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ABSTRACT

DEVELOPMENT AND DELIVERY OF BIOPESTICIDE-BASED PEST
MANAGEMENT FOR MICHIGAN APPLE PRODUCERS

By

David Lawrence Epstein

Field investigations were conducted to develop effective and economical
biopesticide-based management programs for control of two tortricid moth
species, codling moth (CM) (Cydia pomonella L) and Oriental fruit moth (OFM)
(Grapholita molesta Busck). Experiments were conducted: i) to determine
mechanisms by which pheromone-mediated mating disruption (MD) operates for
control of CM and OFM, ii) to evaluate pheromone dispenser deployment
strategies, iii) to evaluate effects of moth behavior on dispenser deployment
strategies, and iv) to evaluate use of CM Granulosis virus for CM population
suppression. | found that: i) MD of both moth species is improved by increasing
density and distribution of pheromone release sites, ii) CM adults are distributed
throughout the tree canopy during evening activity periods, iii) MD dispensers
placed in the top and mid tree canopy resulted in lower percentages of mated
females than distribution at one height, only, iv) adult CM leave the tree canopy
to inhabit drive-row grass and herbicide strip vegetation during daytime inactivity
periods, v) frequent applications of a low rate of virus yielded excellent,
economical control of CM, and vi) an areawide approach to deploying CM MD

reduced male moth capture and incidence of larval injury to fruit with less



insecticide use than MD in small individual orchard blocks or insecticide only

programs.
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INTRODUCTION
Apple Agriculture in Michigan
With over 107,000 acres of orchards, Michigan is the leading producer of
tree fruits in the Midwest (Michigan Department of Agriculture, 2008), and the
third largest apple producing state in the U.S.A, behind Washington and New
York (Michigan Agricultural Statistics, 2009). Michigan had 36,500 bearing acres
of apple in 2008 worth a farm level value of $117.4 million (Michigan Agricultural

Statistics, 2009).

Codling Moth and Oriental Fruit Moth

Management of over two-dozen insect pests in apple in the upper Midwest
is a difficult task (Howitt 1993, Epstein and Gut 2000, Epstein et al. 2002), and
IPM programs for these crops are complex. The most challenging species to
manage are the direct pests whose larvae feed internally within fruit (internal
feeders) rendering it unmarketable. Two lepidopterans from the family,
Tortricidae, codling moth, Cydia pomonella (L.) and Oriental fruit moth,
Grapholita molesta (Busck), are introduced species that have become the
principal direct pests of North American apples. The larvae of both species
overwinter as mature larvae in litter on the ground or under bark on the tree
(Borror et al., 1989). Three full generations of Oriental fruit moth occur in
Michigan; the first generation emerges as adults around the last week of April
(Epstein and Gut, 2000). Codling moth typically emerge as adults in Michigan the
second to third week of May. There are generally two full generations of codling

moth per year in Michigan (Epstein and Gut, 2000). Larvae of both species



tunnel into the fruit shortly upon eclosion, and are morphologically distinguishable
only by the presence (Oriental fruit moth) or absence (codling moth) of an anal
comb located ventrally on the terminal abdominal segment (Epstein and Gut,
2000). Oriental fruit moth has become an increasingly important pest of apples
east of the Mississippi river within the past ten years. Many Michigan apple
growers now treat codling moth and Oriental fruit moth with the same high
degree of concemn. In the absence of control measures, greater than 75% of the
apple crop in Michigan orchards can be damaged by the two species (Wise and
Gut 2000, 2002).

Biopesticides

Pest control for Michigan apple growers is currently a major challenge,
and is likely to become more difficult in the foreseeable future due to loss of
compounds through U.S. Environmental Protection Agency (EPA) regulatory
restrictions to protect citizens from the harmful effects of pesticides in food, air,
and water (Food Quality Protection Act, 1996, H.R. 1627), the development of
pest resistance to currently used pesticides, and a shortage of economic and
effective alternatives. A pheromone-trap bioassay (Riedl et al., 1985) was
conducted to assess the susceptibility of codling moth to azinphosmethyl, the
primary organophosphorous (OP) insecticide used for codling moth control in
Michigan since the middle of the 20" century (Gut et al., 2001; Gut and Wise,
2004). Resistance testing revealed that high levels of codling moth resistance

were present on farms around Michigan (Mota-Sanchez et al., 2008). Based on



the MI resistance bioassays, it appears likely that many codling moth control
failures are related to a reduced effectiveness of OP’s.

New control tactics, with novel modes of action are needed to sustain an
economically viable Michigan apple industry. Among the most promising
candidates is a group of tactics collectively referred to as biopesticides.
Biopesticides are biological pesticides derived from natural sources that the EPA
categorizes into three major classes. The first two, microbial pesticides (a
microorganism is the active ingredient), and plant-incorporated-protectants
(genetic manipulation of plant to self-produce toxins) are toxic control agents.
The third class, biochemical pesticides, manages pests through non-toxic means
(U.S. EPA, 2006). Biochemical pesticides include insect sex pheromones and

plant volatiles.

Mating Disruption
a. Background / Current Status

Pheromones are chemicals secreted by an animal that influence the
behavior or development of others of the same species (Wilson and Bossert,
1963). Mating (sex) pheromone is used by individuals of a species to attract
mates for reproduction. In the case of codling moth and Oriental fruit moth, the
female calls the male by emitting sex pheromone, sensed by males from
distances of up to 40m or more (Rodriguez-Saona and Stelinski, 2009) on wind
borne plumes consisting of a series of filaments of pheromone interspersed with
pockets of zero to low concentrations due to natural turbulence in the air

(Sanders 1997). Responsive male moths follow the pheromone plume to the



female; engage in courtship behaviors and copulate. Codling moth female sex
pheromone was first identified by Roelofs et al. (1971), and Oriental fruit moth
female sex pheromone was discerned by Cardé et al. (1979).

The deployment of synthetic sex pheromone to interfere with mate finding
orientation and subsequent mating behavior is called mating disruption. Mating
disruption, as it is commercially practiced today, is largely achieved through the
manual application of reservoir-type release devices (Cardé and Minks, 1995).
Approximately 100-fold quantities of synthetic pheromone are released from
these dispensers as compared to the pheromone release rate of a calling female
(Cardé and Minks, 1995).

Pheromone mating disruption is a feasible tactic for control of codling
moth and Oriental fruit moth in fruit orchards. In the U.S.A., disruption products
for codling moth are currently deployed on more than 130,000 acres of apple and
pear, and over 45,000 acres of apple and peach are being treated with Oriental
fruit moth disruption products (Gut et al., 2004, Witzgal et al., 2008). As it has
been practiced for the past two decades, mating disruption for codling moth and
Oriental fruit moth has not generally been a stand-alone tactic capable of
achieving adequate protection of apple fruit from larval entries without additional
application of insecticides targeting these two pests. Efforts to improve
application of this technology are necessary to limit agricultural use of pesticides,
reduce control program costs and to facilitate widespread adoption of mating

disruption by the grower community.



b. Mechanisms of MD

Although mating disruption of codling moth and Oriental fruit moth with
synthetic pheromone has been commercially deployed in apple orchards
internationally since the early 1990's, there is still no consensus among the
scientific community as to the mechanism(s) by which disruption acts to interfere
with moth orientation and mating behavior. There are four principal mechanisms
that are thought to underlie mating disruption: (1) desensitization — including (a)
adaptation of males’ peripheral sensors (antennae) due to exposure to constant,
high levels of the pheromone stimulus that prevents males from being able to
detect pheromone. Recovery can occur shortly upon removal of the stimulus
source so that the male can detect pheromone upon stimulus reintroduction; and
(b) habituation of the males’ central nervous system resulting from long-term
exposure to high pheromone concentrations that inhibits the male from
responding, even upon withdrawal of the high concentration stimulus source.
Habituated males become less responsive to the pheromone stimulus for long
periods after exposure to high concentrations, (2) Camouflage, or masking of the
pheromone plumes emitted from females by a high background concentration of
pheromone. The male’s sensory apparatus is functioning properly in this model,
but is inefficient for locating females in a uniform and high background level of
pheromone in the orchard; (3) False-plume following (competition) preventing the
male from locating the female; the males can still sense and respond to the
pheromone stimulus but are inhibited from finding mates due to time and energy

spent pursuing and/or becoming arrested on false trails from synthetic



dispensers placed throughout the orchard and (4) Sensory imbalance resulting
from a compromise in the chemical composition of the female pheromone, such
that the active ingredient released from dispensers distorts the normal perception
of the signal (Bartell, 1982; Cardé, 1990; Cardé and Minks, 1995; Gut, et al.,
2004; Gut et al. 2008, Sanders, 1997).

Miller et al. (2006 a, b) divided the four proposed mating disruption
behavioral mechanisms into two categories, competitive (false-trail following or
competitive attraction) that is predicated on males being attracted to dispensers,
and non-competitive (desensitization, camouflage and sensory imbalance) that
operates by interfering with the male's ability to sense and respond normally to
pheromone. Competitive attraction is distinguished from the other mechanisms
by requiring attraction to pheromone dispensers as the first step in response to a
mating disruptant. Three main lines of evidence support competitive attraction as
the primary mechanism operating in the field using current mating disruption
technologies (Miller et al., 2006b, Gut et al., 2008). In practice, mating disruption
appears to be highly density dependent. If mating disruption operated in a non-
competitive means, all males within the adequately treated area, regardless of
density, should be unresponsive to females. Males of four tortricid moth species,
Oriental fruit moth (Grapholita molesta), obliquebanded leafroller (Choristoneura
rosaceana), redbanded leafroller (Argyrotaenia velutinana) and codling moth
(Cydia pomonella) have all been observed readily approaching their respective
polyethylene tube pheromone dispensers (Stelinski et al. 2005b; Judd et al.

