
L·ha–1 (300 gal/acre)]. Treatments
included 1) Bacillus thuringiensis (Bt)
(Javelin® 6.4% Wettable Granule WG,
Sandoz Agro Inc., Des Plains, Ill.)
used at a rate of 78.4 g/100 L (10.5
oz/100 gal); 2) AfNPV used at a rate
of 2.8 × 1012 polyhedral inclusion bod-
ies/100 L (26.4 gal) (Biosys Inc., Palo
Alto, Calif.); 3) CMGV used at a rate
of 5.6 × 1012 granular inclusion bod-
ies/100 L (obtained from L.A. Fal-
con, Univ. Calif.–Berkeley); and 4)
Bonide® (Bonide Products, Inc.,
Yorkville, N.Y.), a mixture of plant-
derived compounds including 1.1%
rotenone, 2.2% other Cube extracts,
and 0.8% pyrethrins (weight/weight)
was used at a rate of 0.93 L/100 L
(119 fl oz/100 gal). Treatments 1
through 4 were applied weekly during
the egg hatch period on 27 May; 3 and
11 June; 16, 23 and 30 July; and 6
Aug. The AfNPV and CMGV treat-
ment solutions had the addition of 1

kg skim milk powder/100 L (8.35 lb/
100 gal) to increase persistence against
ultraviolet radiation (Vail et al., 1991).
Treatment 5, azinphosmethyl
(Guthion 50 Wettable Powder) was
applied every two weeks during the
egg hatch period (27 May; 11 June; 16
and 30 July; and 6 Aug.) at the rate
(a.i.) of 53.9 g/100 L (7.2 oz/100gal).
Treatment 6 was an application of the
0.18% water solution of Latron CS-7,
which served as a check. All trees were
sprayed between 220 (396) and 390
(702) and between 700 (1260) and
950 (1710) degree-days [°C (°F)] of
the biofix, respectively, to control the
second and third generations of orien-
tal fruit moth. These time periods
equated to between 55 (99) and 222
(400) and between 500 (900) and 700
(1260) degree days [°C (°F)] after the
biofix for the second and third genera-
tions of codling moth.

On 16 June, the endemic preda-
tory mite population was augmented
in the treatment trees. One 100-mL
(3.38-fl oz) plastic cup filled with ver-
miculite and about 100 predatory mites
(reared by Stanley Gardens,
Belchertown, Mass.) was stapled to
the north side of each tree trunk. From
2 June to 8 Sept., estimates were made
every 2 weeks of the counts of european
red mites and predatory mites per leaf.
Twenty-five leaves were randomly col-

lected from the canopy interior to the
exterior on the east and west sides of
each tree. A mite-brushing machine
was used to brush mites from leaves
onto a glass plate. Counts of mites per
glass plate were made using a stere-
omicroscope. Cumulative mite days
were calculated following the method
developed by Hull and Beers (1990).

On 16 Aug., 10 d after the last
treatment, 100 apples on each tree
were randomly inspected to estimate
the percentage damaged by larvae of
codling moth or oriental fruit moth.
Each damaged fruit was removed from
the tree and dissected to determine the
number of live larvae and how many
fruit had feeding tunnels and frass only.
The latter were referred to as percent-
age frass only the implication that lar-
vae had survived and exited the fruit.
From 24 to 27 Aug. 1993, all remain-
ing fruit were harvested from trees and
those that collected on the ground
since 16 Aug. Each fruit was catego-
rized according to the type of damage.
For both sample dates, live larvae were
removed from damaged fruit. Each
larva was reared to an adult on artificial
diet following the procedure described
by Etzel and Falcon (1976) and iden-
tified to species.

Percentages were transformed by
arcsine (X/100) and evaluated by
analysis of variance. Treatment means

Table 1. Mean pheromone trap counts (N = 3) for codling moth (CM) and oriental fruit moth
(OFM), cumulative degree-daysz (DD) and spray application dates,y,x Fayetteville, Ark., 1993.