2004). The most persuasive evidence is provided by Miller et al.’s (2006b)



examination of dosage response profiles generated from published work with
sufficient data for analysis. Disruption profiles for 11 of 13 data sets adhered to
the predictions of a competitive attraction model.

Cardé et al. (1997, 1998) point out that two or more of these mechanisms
may act together to successfully prevent moth mating in a synergistic or additive
fashion, such as false-plume following resulting in short-term adaptation to
pheromone upon male moth contact with a dispenser. Additionally, varying
physiological response to pheromone among moth species (Stelinski et al.
2005b) and species variation in chemical characteristics of pheromones (Gut et
al., 2004) provide evidence that some moth species are inherently more difficult

to disrupt than other species.

¢. Pheromone Dispenser Point Source Distribution

Nine codling moth and seven Oriental fruit moth disruption products
commercially are available in the U.S.A. Five hand-applied reservoir dispensers,
Isomate® C+ and CTT (Shin-Etsu Chemical Co., Tokyo, Japan), Scentry
NoMate® codling moth Spirals (Scentry Biologicals, Billings, Montana), Hercon
Disrupt codling moth (Hercon Environmental, Emigsville, PA), and CheckMate®
codling moth XL 1000 (Suterra, Bend, OR) are available in the U.S. market for
codling moth. Isomate® M 100, Isomate® M Rosso, Scentry NoMate® Oriental
fruit moth Spirals, and CheckMate® SF are the reservoir dispensers available for
Oriental fruit moth. Label rates for Oriental fruit moth reservoir dispensers vary

from 250 to 500 per hectare.



Label rates for reservoir dispensers for codling moth disruption vary from
300 to 1000 per hectare, and growers typically select a rate at the lower end due
to economic and labor concerns. The hand application of codling moth
dispensers is a labor intensive process (approximately 5 hours / ha at the full
label rate), adding labor costs as well as competition for labor at times of the
growing season when many Michigan growers are busy working in other crops,
and has been identified as a major impediment to widespread adoption of mating
disruption (Epstein et al., 2002b).

The predominant formulation currently used in the U.S.A. for codling moth
is the Isomate-C Plus polyethylene tube dispenser (Shin-Etsu Chemical Co.,
Tokyo, Japan) with a label rate of 1000 per ha (Thomson et al. 2001, Witzgal et
al., 2008). However, there are several commercially available disruption products
for codling moth that claim that disruption can be achieved with reduced numbers
of dispensers per ha. For example, Isomate-CTT (Shin-Etsu Chemical Co.,
Tokyo, Japan) dispensers contain twice as much pheromone as the Isomate-C
Plus dispenser and are designed for application at a rate of 500 / ha (Alway
2002). Some researchers (Shorey and Gerber 1996, Knight 2004, Welter et al.
2005b) suggest that mating disruption efficacy can be maintained while reducing
the density of release sites, if overall release rate of pheromone per ha is
maintained or increased. A saving in labor is postulated for a given number of
Isomate dispensers assembled into clusters rather than distributed individually
(Knight 2004), or with the use of battery-powered aerosol emitters, deployed at a

rate of 5 per ha, dispensing daily rates of (E, E)-8-10-dodecadienol, codling moth



sex pheromone, equivalent to a full label rate of Isomate-C Plus (Welter 2005).
However, Suckling and Angerilli (1996) falsified this idea for lightbrown apple
moth, Epiphyas postvittana (Walker). Their study revealed that if the total number
of dispensers was held constant, plots with higher densities of release sites best-
disrupted moth catches in pheromone traps. Most recently, Stelinski et al., (2007)
reported very low levels of 24-26% disruption of codling moth male orientation to
pheromone traps in plots treated with aerosol dispensers deployed at the
recommended rate of 2.5 units per ha.

Miller et al. (2006 a, b) argue that competitive attraction is the predominant
mechanism of disruption, and that practical implications for improving application
of mating disruption are that 1) attractiveness should be competitive with
females, 2) dispenser density should be high, and 3) distribution of pheromone
dispensers should be uniform rather than clumped. Understanding how
distribution of pheromone release devices in an orchard affects orientational
disruption of male moths is necessary to optimize efficacy of mating disruption for

codling moth and Oriental fruit moth.

d. Canopy Distribution of Reservoir Dispensers

Should competitive attraction be the predominant mechanism in mating
disruption, a factor to consider in point source distribution of reservoir pheromone
dispensers is location of dispensers within the tree canopy to compete with
calling females. However, the distribution of calling codling moth females within

the tree canopy has yet to be directly studied. Research with pheromone baited



traps showing male flight behavior to be concentrated in the top third of the tree
canopy is primarily responsible for the standard recommendation that reservoir
dispensers be applied within the top meter of the tree canopy (Barret 1995,
Knight 2000, McNally and Barnes 1980).

Behavioral and biological studies of codling moth also support moth
activity being centered in the tops of tree canopies. Geier (1963) stated that
moths spend the majority of their time in tree crowns when not in flight (though
providing no data to support this statement), Witzgall et al. (1998) visually
observed male moths flying and searching branches in the upper half of tree
crowns, and Stoeckli et al. (2008) found highest mean values of larval infestation
of fruit in the top and middle tree canopy heights, providing further support for
deployment of pheromone dispensers high in the canopy. The location of both
adult males and females during daylight hours also has not been well
documented, and it is largely assumed that adult moths confine themselves
within the tree canopy during periods of biological inactivity.

Research data on direct sampling of calling female moths in tree canopies
is not reported in the literature. In discussing pheromone trap placement for
capture of male moths, McNeil (1991) points out that trap placement within the
tree canopy can impact the structure and trajectory of a pheromone plume and
therefore the probability and distance over which males will be able to locate the
source. Kuhrt et al. (2005) found that height within the tree canopy significantly
affected air temperature within the canopy, a factor possibly affecting

microhabitat selection by calling females. Improved knowledge of codling moth
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bionomics, including the location of calling females, diel behavior patterns and
the affects of factors such as age and prevailing climatic conditions on female
behavior, could be of critical importance in optimizing dispenser placement within
the tree canopy and in ultimately improving the performance of mating disruption

of tortricid moth pests.

e. High-Density Mating Disruption Formulations

Miller et al. (2006a and b) have recently presented a strong case that
pheromone dispenser point source density is strongly correlated to pheromone
treatment efficacy, and that high-density formulations are optimal to take
advantage of false trail following found in the competition model of mating
disruption. Machine-applied formulations that disperse pheromone via numerous
small releasers are being evaluated for disruption of Oriental fruit moth and
codling moth. Hercon® flakes (Hercon, Emigsville, PA) and Scentry® fibers
(Scentry, Billings, MT) are formulations targeting codling moth control that are
applied either by ground or air, allowing large areas to be treated in a much
shorter time than with hand-applied reservoir dispensers. A sticker is added so
that fiber and flake particles will adhere to foliage and wood. These types of
dispensers are formulated to be applied at much higher densities (about 37,000 /
ha vs. 1,000 hand-applied dispensers / ha), compared with Isomate dispensers,
and release pheromone at rates similar to those emitted by female moths
(Swenson and Weatherston 1989, Welter and Cave 2005). Fibers and flake have

the potential to provide adequate levels of codling moth disruption, but have

11



limited commercial viability due to insufficient product adherence and lack of
rainfastness (Stelinski et al., 2008)

Paraffin-based emulsified wax is another dispensing formulation being
tested for use in mating disruption (Atterholt 1998, de Lame 2003, Miller 2006a
and b). Stelinski et al. (2006) developed a tractor-mounted mechanical
dispensing system for high-density application of wax dispensers for mating
disruption of Oriental fruit moth. The wax applicator delivered about 160 wax
drops per tree at a speed of 22.5 minutes / hectare (Stelinski et al., 2006). A
single application of wax drops provided 97% orientation disruption of
pheromone-baited traps for 55d and completely prevented mating of tethered
virgin females throughout the season (Stelinski et al., 2007c). A version of this
wax formulation is currently marketed by ISCA Technologies (Riverside, CA,
USA) under the trade name, SPLAT.

Pheromone also has been formulated into microcapsules or beads that
are delivered through conventional spray equipment at densities in excess of one
hundred thousand per hectare. Each capsule releases pheromone at a rate
below that of a calling female resuiting in an approach that appears to disrupt
mate finding by camouflaging the female's signal (Stelinski et al., 2005b).
Sprayable pheromone has been quite effective for Oriental fruit moth (II"ichev et
al., 2006), while codling moth control using the approach has proved more
difficult (Stelinski et al., 2007b). The highest level of disruption is achieved when
the sprayable product is applied using very low gallonages of water (Knight and

Larsen, 2004). However, high or low gallonage applications require multiple
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sprays through the season and reapplication after a rain event to maintain

disruption (Stelinski et al. 2007b, Waldstein and Gut 2005).

f. Areawide Mating Disruption

A major challenge to the expanded adoption of tortricid moth mating
disruption as it is currently practiced with reservoir-type release devices is the
cost associated with deploying a pheromone program that also requires the
application of numerous insecticide sprays per growing season to prevent
unacceptable levels of larval feeding injury to fruit. An areawide or whole-farm
deployment strategy can help to achieve attainment of high performance
disruption that provides acceptable control with reduced insecticide use.

Areawide management promotes a cooperative effort by neighboring
growers with contiguous acreage to deploy mating disruption on all of the
acreage on their farms to directly address key concerns regarding orchard
perimeters in smaller, individualized mating disruption programs; the immigration
of mated females into a disrupted orchard, and lower pheromone concentrations
along orchard perimeters (Gut and Brunner, 1998; Knight, 1995). Areawide
disruption programs of 1,100 contiguous ha of apples and pears in Australia, and
1,200 ha of mixed stone fruits in the Tulbagh valley in South Africa resulted in
excellent control of Oriental fruit moth (Il'ichev et al., 2002; Barnes and
Blomefield, 1997). Successful areawide mating disruption programs targeting
codling moth were conducted in pome fruit in the western U.S.A. during the years

1994 to 1998 (Calkins et al., 2000; Brunner et al., 2001) and in Michigan during
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the years 2004-2009 (McGhee et al., 2009). None of these programs relied solely
on the use of mating disruption to achieve successful control, but incorporated
judicious and timely applications of insecticides. Direct comparisons with
conventional programs outside the project areas revealed reductions in the
number of insecticides applied for codling moth and Oriental fruit moth control.
Areawide disruption projects have also successfully controllied pink bollworm in
large, contiguous areas of cotton in the southwestern U.S.A. (Staten et al., 1987)

and Egypt (Jones and Casagrande, 2000).

Cydia pomonella Granulosis Virus

Since it was first collected in Mexico over 40 years ago (Tanada, 1964)
and underwent its initial orchard trials in the 1960’s, codling moth granulosis virus
(CpGV) has been researched as a codling moth control (Falcon et al., 1968). The
Granulosis virus is a highly lethal baculovirus, protected by a protein occlusion
body made from granulin. The occlusion body is ingested by neonate larvae and
dissolved in the alkaline midgut. Virus particles are released, initiating a primary
infection of midgut epithelium cells, which, in turn produces budded viruses that
spread secondary infection to other tissues (i.e. neuronal cells and fat bodies)
(Lacey and Shapiro-llan 2003; Jehle et al. 2006, Weeden et al. 2007). Mortality
occurs within 5 to 10 days and cadavers release billions of viral occlusion bodies
into the environment (Jehle et al., 2006). There are no known negative effects on
plants, mammals, birds, fish, or non-target insects (Weeden et al. 2007).

Although laboratory bioassays confirmed CpGV to be highly active against

neonate larvae (Jaques et al. 1987), effectiveness in the field was inconsistent
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(Chamillot et al. 1993, Huber and Dickler 1977; Jaques et al. 1987; Laing and
Jaques 1980; Rashid et al. 2001; Vail et al., 1991). Recent efforts to reformulate
Granulosis virus products in Europe, Canada and New Zealand have resulted in
reports of consistently good codling moth control and CpGV products are now
applied on more than 100,000 ha of sustainable codling moth control programs in
combination with mating disruption in Europe (Charmillot et al. 1998; Lacey and
Shapiro-llan 2003; Eberle and Jehle 2006).

Three commercial formulations are available in Michigan, Carpovirusine
(Arysta LifeScience, Cary, NC), Cyd-X (Certis USA, Columbia, MD), and
Virosoft®™ (BioTepp, Canada). Carpovirusine contains 10" viral particles / liter,
and is applied at a label rate of 0.5-1 liter virus/ 1000 liters water / hectare. Cyd-X
contains 3 x 10" viral particles / liter, and is applied at a label rate of 74 — 266 ml
/ hectare. Virosoft®™ contains 4 x 10" viral particles / liter and is applied at a
label rate of 250 ml / hectare. The virus requires frequent reapplication using
standard farm spray equipment due to very short residual activity in the field
resulting from viral inactivation from exposure to ultraviolet radiation and high
temperatures (Lacey and Shapiro-llan, 2003). Researchers are currently
investigating CpGV use patterns comparing the efficacy of frequent applications
(5-7 day re-application intervals) of virus at low rates vs. higher rates at 14-21
day application intervals, efficacy against different codling moth generations, and
vertical transmission of CpGV between generations (Epstein et al., 2006; Hull

and Krawczyk 2005; Quénin and Laur 2006).
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Multi-year programs combining CpGV and mating disruption in Europe,
New Zealand and the United States have noted a pattern where initially high
numbers of codling moth adults and high percentages of partial larval entries into
fruit declined over 24 year period resulting in reduced pest densities and
reduced injury to fruit (Charmillot et al. 1998; Wearing ot al. 1994).

Control failures have also been reported. Reduced susceptibility of codling
moth to CpGV of up to 1000-fold less, based on LCs values, was first reported in
organic apple orchards in 2005 in Germany and France, where CpGV and
pheromone mating disruption constitute the backbone of organic management of
codling moth (Fristch et al. 2005, Jehle et al. 2006, Eberle 2006). Asser-Kaiser et
al. (2007) described codling moth resistance to CpGV as the interaction of three
factors: sex-linkage (located on the Z-chromosome of the moth, favoring rapid
resistance development under continued selection pressure), concentration
dependent dominance (resistance is higher in heterozygous males at low virus
concentrations), and uniformity of the selective agent (Mexican isolate, CpGV-M).

Newly identified CpGV isolates of varying virulence have been identified
(CpGV-112 from Iran; Madex Plus, Andermatt Biocontrol, Switzerland; and 3
unregistered isolates from Jehle lab in Germany) and tested in Europe (Eberle et
al. 2008; Jehle 2008). All new isolates show good efficacy against resistant
populations and offer a broad genetic basis for development of resistance
management strategies along with the development of resistance monitoring

techniques (Jehle 2008).
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Dissertation research

The overall aim of this thesis research was to develop and deliver effective
and economical biopesticide-based management programs for codling moth
(CM) and Oriental fruit moth (OFM) control that rely on mating disruption,
granulosis virus, and the judicious use of reduced-risk or conventional
insecticides for control of these key pests. To accomplish these goals
experiments were conducted to better understand mechanisms by which
pheromone mediated mating disruption operates for control of CM and OFM,
evaluations of pheromone dispenser types and deployment strategies, how moth
behavior may affect dispenser deployment strategies, and use of codling moth
Granulosis virus with pheromone disruption for CM population suppression.
Specific objectives were to determine: 1.) the effect of dispenser point source
distribution on CM and OFM orientation disruption, 2.) within-canopy adult
distribution of CM in disrupted and non-disrupted apple orchards, 3.) diel
distribution of adult CM in disrupted and non-disrupted apple orchards, 4.)
efficacy and optimum patterns of use of CM Granulosis virus formulations, and
5.) the effectiveness of a whole-farm or areawide program for codling moth
control that relies on mating disruption, granulosis virus, and the judicious use of

reduced-risk or conventional insecticides for control of this key pest.
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CHAPTER ONE
Higher densities of distributed pheromone sources provide disruption of
codling moth (Lepidoptera: Tortricidae) superior to that of lower densities of

clumped sources

Also published as:

Epstein, D.L., L.L. Stelinski, J. Miller, T.P. Reed, and L. Gut. 2006. Higher
densities of distributed pheromone sources provide disruption of codling
moth (Lepidoptera: Tortricidae) superior to that of lower densities of
clumped sources, Econ. Entomol. 99(4): 1327-1333.
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ABSTRACT

Field experiments quantified the effect of synthetic pheromone release-
site density and distribution on: 1) orientational disruption of male codling moths,
Cydia pomonella L., to pheromone-baited traps, and 2) fruit injury. A clustering
test varied pheromone release-site density from 0 - 1000 Isomate-C Plus
dispensers / ha while maintaining the total number of dispensers at 1000.
Percent orientational disruption of pheromone-baited traps increased significantly
as a function of increasing density of release sites. Fruit injury decreased as the
density of release sites increased and was lowest in plots treated with Isomate-C
Plus dispensers distributed as 1,000 point sources / ha. We also manipulated
point source density of 0.1 ml paraffin-wax drops containing 5 % codlemone
((E,E)-8,10-dodecadien-1-ol), and thus, total amount of pheromone deployed per
ha. Percent disruption of traps baited with either 1.0 or 0.1 mg codlemone lures
increased with increasing density of wax drops deployed. Both trapping and field
observations confirmed that wax drops were attractive to male codling moths,
suggesting that disruption was mediated by competitive attraction. Development
of dispensers that can be mechanically applied at high densities has potential to
improve the efficacy and economics of codling moth disruption at high population

densities.
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INTRODUCTION

Mating disruption of codling moth (CM), Cydia pomonella L., in the U.S.A.
is implemented on over 54,000 ha of pome fruits and walnuts, with varying
degrees of success (Gut et al. 2004). The predominant formulation currently
used in the U.S.A. is the Isomate-C Plus polyethylene tube dispenser (Shin-Etsu
Chemical Co., Tokyo, Japan, Thomson et al. 2001) applied at densities of 500 to
1000 per ha, which equates with ca. 1 to 2 per fruit tree. Some researchers
(Shorey and Gerber 1996, Knight 2004) suggest that efficacy can be maintained
while reducing the density of release sites, if overall release rate per ha is
maintained or increased. A saving in labor is postulated for a given number of
Isomate dispensers assembled into clusters rather than distributed individually
(Knight 2004). However, Suckling and Angerilli (1996) falsified this idea for
lightbrown apple moth, Epiphyas postvittana (Walker). Their study revealed that if
the total number of dispensers was held constant, plots with higher densities of
release sites best-disrupted moth catches in pheromone traps.