Date CM/trap OFM/trap CM DDw OFM DDw

14 Apr. 0 3.3 --- 50
28 Apr. 0 9.3 --- 123
14 May 2.3 6.7 68 289
27 Mayx --- --- 154 412
28 May 0.3 1 166 426
3 Juney --- --- 224 501
11 Junex --- --- 316 617
14 June 0.7 0.7 357 667
28 June 1 3 558 907
14 July 11.3 8.3 828 1222
16 Julyx --- --- 862 1261
23 Julyy --- --- 991 1410
28 July 7.3 18.7 1091 1525
30 Julyx --- --- 1128 1568
6 Aug.x --- --- 1243 1702
14 Aug. 3 13.3 1374 1856
28 Aug. 2 8.3 1647 2169
zA degree day is average daily temperature minus the lower developmental base temperature of a species; OFM DD
= base 7.2 °C (45 °F); CM DD = base 10 °C (50 °F).
yApplied all above treatments except azinphosmethyl.
xApplied azinphosmethyl, celery looper nuclear polyhedrosis virus, codling moth granulosis virus, Bacillus
thuringiensis var. kurstaki, and rotenone–pyrethrin.
wMultiply each value of degree day in °C by 1.8 to convert to degree days in °F.
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similar to the check (Table 3). Fruit
from azinphosmethyl-treated trees had
significantly less damaged fruit (4.8%)
and fruit with frass only (2.4%) than all
other treatments.

Spray treatments, species and spe-
cies x treatment interaction (P < 0.01,
0.01 and 0.001, respectively) signifi-
cantly affected the number of moths
that emerged from diet after transfer
from treated fruit on both sample dates
(Table 2). The count of moths emerg-
ing from trees sprayed with
azinphosmethyl was at least 3- and 2-
fold less than that from all other treat-
ments on both 16 and 27 Aug., respec-
tively. On 16 Aug., codling moth ac-
counted for more than 75% of the
moths emerging from fruit treated with
azinphosmethyl, rotenone–pyrethrin
and Bt, whereas trees treated with
AfNPV and CMGV had a significantly
lower percentage of total moths emerg-
ing as codling moth (<23%) compared
to the other treatments. By 27 Aug.,
all treatments had significantly more
of the moths emerge as codling moth
(75%) than did CMGV-treated fruit
(55.4%, P < 0.05) (Table 4).

The treatments had significantly
different effects (P <0.05) on european
red mite and predatory mite popula-
tions per leaf (Table 5). On 2 June,
european red mite and predatory mite
counts per leaf varied from 1.7 to 7.3
and 0 to 0.13, respectively (Table 5).
Trees treated with azinphosmethyl or
rotenone–pyrethrin had significantly
more european red mite per leaf on 2
June (>6) and 14 July (>4) than did
the check (1.7 and 0.9, respectively).
This resulted in significantly more cu-
mulative mite days (>120) by 14 Aug.
than the other treatments (all <76).

Table 2. Analysis of variance of main effects and interactions on apple fruit damage and the
emergence of codling moth and oriental fruit moth on two sampling dates, Fayetteville, Ark.

16 Aug. 1993 27 Aug. 1993
Source df MS F MS F

Damaged fruit (%)
Treatment 5 57.3 5.4* 263.1 5.5*

Damaged fruit (%), frass onlyz

Treatment 5 9.8 4.4* 79.3 4.3*

Adult emergence (%)y

Treatment 5 6,697.0 6.0* 1,208.0 5.5*

Species 1 7,044.0 6.7* 63,026.0 168.5**

Species × treatment 5 13,748.0 13.1** 2,416.0 6.5**

zOf the damaged fruit, the percentage with frass only (no larvae present).
yPercentage codling moth and oriental fruit moth larvae removed from damaged fruit that eclosed to adults after
rearing on artificial diet.

Table 3. Percentage of apple fruit damaged by codling moth and oriental fruit moth in a block of ‘Red Delicious’ apple trees,
Fayetteville, Ark. (Bt = Bacillus thuringiensis; AfNPV = celery looper nuclear polyhedrosis virus; CMGV = codling moth granulosis virus).

16 Aug. 1993 (n > 600 fruit)z 27 Aug.1993 (n > 1200 fruit)y

Treatment Damage (%) Frass only (%)x Damage (%) Frass only (%)

Bt 8.0 abw 2.7 ab 14.4 b 8.7 a
AfNPV 3.4 cd 0.5 c 13.8 b 9.5 a
CMGV 4.5 bc 1.6 abc 14.3 b 9.7 a
Rotenone–pyrethrin 4.1 cd 1.2 bc 20.4 ab 10.7 a
Azinphosmethyl 0.7 d 0.1 c 4.8 c 2.4 b
Check 8.2 a 3.1 a 24.3 a 13.3 a
LSD0.05 3.7 1.7 8.6 5.0
zBased on visual inspection of 100 apples per tree (six to seven trees per treatment).
yAll remaining fruit were harvested from the tree and ground.
xOf the damaged fruit, the percentage with frass only (no larvae present).
wMeans within a column followed by the same letters are not significantly different (P > 0.05) (SAS Institute 1987). Analysis was performed using arcsine (x/100) transformed
percentage values only. Actual percentage values are used in the table.
*,**Significant difference at P < 0.01 and 0.001, respectively (PROC GLM, LSMEANS Option, SAS Institute 1987). Analysis was performed using arcsine (x/100) transformed
percentage values only.

were separated by least significant dif-
ferences generated by the General Lin-
ear Model procedure (SAS Institute,
1987). The effects of species and spe-
cies by treatment interaction were de-
termined using least significant means
(LSMEANS) at P = 0.05 (SAS Insti-
tute, 1987).

Results
Seasonal average counts from

three pheromone traps each for co-
dling moth and oriental fruit moth and
respective cumulative degree days are
noted in Table 1. The biofix for orien-
tal fruit moth and codling moth was 7
Apr. and 5 May, respectively. The peak
trap catches for generations one and
two for oriental fruit moth were 7 and
12 moths per trap and for codling
moth were 2.5 and 6 moths per trap,
respectively.

The percentage fruit damaged by
codling moth or oriental fruit moth
larvae and the percentage of damaged
fruit with frass only each differed sig-

nificantly among treatments (P < 0.01
(Tables 2 and 3). Ten days after the last
treatment (16 Aug.), trees treated with
azinphosmethyl, AfNPV, rotenone–
pyrethrin and CMGV had significantly
less damaged fruit (<4.5%) than did
the check (8.2%). Percentage fruit dam-
aged in Bt-treated trees was not differ-
ent from CMGV-treated trees (4.5%)
and the check. The estimates of per-
centage damaged fruit with frass only
were significantly more in the CMGV
and Bt-treated trees and check trees
(>1.6%) than in trees treated with
azinphosmethyl or AfNPV (<0.5%).
Trees treated with rotenone–pyrethrin
(1.2%), CMGV and Bt had similar
levels of fruit damage, but the latter
two treatments were not different from
the check. Twenty-one days after the
last treatment (27 Aug.), the AfNPV,
CMGV and Bt-treated trees all
(<14.4%) had significantly less per-
centage damaged fruit than the check
(24.3%) but fruit damage in the roten-
one–pyrethrin treatment (20.4%) was
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Table 5. Treatment effects on counts of european red mites and predatory mites (Neoseiulus fallacis) per ‘Red Delicious’
apple leaf and cumulative mite days for each in Fayetteville, Ark., 1993 (CMD = cumulative mite days; Bt = Bacillus
thuringiensis; AfNPV = celery looper nuclear polyhedrosis virus; CMGV = codling moth granulosis virus).

Month/day
Treatment 2 June 10 June 26 June 14 July 27 July 14 Aug. CMDz

European red mite
Bt 2.7bcy 4.4 b 1.0 ab 1.6 b 0.4 b 0.03 a 75.0 c
AfNPV 2.6 bc 2.4 b 0.4 b 1.7 b 1.0 ab 0.0 a 54.0 c
CMGV 1.8 c 4.6 b 0.7 b 1.1 b 0.6 ab 0.08 a 67.5 c
Rotenone–pyrethrin 7.3 a 5.9 ab 2.7 ab 4.5 a 2.4 a 0.0 a 120.8 b
Azinphosmethyl 6.0 ab 9.1 a 4.3 a 4.1 a 1.8 ab 0.2 a 193.0 a
Check 1.7c 3.4 b 1.7 ab 0.9 b 0.8 ab 0.05 a 68.0 c
LSD0.05 3.6 4.4 3.5 2.3 1.8 0.2 37.8

Predatory mitex

Bt 0.03 b 0.03 a 0.1 ab 0.45 a 0.2a 0.3 ab 9.9 ab
AfNPV 0.0 b 0.15 a 0.0 b 0.43 a 0.23 a 0.18 ab 8.4 ab
CMGV 0.0 b 0.05 a 0.23 ab 0.25 a 0.25 a 0.1 b 7.0 b
Rotenone–pyrethrin 0.13 a 0.2 a 0.2 ab 0.47 a 0.17 a 0.07 b 7.5 b
Azinphosmethyl 0.05 ab 0.05 a 0.27 a 0.33 a 0.25 a 0.58 a 11.0 a
Check 0.05 ab 0.0 a 0.13 ab 0.38 a 0.13 a 0.23 ab 9.3 ab
LSD0.05 0.1 0.22 0.24 0.59 0.31 0.45 3.15

zMultiply each value of degree days in °C by 1.8 to convert to degree days in °F.
yMeans for each mite species within a column followed by the same letter(s) are not significantly different (P > 0.05) (SAS Institute 1987). Analysis was performed using arcsine
(x/100) transformed percentage values only. Actual percentage values are used in the table.
x100 predatory mites per cup were stapled to each tree on 16 June 1993.