There are several commercially available disruption products for CM in
addition to Isomate-C dispensers. For example, Isomate-CTT (Shin-Etsu
Chemical Co., Tokyo, Japan) dispensers contain twice as much pheromone as
the Isomate-C Plus dispenser and are designed for application at a rate of 500 /
ha (Alway 2002). Other products, such as Hercon Disrupt CM flakes (Hercon,
Emigsville, PA) and Scentry NoMate CM Fibers (Scentry, Billings, MT) are

applied at higher densities (ca. 37,000 / ha), compared with Isomate dispensers,
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and release pheromone at rates similar to those emitted by female moths
(Swenson and Weatherston 1989, Welter and Cave 2005). Understanding how
distribution of pheromone release devices in an orchard affects orientational
disruption of male moths is necessary to optimize efficacy of mating disruption for
CM.

The overall goal of this investigation was to determine whether CM
disruption is improved by increasing density and distribution of pheromone
release sites. Studies were also conducted to determine whether male moths
approach dispensers in order to provide insight into the mechanism(s) by which
disruption may be operating. Our specific objectives were to determine whether:
1) a given number of Isomate-C Plus dispensers were equally efficacious
whether clumped or distributed, and 2) CM disruption could be improved over
that by Isomate dispensers if multiple paraffin-wax drops were deployed per tree
as Stelinski et al. (2005a) demonstrated was effective for Oriental fruit moth,
Grapholita molesta (Busck). A trapping study and direct field observations were
conducted to determine whether wax drops attract male CM. Pheromone release
rate from wax drops was also quantified by gas chromatography.

MATERIALS AND METHODS

Experiment 1: Reducing release-site density while maintaining total
pheromone applied per ha constant. This study was conducted 10 May to 30
September, 2003. The objective was to evaluate the effect of clustering
pheromone release sites on disruption efficacy while maintaining a total of 1000

Isomate-C Plus dispensers / ha. These dispensers contained 205 mg of 53.0 %
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codlemone ((E,E)-8,10-dodecadien-1-ol), 29.7 % 120H, 6.0 % 140H, and 11.3
% inert ingredients. Densities of release sites per ha were: 0, 10, 25, 100, 500,
and 1,000. Dispensers were applied individually in the top m of trees for the 500
and 1000 / ha treatments. Two dispensers were spaced 2.5 cm apart in the 500
release site / ha treatment. Multiple dispensers in the 10, 25 and 100 release site
/ ha treatments were attached to horizontally mounted, (1 intersection / cm?)
galvanized-metal hardware cloth (TWP Wire Mesh, Berkeley, CA, U.S.A.), each
dispenser spaced 2.5 cm apart as per Suckling and Angerilli (1996). The 100
release sites / ha treatment consisted of 10 dispensers per cluster; the 25
release sites / ha treatment consisted of 40 dispensers per cluster, and the 10
release sites / ha treatment consisted of 100 dispensers per cluster. Pheromone
release sites were spaced equidistantly throughout each 0.4 ha plot (Fig. 1).
Experimental design was a randomized complete block with two replicates
(blocks) located at the Trevor Nichols Research Complex (TNRC) of Michigan
State University in Fennville, Ml and one each in two commercial orchards in
South Lyon and Flushing, MI. The two blocks at TNRC were separated by at
least 300 m and treatment plots at all commercial orchards were separated by at
least 45 m. Experimental sites and tree composition are described in Table 1.
Disruption of male moth orientation to sex pheromone was assessed using 3
pheromone traps (LPD Scenturian Guardpost, Suterra, Bend, OR) / 0.4 ha plot
baited with 1 mg codlemone rubber septum lures and placed in the upper third of
tree canopies on a diagonal transect across each plot (Fig. 1). Lures were red

rubber septa loaded with codlemone (> 98 % isomeric and chemical purity,
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Suterra, Bend, OR). New pheromone lures were deployed every two weeks
during each moth generation. Moths captured in traps were counted and

removed once weekly.
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Figure 1. Diagram of a 0.4 ha orchard plot containing 4 release sites of clustered
Isomate-C Plus dispensers. Shaded boxes (not to scale) represent 100 clustered

Isomate-C Plus dispensers. Other release-site densities were likewise regularly
distributed.
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Table 1. Description of orchards used in Experiment 1 in which density of release
sites (Isomate-C Plus dispensers) per ha was varied without varying total amount
of pheromone deployed per ha.

Orchard No. Cultivar(s) Tree Age Canopy Height Tree Spacing
1 Red Delicious 16 yrs 3.5-45m 3x6m
2 Golden 10 yrs 35-45m 18x4.6m

Delicious

Red Delicious 10 yrs 3.5-45m 3x5.5m

Red Delicious 20 yrs 4-5m 3x55m
Rome 8 yrs 3-4m 24x55m
3 Braeburn 7 yrs 24-31m 27x49m
Macintosh 7yrs 24-31m 27x43m
Fuji 7yrs 24-31m 24x46m
Jonagold 7yrs 24-31m 24x46m
Northern Spy 7 yrs 24-31m 24x55m
4 Gala 20 yrs 24-31m 24x46m
Gala 20 yrs 3-4m 27x49m

CM fruit injury was evaluated in all plots following first generation moth

flight and immediately prior to harvest. Thirty apples per tree, fifteen high in the

canopy and 15 low in the canopy, were examined from 20 trees per plot (600 fruit

/ plot total).

Experiment 2: Increasing both point-source density and total pheromone

applied per ha from paraffin-wax drops. Paraffin-wax dispensers (Stelinski et al.

2005a) were used because a larger range of densities could be compared than

with Isomate-C Plus dispensers, while applying less total pheromone / ha than

could be achieved with Isomate-C Plus dispensers. This study was conducted 13
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May to 3 June of 2004 at TNRC. This experiment ran for only 2 wk because
disruption efficacy was rapidly lost thereafter. Experimental site, tree
composition, and maintenance protocol of orchards are described in Stelinski et
al. (2005a). Orientational disruption trials were conducted comparing five
application densities of 0.1 ml drops of paraffin wax containing 5% pheromone.
Paraffin-wax dispensers were formulated as described in Stelinski et al. (2005a).
Briefly, paraffin-wax formulation consisted of: 30 % paraffin wax (Gulf wax, Royal
Oak Sales, Inc., Roswell, GA), 4 % soy oil (Spectrum Naturals, Iné., Petaluma,
CA), 2 % Span 60 (Sorbitan monostearate, Sigma-Aldrich Co., St. Louis, MO), 1
% vitamin E ([t]-a-tocopherol, Sigma Chemical Co., St. Louis, MO), 5 %
codiemone (Bedeukian Co., Danbury, CT, > 98% purity confirmed by gas
chromatography), and 568 % (by total weight) de-ionized water. Wax drops were
hand-applied to branches of trees using 5 mi plastic syringes. Densities of wax
drops compared were: 0 per tree, 3 per tree (820 / ha, 3.3 g A. . / ha); 10 per
tree (2,700 / ha, 11 g A. |. / ha); 30 per tree (8,200 / ha, 33 g A. |. / ha); and 100
per tree (27,300 / ha, 109 g A. |. / ha). Experimental design was a randomized
complete block with treatments applied to 0.07 (16 tree) ha plots replicated 5
times. Replicate orchards (blocks) were separated by at least 35 m and
treatment plots by at least 15 m. Orientational disruption of male catches was
assessed using two pheromone traps, baited with either 1.0 or 0.1 mg of
codlemone, placed in two of four central trees of each plot. Traps were hung ca.

2 - 3 m above ground level in the upper third of the tree canopy. Wax dispensers
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were never placed closer than 50 cm from monitoring traps. Moths captured in
traps were counted and removed twice weekly.

Experiment 3: Evaluating attractiveness of paraffin-wax dispensers to
male codling moths. We compared captures of male CM in traps baited with 0.1
ml paraffin-wax drops formulated as above with that of rubber septum lures
loaded with 1 mg of codlemone (described above) known to be highly attractive.
These tests were conducted 6 July through 19 September, 2004 in plots not
being used for mating disruption studies. Paraffin-wax dispensers containing
pheromone were pipetted onto 2 x 5 cm strips of aluminum foil and allowed 24 h
to dry before strips were deployed in traps. Fresh lures were installed every two
weeks into plastic delta traps deployed in unsprayed 0.4 ha plots of apples, as
above. Unbaited traps were used as a negative control. Paraffin-wax treatments
were replaced every four weeks. The experiment was arranged in a randomized
complete block with 6 replicates. Traps were spaced ca. 26 m apart and rotated
weekly. Traps were hung ca. 1.5 - 2 m above ground level in the upper third of
the tree canopy. Moths captured in traps were counted and removed twice
weekly.

Experiment 4: Direct observation of codling moth males in plots treated
with various densities of wax drops. Direct observations of male CM visits to wax
drops in trees were conducted as detailed in Stelinski et al. (2005a).
Observations were conducted on 17 nights during first CM generation. One wax
drop containing pheromone was observed in control plots that were otherwise

untreated.
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Experiment 5: Measuring pheromone release rate from 0.1 ml wax drops.
Release rate of codlemone from paraffin-wax dispensers was determined using
protocol reported by Stelinski et al. (2005a). Briefly, paraffin-wax drops (0.1 ml)
were applied to 1 x 5.5 cm pieces of flat, wooden Craft Sticks (Diamond Brands,
Cloquet, MN) using an Eppendorf repeat pipetter. Resulting drops were ca. 7 mm
in diameter and 2 mm thick. Samples were attached with plastic ties to branches
of five 5 - 7 m tall apple trees at a height of 2 - 3 m within the tree canopy.
Samples were maintained in the field and in a laboratory fume hood from 3
August to 8 October, 2004. Five samples were collected immediately at
application to determine pheromone concentration in wax drops at test onset.
Thereafter, three samples were collected approximately every 24 h for 4 d and
then every other d for 80 d. Pheromone extracted from samples was quantified
using a gas chromatograph (HP-6890, Hewlett-Packard Co.) fitted with a
DBWAXETR polar column (model # 122-7332, J&W Scientific, Folsom, CA) of
length 30 m and internal diam. 250 um. Initial oven temperature was 130 °C for 2
min and then it was ramped at a rate of 2.5°C / min to 160°C, where it was held
for 2 min. The program then ran at 40°C / min to a final temperature of 230 °C.
The carrier gas, He, entered the column at 20 psi.

Statistical analysis. For orientational disruption and trapping studies, data
were transformed to In (x + 1) (which normalized distributions and homogenized
variance) and then subjected to analysis of variance (ANOVA). Fruit injury data
were arcsine transformed prior to ANOVA. Differences in pairs of means were

separated using the LSD test (SAS Institute 2000). Fruit injury data were also
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subjected to regression analysis to describe the overall relationship between fruit

injury and log1o of pheromone release-site density. Observational data of moth

visits to paraffin wax drops in the field were subjected to x? analyses. Percent

orientational disruption was calculated as 1 - (mean moth catch per trap in the

pheromone-treated plot / mean moth catch per trap in the control plot) x 100.
RESULTS

Experiment 1: Reducing release-site density while maintaining total
pheromone applied per ha constant. Overall, percent disruption of pheromone-
baited traps increased significantly as a function of increasing density of
pheromone release sites (Fig. 2 A). Traps in plot centers treated with 1,000 or
500 release sites / ha captured significantly (F = 14.2, df = 5, 18, P < 0.01) fewer
males than those in plots treated with 0, 10, or 25 release sites / ha (Fig. 2 A).
Also, significantly (P < 0.01) fewer males were captured in plots with 1000
release sites / ha than in plots with 100 release sites / ha (Fig. 2 A). There was
no significant (P > 0.05) difference in male catch in central traps among plots
treated with 10 and 25 release sites / ha (Fig 2 A).

Traps placed on plot borders treated with 500 and 1,000 point sources /
ha captured significantly (F = 8.3, df = 5, 18, P < 0.01) fewer males than those
placed on plot borders with 0, 10, 25, or 100 release sites / ha (Fig. 2 B). There
was no significant difference among male captures in border traps of plots
treated with 10 or 100 release sites / ha (Fig. 2 B). As with central traps,
orientational disruption of border traps was highest for the two highest release-

site density treatments (Fig. 2 B).
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Percentage of infested fruit decreased as density of release sites
increased. Fruit injury in both plot centers and borders was significantly (F's =
4.4, 5.0, respectively, df = 5, 18, P < 0.01) reduced relative to control in plots
treated with 1,000 release sites / ha (Fig. 3 A, B). Among pairs of means, there
was no significant (P > 0.05) difference between fruit injury in plots with 100
through 1000 release sites / ha. Overall relationships between decreasing fruit
injury as a function of increasing logo of release-site density were described by y
=-0.23 x + 3.8 (R2=0.84) and y =- 0.25 x + 4.2 (R? = 0.8) for plot centers and
borders, respectively. Slopes for these relationships were significantly (F’'s =

20.5, 13.1,df = 1, 5, P < 0.05) negative.
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Figure 2. Mean captures of codling moth males in lure-baited delta traps in A)
centers and B) borders of plots containing various release-site densities of
Isomate-C Plus dispensers while maintaining the total number of dispensers at
1000 / ha. Means followed by the same letter are not significantly different at a <
0.05.
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Figure 3. Mean percent fruit injury due to codling moth larval infestation in A)
centers and B) borders of plots containing various release-site densities of
Isomate-C Plus dispensers while maintaining the total number of dispensers at
1000 / ha. Means followed by the same letter are not significantly different at a <
0.05.
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Experiment 2: Increasing both point-source density and total pheromone
applied per ha from paraffin-wax drops. Mean numbers of moths captured in
traps decreased as a function of increasing wax-drop density. Significantly (F's =
11.4,12.2, respectively, df = 4, 20, P < 0.01) fewer males were captured in traps
baited with 1.0 and 0.1 mg lures in plots treated with 27,300 wax drops / ha than
in plots with 0, 820, and 2,700 drops / ha (Fig. 4 A, B). However, this analysis of
pairs of means revealed no significant (P > 0.05) differences in numbers of males
caught with both lure loadings between plots with 8,200 and 27,300 point
sources (Fig. 4 A, B). Overall, percent disruption of traps baited with either 1.0 or
0.1 mg lures increased with increasing density of point sources deployed (Fig. 4
A, B). Ninety-four and 99 % orientational disruption was achieved with 27,300
point sources / ha for 1.0 and 0.1 mg lures, respectively.

Experiment 3: Evaluating attractiveness of paraffin-wax dispensers to
male codling moths. Significantly (F = 16.2, df = 3, 20, P < 0.01) more male CM
were captured in traps baited with each pheromone treatment than in blank
controls which captured 0.06 £ 0.05 (mean + SE) males over the season. There
was no statistical (P > 0.05) difference in mean number of males captured in
traps baited with red septa (65.5 + 13.4), 0.1 ml wax drops with 98% pure
codlemone (81.8 £ 18.5), or 0.1 ml wax drops with codlemone extracted from

Isomate-C Plus dispensers (74.3 £ 9.2).
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FigU"? 4. Mean captures of codling moth males in lure-baited delta traps in plots
containing various densities of 0.1 ml paraffin-wax drops containing 5 %
codlemone. Means followed by the same letter are not significantly different at a

< 0.05.

Experiment 4: Direct observation of codling moth males in plots treated
with varijous densities of wax drops. CM males approached wax drops in treated
plots at g)| dispenser densities (Fig. 5). Significantly (x*> = 7, df = 1, P < 0.01)
MOré males approached a single drop under observation in otherwise untreated

Plots than in plots with 820 drops / ha and likewise significantly (x? = 20, df = 1, P
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< 0.01) more males approached a single drop under observation in plots treated

with 820 drops / ha than in plots treated with 2,700 drops / ha. Sixteen of 81
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Figure 5. Numbers of codling moth males observed approaching paraffin-wax
drop dispensers of pheromone in plots receiving various densities of dispensers.
All moths observed approached within 130 cm of dispensers. Observations were
conducted on 17 evenings between 17 May and 12 June. Means followed by the
same letter are not significantly different at a < 0.05.

males observed made direct contact with drops, 88% of observed males
approached within 20 cm of wax drops, and all observed moths came within 130
cm. Following landing on foliage near wax drops, males fanned their wings and

walked rapidly. None of the visits lasted longer than 2 min, and 90 % flew away

from dispensers within 60 s.



Experiment 5: Measuring pheromone release rate from 0.1 ml wax drops.

Release profiles of codlemone from wax drops in a laboratory fume hood and in

the field are shown in Fig. 6, fitted with exponential decay curves. Laboratory

samples yielded an R? of 0.98 and a decay constant value of — 0.028, while field

samples gave an R? of 0.94 and a higher decay constant value of — 0.051.

Release rate of codlemone from a wax drop was ca. 2.1 and 3.3 pg / h over the

first 14 d of release in the laboratory and field, respectively. Between d 14 and

35, release rate decreased toca. 1.3t0 0.5 ug/ h.
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Figure 6. Release profiles of 0.1 ml paraffin-wax drops containing 5 %

codlemone fitted with exponential decay curves.
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DISCUSSION

The highest density of pheromone-dispenser release sites yielded the best
orientational disruption of male CM to traps and lowest fruit injury. Increased
orientational disruption as a function of increasing release-site density occurred
both when the total amount of pheromone per ha was increased, and when it
was held constant. These results corroborate findings of previous studies of
release-site density on disruption for other moth species (Charlton and Cardé
1981, Palaniswamy et al. 1982, Suckling et al. 1994, de Lame 2003). In the
current study, 96-97 % orientational disruption was achieved with 1000 Isomate
C Plus ropes / ha distributed as 1000 point sources / ha, and 94-99 % disruption
was achieved with 27,300 paraffin-wax drops per ha. Given that Isomate-C Plus
dispensers release pheromone at ca. 20 ug / h (Knight 1995b), and paraffin-wax
drops released ca. 2 ug / h during the first 2 weeks in the field, the amount of
pheromone released / ha / h for 1000 Isomate dispensers and 27,300 wax drops
was ca. 20 and 55 mg, respectively.

Alford and Silk (1983) and Suckling and Angerilli (1996) also varied
release-site density while maintaining total number of pheromone point sources
per ha constant. The former study was conducted with the spruce budworm,
Choristoneura fumiferana (Clemens), and Hercon flakes (Hercon, Emigsville, PA)
as the dispenser of synthetic pheromone. Intermediate densities of 33 and 100
points / m? of 60 and 20 flakes per release site yielded higher disruption than a
uniform distribution of single flakes or 9 release sites of 222 flakes / site. These

results are consistent with the current study in that the treatment with fewest
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release sites disrupted the least. That intermediate densities of flakes proved
slightly better than the completely uniform distribution of one flake per release
site in the Alford and Silk study is likely because clumps of 20 and 33 flakes / site
competed with females to a higher degree than single flakes / site, given the low
pheromone release rate from these dispensers. However, even with intermediate
clumping, treatments with 20 and 33 flakes / release site were applied at high
densities of 2000 and 660 total release sites / ha. Suckling and Angerilli (1996)
studied the lightbrown apple moth and used polyethylene, reservoir-type
dispensers similar to those used in our study. Our results were consistent with
the above studies in that clumping of dispensers decreased disruption.