Table 4. Number of larvae removed from treated fruit on 16 and 27 Aug. 1993, reared on artificial diet and the percentage that
emerge as either codling moth (CM) or oriental fruit moth (OFM), Fayetteville, Ark. (Bt = Bacillus thuringiensis; AfNPV = celery
looper nuclear polyhedrosis virus; CMGV = codling moth granulosis virus).

Emergence
Treatment Apples (no.) Larvae (no.) Moths (no.) CM (%)z OFM (%)z

Sampled 16 Aug. 1993
Bt 74 40 24 75.0 a 25.0 b
AfNPV 86 25 13 8.3 b 91.7 a
CMGV 55 24 12 22.2 b 77.8 a
Rotenone–pyrethrin 32 16 11 90.0 a 10.0 b
Azinphosmethyl 11 4 3 100.0 a 0.0 b
Check 80 41 26 73.2 a 26.8 b
LSD0.05 46.8 46.8

Sampled 27 Aug. 1993
Bt 307 101 65 94.8 a 5.2 c
AfNPV 273 70 40 75.6 b 24.4 b
CMGV 304 73 39 55.4 c 44.6 a
Rotenone–pyrethrin 233 95 66 83.7 ab 16.3 bc
Azinphosmethyl 82 40 21 88.9 ab 11.1 bc
Check 393 163 109 89.2 ab 10.8 bc
LSD0.05 18.8 18.8

zSample date means within a column followed by the same letters are not significantly different (P > 0.05) (SAS Institute 1987). Analysis was performed using arcsine (x/100)
transformed percentage values only. Actual percentage values are used in the table.

On 2 June, the endemic population of
predatory mites per leaf was signifi-
cantly higher in trees treated with ro-
tenone–pyrethrin than all other treat-
ments, except azinphosmethyl and the
check. Johnson and Croft (1981) re-
ported that it takes greater than one
european red mite per leaf to sustain
predatory mite feeding and reproduc-
tion in apple trees. By 10 June, all
treatments had >1 european red mites

per leaf and had similar counts of preda-
tory mites per leaf. After 2 June, all
trees had similar counts of predatory
mites except on 26 June and 14 Aug.
when AfNPV, CMGV and rotenone–
pyrethrin had significantly lower counts
than the other treatments. Cumulative
mite days of predatory mites were sig-
nificantly greater for trees sprayed with
azinphosmethyl than for rotenone–
pyrethrin and CMGV-treated trees but

not for the other treatments or the
check. The augmentation of endemic
populations of predatory mites on 16
June followed by no insecticide appli-
cations until 16 July produced counts
between 0.25 to 0.47 predatory mites
per leaf and 0.9 to 4.5 european red
mite per leaf in all treatments on 14
July.

All treatments achieved biologi-
cal control of the european red mite
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population at different times during
the sampling period (Fig. 1). This was
noted by >0.1 ratio of predatory mites
to prey (european red mite) (Croft,
1975). The check, Bt and CMGV treat-
ments exceeded 0.1 ratio by 26 June,
AfNPV and rotenone–pyrethrin by 14
July and azinphosmethyl by 27 July.
On 14 Aug., the mean ratios of preda-
tor to prey mites for azinphosmethyl
(6.7 ratio), Bt (4.0 ratio) and the con-
trol (3.0 ratio) were significantly greater
than ratios <2.1 recorded on the other
dates (P < 0.05; Student’s t test). The
rotenone–pyrethrin treatment for all
dates remained at a ratio <0.13, whereas
the other treatments exceeded a ratio
of 0.2 sometime between 26 June and
14 July.