Current results are inconsistent with those of Knight (2004), who found
that highly-spaced clusters of 100 Isomate-C Plus dispensers (4 / ha) disrupted
CM males comparably to 500 dispensers / ha distributed individually. However,
Knight's cluster treatment was supplemented by a 10-20 m-wide border
application of Isomate-C Plus dispensers at a density equivalent to 1000 / ha,
which was not applied to the highly-distributed Isomate-dispenser treatment. In
addition, CM density in the current study was high (> 300 moths / trap for the
season in control plots based on 3 traps per 0.4 ha) but was low in the Knight
study (< 8 moths / trap for the season in control plots based on 2 traps / ha).
Thus, contradicting results between our study and Knight's are likely due to
differences in experimental design and CM population density.

On both plot borders and in plot centers, fruit injury was lowest when

Isomate-C Plus dispensers were most highly distributed. Fruit injury in the 1,000
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point source / ha treatment was almost two-fold less than in the 500 point source
/ ha treatment (Fig. 3 A, B). In addition, there was a significant overall
relationship between increased release-site density and decreased fruit injury. It
is important to note that seemingly small differences in percent disruption as
measured by traps (eg. 93 — 96 % vs. 97 - 99 %) may be associated with widely
differing crop protection outcomes.

CM males have been observed orienting to and landing within close
proximity (mean 50 cm) of Isomate-C Plus dispensers placed directly within trees
in pheromone-treated orchards (Stelinski et al. 2005b). In our recent flight-tunnel
studies with CM males, pre-exposure of moths to Isomate-C Plus dispensers
decreased male responsiveness to otherwise highly attractive lures (Stelinski et
al. in review). This suggests that desensitization following pre-exposure to
Isomate dispensers may have contributed to disruption of CM. More research will
be required to determine relative importance of desensitization following pre-
exposure to high-release, reservoir dispensers versus pure competitive attraction
to false plumes.

Both trapping experiments and field observations confirmed that wax
drops were highly attractive to male CM, suggesting that orientational disruption
by wax drops functioned primarily by competitive attraction (false-plume
following). Deployment of paraffin-wax dispensers at 8,200 and 27,300 drops / ha
has recently been shown to provide better mating disruption of Oriental fruit
moth, Grapholita molesta (Busck), than standard applications of Isomate-M

Rosso dispensers in small plot trials (Stelinski et al. 2005a). However, this wax
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formulation still needs improvement for CM under high population densities in MI.
Although 99 % orientational disruption was achieved in the current study with
27,300 drops / ha, this result lasted only ca. two weeks, after which disruption
was not better than 50 % relative to control plots. This may have been due to the
drop in codlemone release rate after d 14 (Fig. 6) or codlemone degradation
(Millar 1995) after this interval. That wax drops deployed within delta traps were
attractive to CM for up to four wk in our trapping study, while disruption failed
after 2 wk, suggests photo-degradation of codlemone was a problem. A recently
improved formulation incorporating antioxidants, as well as UV and visible light
blockers deployed at 27,300 drops / ha proved equally effective to Isomate C-
Plus dispensers at 1000 / ha for an entire moth generation (Stelinski et al.
unpublished data) and holds promise as a cost-effective alternative mating
disruption formulation for CM that can be machine-applied. The addition of
insecticides to this formulation might enhance efficacy through removal of
attracted males (Krupke et al. 2002).
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CHAPTER TWO
Higher densities of uniformly distributed pheromone sources provide disruption of
Oriental fruit moth (Lepidoptera: Tortricidae) superior to that of lower densities of

clumped sources

Portions of this chapter are in press as:
de Lame' F.M,, D.L. Epstein, L.J. Gut, H. Goldfarb, and J.R. Miller. 2010. Impact
of Varying Density of Pheromone Point Sources on the Success of Mating

Disruption of Grapholita molesta (Lepidoptera: Tortricidae), Econ. Entomol.
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ABSTRACT

Field experiments quantified the effect of synthetic pheromone release-
site density and distribution on: 1) orientational disruption of male Oriental fruit
moths, Grapholita molesta (Busck) to pheromone-baited traps, and 2) fruit injury.
A clustering test varied pheromone release-site density from 0 - 500 Isomate-M
Rosso dispensers per ha while maintaining the total number of dispensers at
500. Percent orientational disruption of pheromone-baited traps increased
significantly as a function of increasing density of release sites. Fruit injury
decreased as the density of release sites increased and was lowest in plots

treated with Isomate-M Rosso dispensers distributed as 500 point sources / ha.
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INTRODUCTION

Mating disruption of Oriental fruit moths, Grapholita molesta (Busck), in
the U.S.A. is implemented on over 45,000 acres of apple and peach (Gut et al.,
2004, Witzgal et al., 2008) and has a long history of success worldwide
(Rothschild 1975, 1979, Vickers et al. 1985, Pfeiffer and Killian 1988, Audemard
et al. 1989, Sexton and Il'ichev 2000, de Lame et al. 2007). Isomate® M 100,
Isomate® M Rosso, Scentry NoMate® Oriental fruit moth Spirals, and
CheckMate® SF are the reservoir dispensers available for Oriental fruit moth
(OFM), with label rates varying from 250 to 500 per hectare.

Because the input costs of mating disruption products are often relatively
expensive, many growers are apprehensive about using these products.
Additionally, the application of hand applied dispensers is a labor intensive
process (approximately 2 h per acre), adding labor costs as well as competition
for that labor at times of the growing season when many growers are busy
working in other crops.

Some researchers (Shorey and Gerber 1996, Knight 2004) suggest that
mating disruption efficacy can be maintained while reducing the density of
release sites, if overall release rate per ha is maintained or increased. A saving in
labor is postulated for a given number of reservoir dispensers assembled into
clusters rather than distributed individually (Knight 2004). However, Rothschild
(1975) and Stelinski et al. (2005) showed that orientation disruption of male G.

molesta to traps increased with increasing numbers of pheromone point sources.
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Stelinski et al. (2005) showed decreased mating of tethered virgin females with

increased numbers of pheromone dispensers. Only Rothschild (1975) kept the

amount of pheromone applied per area constant. We report on studies

investigating the effect of reducing point source densities while maintaining

overall equivalent amounts of pheromone per unit area on orientation disruption

of G. molesta using Isomate OFM-Rosso (Shin-Etsu Chemical Co., Ltd., Tokyo,

Japan). Understanding how distribution of pheromone release devices in an

orchard affects orientational disruption of male moths is necessary to optimize -

efficacy of mating disruption for OFM.

MATERIALS AND METHODS

Experiments directly compared effects of varying numbers of pheromone
point sources per unit area on G. molesta orientation disruption. Total
pheromone per unit area was kept constant, while varying the number of evenly
distributed point sources. Experiments were set up as randomized complete
block designs with individual orchards as blocks.

This experiment was replicated in two apple orchards at TNRC, and in two
commercial orchards in South Lyon and Flushing, MI, 4 May to 23 September,
2003 (Table 2). The two blocks at the TNRC were separated by at least 300 m
and treatment plots at all commercial orchards were separated by at least 45 m.
Four-hundred and ninety-four (123g active ingredient) Isomate-M Rosso
polyethylene tube dispensers (Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) were

applied per ha in the upper third of tree canopies. The densities of release sites
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per ha were: 0 (0 point sources / plot, or 0 PTS), 10 PTS, 25 PTS, 90 PTS, 250
PTS, and 500 PTS. For the 500 PTS treatment, the dispensers were applied
individually. For the 250 PTS treatment, two dispensers were spaced 2 - 3 cm
apart at each release site. The 90 PTS treatment consisted of 5§ dispensers per
cluster; the 25 PTS treatment consisted of 20 dispensers per cluster, the 10 PTS
treatment consisted of 50 dispensers per cluster. Pheromone release sites were

spaced equidistantly throughout each 0.4 ha plot (Figure 7).

Table 2. Description of orchards used in which density of release sites (Isomate-
C Plus dispensers) per ha was varied without varying total amount of pheromone

deployed per ha.
Orchard No. Cultivar(s) Tree Age  Canopy Height Tree Spacing
1 Red Delicious 16 yrs 3.5-45m 3x6m
2 Golden 10 yrs 35-45m 18x46m
Delicious
Red Delicious 10 yrs 35-45m 3x556m
Red Delicious 20 yrs 4-5m 3x55m
Rome 8 yrs 3-4m 24x55m
3 Braeburn 7 yrs 24-31m 27x49m
Macintosh 7 yrs 24-31m 27x43m
Fuji 7yrs 24-31m 24x46m
Jonagold 7 yrs 24-31m 24x46m
Northern Spy 7 yrs 24-31m 24x55m
4 Gala 20 yrs 24-31m 24x46m
Gala 20 yrs 3-4m 27x49m
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Figure 7. Diagram of a 0.4 ha orchard plot containing 4 release sites of clustered
Isomate-M Rosso dispensers. Shaded boxes (not to scale) represent 50
clustered Isomate-M Rosso dispensers. Other release-site densities were
likewise regularly distributed.

Multiple dispensers in the 10 PTS, 25 PTS, and 90 PTS treatments were
attached to horizontally-mounted, (1 intersection/cm?) galvanized-metal hardware
cloth (TWP Wire Mesh, Berkeley, CA); dispensers were spaced 2.5 cm apart, as
per Suckling and Angerilli (1996). Disruption of male moth orientation to sex
pheromone was assessed using three pheromone-baited traps (LPD Scenturian
Guardpost, Suterra, Bend, OR) per 0.4 ha plot, placed on a diagonal transect

across each plot in the upper third of tree canopies. Two traps were located in

plot outer corners, taking into account edge effects, while one was located in the
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center of each plot. The lures were red rubber septa loaded with 0.1 mg G.
molesta sex pheromone. New pheromone lures were deployed every four weeks
during each moth generation. Moths captured in traps were counted and
removed once weekly. OFM fruit injury was evaluated in all plots in July and
immediately prior to harvest. Thirty apples per tree, fifteen high in the canopy and
15 low in the canopy, were examined from 20 trees per plot (600 fruit / plot total).
The level of significance for all statistical tests was a = 0.05. For
orientational disruption and trapping studies, data were transformed to In (x + 1)
(which normalized distributions and homogenized variance) and then subjected
to analysis of variance (ANOVA) with orchard as a blocking factor. Means were
separated with Tukey’s HSD test (StatSoft, Inc. 1984-2008). The Kruskal-Wallis
test was also used to analyze orientation disruption data. If significant differences
were identified using the Kruskal-Wallis test, means were separated with multiple
comparisons of the mean ranks. The Wilcoxon Signed Rank test was used to
analyze the effect of trap location (center or edge) on percent orientation
disruption of G. molesta in plots treated with Isomate-M Rosso. Fruit injury data
were arcsine transformed prior to ANOVA. Differences in pairs of means were
separated using the LSD test (SAS Institute 2000). Fruit injury data were also
subjected to regression analysis to describe the overall relationship between fruit

injury and log1o of pheromone release-site density.
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RESULTS
Overall, percent disruption of pheromone-baited traps increased
significantly as a function of increasing density of pheromone release sites
(F=12.71, df = 5, P < 0.000) (Figure 8). Only at the highest densities of point
sources per ha tested (250/ha & 500/ha), did dispensers perform well, with most

plots achieving at least 95% orientation disruption.

500
g, 400 . 67% +7% 51% 215% 78% +12% 96% 2% 96% 3%
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Figure 8. Numbers of male G. molesta captured in lure-baited traps in plots
treated with Isomate-M Rosso during G. molesta generations one, two, and three
(mean t S.E.). Bars labeled with the same letter are not significantly different
(Tukey, P 2 0.05). Percent orientation disruption values (mean + S.E.) are written

above treatment bars.

Orientation disruption was 40% lower in traps placed in plot edges than
traps placed in plot middles in the 10 PTS plots, 57% lower in 25 PTS plot, and
43% lower in the 100PTS plot (Table 3). It was only when point source density
increased to 250 and 500 PTS that orientation disruption was more uniform

across the entire plot. Orientation disruption at 250 PTS and 500 PTS was 6%
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and 7% lower in edge traps respectively. There was no significant effect of

generation (S = 2.56, df = 2, P = 0.28).

Table 3: Percent orientation disruption to traps placed in the center versus the
edge of plots treated with Isomate-M Rosso (mean + S.E.). Values in a row
followed by the same letter are not significantly different (Wilcoxon Signed-Rank
Test P2 0.05).

Trap Location

Treatment Center Edge Y4 P
10PTS 77.7194a 58.7+106a 141 0.16
25PTS 86.5t4.5a 298+155b 2.85 0.004
90PTS 998+0.1a 64.1+127b 2.67 0.008

250 PTS 99.1+0.4a 959 1 1.6b 267 0.008
500 PTS 100.0 £ 0.0a 94.3+4.2b 202 0.04

Percentage of infested fruit decreased as density of release sites
increased. Fruit injury in both plot centers and borders was significantly reduced
relative to control in plots treated with 500 release sites / ha (F's = 4.4, 5.0,
respectively, df = 5, 18, P < 0.01). Among pairs of means, there was no
significant (P > 0.05) difference between fruit injury in plots with 100 through 500
release sites / ha. Overall relationships between decreasing fruit injury as a

function of increasing log1o of release-site density were described by y = - 0.23 x

+3.8 (R2 =0.84)andy=-0.25x+4.2 (R2 = 0.8) for plot centers and borders,

respectively. Slopes for these relationships were significantly (F's = 20.5, 13.1,

df = 1, 5, P < 0.05) negative.
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DISCUSSION

These studies show that decreasing point source density, even while
keeping the amount of pheromone applied per ha constant, is not a viable option
for reducing the cost of deploying G. molesta mating disruption with hand-applied
dispensers. Only at the highest densities of point sources per ha tested did
dispensers perform well, achieving at least 95% orientation disruption. Also,
orientation disruption was significantly higher in center traps versus edge traps in
all treatments except for the 4 PTS treatment, and variability in percent
orientation disruption was éonsistently higher in edge traps versus center traps,
although the difference was smaller for the 4 PTS treatment. These results agree
with prior studies of tortricid mating disruption that identify orchard borders as
being more susceptible to higher levels of fruit injury, reinforcing the need for
area-wide mating disruption programs to make the best use of the mating
disruption technique (Thompson et al. 1999, Il'ichev et al. 2002, Gut et al. 2004).

These results are at odds with Rothschild (1975), who found no significant
difference in the numbers of G. molesta captured in pheromone-baited traps
when the dispensers were applied at a range of 25 to 200 point sources per
hectare. Stelinski et al. (2007) achieved 94% and 97% orientation disruption of
G. molesta with a perimeter application of 2.5 Puffers/ha releasing 600 mg/ha/d
of pheromone. Average total moth captures per trap in Stelinski et al.’s (2007)
control plots were 26.4 during the first generation, and 70.1 during generations
two and three combined. Moth captures in the control plots in the current

experiments were up to eight times higher (Fig. 2). Low moth populations may
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explain the higher than expected level of G. molesta orientation disruption with
Puffers in Stelinski et al.’s (2007) experiments. Stelinski et al. (2007) states that
puffers may result in mating disruption by different mechanism(s) than hand-
applied dispensers. Most hand-applied dispensers cause mating-disruption by
competitive attraction (Miller et al. 2006b). Perhaps Puffers function by other
mechanisms, such as camouflage, desensitization, or sensory imbalance (Miller
et al. 2006a). Alternatively, perhaps aerosolizing pheromone leads to better
distribution of the compounds throughout an area, versus diffusion of pheromone
through a matrix. Further studies should be conducted to investigate the effect of
varying point source densities of Puffers versus hand-applied dispensers while

keeping the rate of pheromone released per ha constant.
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CHAPTER THREE
Within-canopy adult distribution of codling moth (Lepidoptera: Tortricidae) in

mating disrupted and non-disrupted apple orchards
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ABSTRACT

A study aimed at determining the location of searching codling moth
(Cydia pomonella [L.]) (Lepidoptera, Tortricidae) males and calling females in
mating disrupted and non-disrupted plots was conducted in Michigan, USA in
2005. A leaf blower, converted into a vacuum for sampling codling moth adults
on branches and in the tree canopy, had a 20-24% success in recovering
released moths in orchard conditions. A series of four collections was made
during the hours of 09:00-18:00 from May 25 through June 15, and a second
series of four collections was completed during the hours of 18:00-22:00 from
July 20 to August 22. Only eight codling moth adults were collected during the
four daylight samples; one female and two male moths were sampled from the
top third of the tree canopy, four males were sampled from the middle third of the
tree canopy, and one male was sampled from the lower third of the tree canopy.
Distributions of adults were also assessed during daytime hours (09:00-18:00) by
fogging trees with various pyrethroid insecticides. No codling moth adults were
collected in any of these samples. In contrast to the low number of moths
collected in the daytime samples, 94 moths were collected during four twilight
samples, with equal numbers sampled in disrupted and non-disrupted plots. In
mating disruption plots, 42% of females were found in the top third of the tree
canopy, 46% were found in the middle third, and 12% were recovered in the
lower third. The 22 females sampled from non-disrupted plots were more evenly
distributed, with 36.4% in the top third, 36.4% in the middle third, and 27.2% in

the lower third of the tree canopy.
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INTRODUCTION

Mating disruption of codling moth (Cydia pomonella [L].) using various
hand-applied dispensers has become an accepted practice, with approximately
77,000 ha of apple in North America treated in 2008 (Witzgal et al. 2008).
Research with pheromone baited traps showing male activity to be greater in the
upper than the lower portion of the tree canopy has resulted in the standard
recommendation that dispensers be applied within the top meter of the tree
canopy (Barret 1995, Knight 2000, McNally and Barnes 1980). Witzgall et al.
(1998) visually observed male moths flying and searching branches in the upper
half of tree crowns, providing further support for deployment high in the canopy.
However, the distribution of codling moth females within the tree canopy has yet
to be determined.

The studies reported here summarize an investigation of the location of
codling moth males and females in apple orchards during daylight and twilight
hours. To directly measure moth spatial distribution within the tree canopy, a
vacuum sampling technique was developed. The long-term aim of this work is to
improve the effectiveness of codling moth mating disruption based on a solid
understanding of adult distribution within the canopy.