Discussion
Both CMGV and AfNPV have

the potential to provide population
reductions of some fruit-feeding lepi-
dopterous larvae in apples. In Califor-
nia, Europe and Canada, CMGV was
very effective against codling moth but
allowed more unsuccessful shallow en-
tries (stings) of fruit than deep tunnels
(Falcon, 1981; Glen and Payne, 1984;
Jaques, 1990). In our studies, lower

percentage emergence of codling moth
from the larvae collected from virus-
treated fruit on 16 Aug. suggests that
codling moth was more susceptible
than oriental fruit moth to AfNPV
and/or CMGV. This could be a prob-
lem in Arkansas where both species are
pests in apple. Over a 2 year period in
Germany, CMGV-treated trees suf-
fered 0.6% and 0.7% fruit infested by
codling moth compared with 0.7%
and 1.8% for organophosphate-treated
trees, and 4.4% and 6.6% in untreated
trees, respectively (Huber and Dickler,
1977). In Canada, CMGV was inacti-
vated by 50% on apple tree leaves
within 2 d and by 80% within 10 d of
application (Jaques, 1990). Other re-
searchers noted that control of codling
moth with Bt was unsatisfactory in
field conditions (Andermatt et al.,
1988). On 27 Aug., CMGV still had
significantly lower percentage codling
moth emergence and higher oriental
fruit moth emergence than the other
treatments (Table 4). This suggests
less effectiveness of CMGV against
oriental fruit moth compared to other
materials.

The ineffectiveness of AfNPV and
Bt against codling moth 20 d after
application (27 Aug.) may be attrib-
uted to environmental effects such as
inactivation of the virus and Bt by UV
radiation. Selected brighteners such as
stilbene (Phorwite, Ark.) and Tinopal
LPW may reduce LC-50s for AfNPV
against these moths as it did against
gypsy moth, Lymantria dispar, and
cotton bollworm, Helicoverpa zea
(Webb et al., 1994; Shapiro and
Vaughn, 1995). The behavior of the
larvae should also be considered. Lar-
vae of codling moth and oriental fruit

moth are solitary and rarely encounter
other individuals when entering and
feeding in fruit. Hence, the chance of
spreading virus or bacteria becomes
minimal, thus requiring repeated ap-
plications of Bt and virus.

Chemical insecticides such as
pyrethroids, carbamates and orga-
nophosphates (azinphosmethyl)
have been known to kill beneficial
phytoseiid predator species and cause
outbreaks of european red mite and
other phytophagous mite popula-
tions (Li and Harmsen, 1992). How-
ever, long exposure of both pest and
predator mites to azinphosmethyl
and other insecticides has resulted in
the development of resistance to
these compounds (Strickler and
Croft, 1981). In our test block, be-
fore release of predatory mites on 16
June, endemic populations of preda-
tory mites were higher in the roten-
one–pyrethrin and azinphosmethyl
plots than in other treatments but so
were the counts of european red
mite. This resulted in lower predator
to prey ratios in the trees treated
with rotenone–pyrethrin and
azinphosmethyl than the other treat-
ments (Fig. 1). Predatory mite popu-
lations released into our study or-
chard were reported to be resistant
to azinphosmethyl (D. Stanley, per-
sonal communication) and also ap-
peared to have some resistance to
sprays of pyrethroids and rotenone.

Azinphosmethyl allowed the least
fruit damage at harvest by codling
moth and oriental fruit moth of any
treatment (Table 3). Use of either
virus is expected to cause a significant
decline in populations of codling moth
without disrupting biological control
of european red mite. However, orien-
tal fruit moth may remain a problem
when apple is treated with either virus.
These viruses allowed significantly
more percent adult emergence of ori-
ental fruit moth than codling moth
from treated fruit (Table 4). The use of
azinphosmethyl, Bt or either virus, is
expected to maintain a population of
predatory mites in the trees that main-
tains the european red mite popula-
tion below the economic injury level
of 750 (1350) cumulative mite days
[°C (°F)] (Hull and Beers, 1990).
However, the use of azinphosmethyl
did delay biological control of the
european red mite population. In con-
trast, the rotenone–pyrethrin treatment
reduced the predatory mite popula-

Fig. 1. Comparison of the effects of
insecticide treatments (noted by arrows)
and augmentation of 100 predatory
mites (PM) (Neoseiulus fallacis) per
tree on the ratio of populations of
predatory mites to european red
mites (ERM) in apple trees in
Fayetteville, Ark., 1993. Biological
control of mites is favored by ratios
above 0.1. Bt = Bacillus thuringiensis;
CMGV = codling moth granulosis
virus; AfNPV = celery looper nuclear
polyhedrosis virus; Rot/Pyreth =
rotenone–pyrethrin.
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tion so that biological control of the
european red mite populations was
not attained.
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