METHODS AND MATERIALS

Vacuum: A 10 horsepower (Briggs & Stratton Intek engine) leaf blower
(MacK:issic Inc., PA, USA) with a 34cm diameter impeller and 322KPH air
velocity, was converted into a vacuum powerful enough to remove codling moth

adults from sampled surfaces. A 2m length of 15cm diameter reinforced rubber
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air hose (Cathey Co, Lansing, MI) was attached to the leaf blower air intake
opening. The open end of the rubber hose was attached to a 2m long wand
constructed of 15cm diameter heat duct sheet metal. A handle constructed of 1m
long, 2.5cm diameter metal was attached to the wand with hose clamps. Four
3.5cm long bolts were attached at 90-degree spacing 2.5 cm from the end of the
sheet metal wand. Moths were collected from trees into a 19-liter nylon mesh
paint strainer bag (Master Craft, El Monte, CA, USA) inserted into the wand,
folded back over the bolts, and secured with rubber bands to prevent the bag
from being suctioned into the impeller.

Recovery Efficacy of Vacuum: Mark, release and recapture trials were
used to test the efficiency of the vacuum. An initial 2005 test of whether the
vacuum was capable of collecting moths from apple trees was done using 2m tall
potted Red Delicious trees in a glass greenhouse at Michigan State University.
The procedure entailed three individual releases of twenty laboratory-reared
moths onto four trees and immediately vacuuming the trees to recover moths.

Two release/recapture trials were performed in the field in 2005 with the
10 hp leaf blower vacuum. Moths were marked by placing them in a 19L plastic
pail and spraying 0.5g dye in 75ml acetone through cheesecloth covering the top
opening of the pail. Forty laboratory-reared moths were marked and released on
two occasions onto individual 16-year old trees, 3 X 6m Red Delicious, 4m-5m in
height, at the Trevor Nichols Research Complex.

Orchard Vacuum Trials: All orchard vacuum collections were done in six

0.4 ha apple plots at the Trevor Nichols Research Center, Fennville, MI
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(42°35'38.10"N, 86°06'05.92"W). Four plots were 16 year old Red Delicious (3 x
6m planting), 4m-5m in height, and two plots were 23 year old Macspur, (5.5m x
6m), 5m in height. Two of the Red Delicious plots and one Macspur plot were
treated with Isomate C+ (Shin-Etsu Chemical Co., Tokyo, Japan) at the full label
rate of 1000 dispensers/ha. The remaining three plots were not treated with
pheromone. Daytime samples were collected between the hours of 9:00 to 16:00,
twilight collections occurred between 18:00-21:30 hours. Twelve trees from each
of the six plots were sampled on four dates for both daytime and twilight samples
in 2005. Six of the 12 sample trees were located on plot perimeters and six trees
were located in plot middles. Thirty-second samples were collected from the top
third, middle third, and lower third of each tree. The lower third of the tree sample
included the trunk to the soil surface, and weeds growing within 0.5m of the tree
trunk. Sample contents were transferred from the nylon mesh collection bag
located in the vacuum wand into 4L freezer bags, and identified in the laboratory.
Only adult codling moths were counted in these collections, even though the
vacuum was powerful enough to remove cocooned larvae (5 individuals) and
pupae (7 individuals) from the trunks and scaffold branches of the trees in 2005
field trials. One trap (LPD Scenturian Guardpost, Suterra, Bend, OR) baited with
a 1 mg codlemone rubber septum lure was placed in the upper third of the tree
canopy in each non-mating disrupted plot to monitor codling moth flight.

Tree Fogging: Twelve trees were fogged with pyrethroid insecticides
(tetramethrin and sumithrin) on two separate dates in 2005 to test this method for

sampling codling moth adults in the tree canopy. Aerosol foggers were attached
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to the trunks of each tree. Trees were covered with 4ml plastic, and the foggers
were activated until empty of contents. After a 10-minute interval, the plastic
covers were removed, and trees shaken to dislodge codling moth adults, as well
as other insects, onto tarps placed on the ground under each tree. All specimens
were collected off of the tarps and taken to the laboratory for later identification.

Statistical Analysis: Statistical analyses were done using the chi-square
goodness of fit test at alpha = 0.05.

RESULTS

Recovery Efficacy of Vacuum: The leaf blower vacuum recovered 70%-
80% of moths released onto potted trees, and 24% of moths released in trees at
the Trevor Nichols Research Center orchards in 2005. Recovery of released
moths (14 releases) from covered trees within screened tents in 2006 was
20.6%.

Orchard Vacuum Trials: A total of 8 moths were collected during 576
individual daylight samples in 2005, 6 males and 2 females. The 2 females were
captured from the top third of tree canopies (Table 4). Of total males captured,
one was located in the top third, four in the middle third, and one in the bottom
third of the tree canopies (Table 4). Twilight samples (576 individual vacuum
samples) resulted in the capture of 94 moths distributed throughout the tree
canopies; 15 males and 18 females in the top third of tree canopies, 23 males
and 19 females from the middle third, and 10 males and 9 females from the
bottom third of the tree canopies (Table 4). Moth captures were significantly

higher in the evening hours for all tree canopy heights sampled (Table 5).
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Table 4. Total moths collected with vacuum in 2005 orchard samples during
daylight (09:00-16:00) and evening twilight (18:00-21:30) hours. (Day. Cap. =
daytime captures, Eve. Cap. = evening captures).

Top 1/3 Middle 1/3 Low 1/3
Canopy Canopy Canopy Total

Day Eve. Day Eve. Day Eve.

Cap. Cap. Cap. Cap. Cap. Cap. Day Eve.
Male 1 15 4 23 1 10 6 48
Female 2 18 0 19 0 9 2 46

Table 5. 2005 moth captures were significantly higher in the evening hours for all
tree canopy heights sampled (576 samples collected) (Numbers within row with
same letter not significant at p < 0.05).

2005 Day vs. Night Total Moths (w/in Height)
Height Daytime Captures  Evening Captures Chi Square Statistics

Al 8b 94a X2=725,df=1,
p < 0.0000

High 3b 33a x2= 25, df = 1,
p < 0.0000

Middle 4b 42a xz =314, df=1,
p < 0.0000

Low 1b 19a x2= 16.2, df =1,
p < 0.0001

Evening moth samples were not significantly higher between the top 1/3 of
the tree canopy and the middle third, but were significantly higher in the top 1/3
of the canopy when comparing high and low, significantly higher in the middie 1/3

canopy compared to the lower 1/3, and significantly higher in the combined lower
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2/3 of the tree canopy as compared to the top 1/3 (Table 6). No differences were

seen either by gender or time of evening sampled.

Table 6. Statistical comparisons of moths collected with vacuum in 2005 orchard
samples during twilight (18:00-21:30) hours (Numbers within row with same letter
not significant at p < 0.05).

2005 Evening (w/in Height)
Height Total Captures Total Captures  Chi Square Statistics
High vs. Mid High: 33a Mid: 42a xz =11.df=1,
p < 0.2987
High vs. Low  High: 33b Low: 19a x?=38 df=1,
p < 0.0522
Middle vs. Low Mid: 42b Low: 19a x?=87 df=1,
p < 0.0032
High vs. lower  High: 33b Mid + Low: 61a  x2- 8.3, df = 1
23 p < 0.0039

Moths were distributed evenly between plot perimeters and plot centers in
both pheromone mating disrupted and non-disrupted plots in the 2005 vacuum
samples (Figure 9). In pheromone mating disruption plots there were significantly
more males in the combined lower 2/3 of tree canopy vs. top 1/3 of canopy
(Table 7). No significant differences in male capture were seen in comparisons of
high vs. middle, high vs. low or middle vs. low. In disrupted plots, 46% of female
moths and 43% of male moths were collected from the middie third of the tree
canopies, while 42% of females and 22% of males were in the top third of the

tree canopies (Tables 7, 8 and 9). An equal percentage of females in non-
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disrupted plots were collected from the top (36%) and middle (36%) thirds of the
tree canopies. Male distribution in plots not treated with pheromone was skewed
toward the top two thirds of the tree canopies, with 52% collected from the middle
and 40% from the top (Tables 7, 8 and 9). Thirty-five percent of males were
collected from the bottom third of the tree canopies in disrupted plots, while only
8% were vacuum collected in the lower canopy in non-disrupted plots.

Tree fogging with pyrethroid insecticides applied on 2 occasions to 12
covered trees during daylight hours did not result in the capture of any codling

moth in 2005.

25+
LIMale
20 M Female

#CM 15 A
Adults

10

Edge Middle Edge Middie

Figure 9. Vacuum Samples showed that males and females were present in both
orchard edges and middles.
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Table 7. Statistical comparisons of moths collected with leaf blower vacuum in
plots with and without pheromone mating disruption. Samples were collected
during twilight (18:00-21:30) hours in 2005 (Numbers within row with same letter

not significant at p < 0.05).

2005 Male Moth Captures in MD Plots vs. Non-MD Plots

MATING DISRUPTED PLOTS - MALES
# Moths
Mid: 10a

Height # Moths
High vs. Middle  High: 5a
High vs. Low High: 5a
Middle vs. Low  Mid: 10a
High vs. low 2/3 High: 5a
Height # Moths
High vs. Middle  High: 10a
High vs. Low High: 10a
Middle vs. Low  Mid: 13a
High vs. low 2/3 High:10a

Low: 8a

Low: 8a

Chi Square Statistics

x?=17, df=1,p<0.1966
X?= 692, df =1, p < 0.4054
x%= 692, df =1, p < 0.6375

Mid + Low: 18b x2=7 35, df =1, p < 0.0067

NON-MATING DISRUPTED PLOTS - MALES
# Moths
Mid: 13a

Low: 2b

Low: 2b

Mid + Low: 158 x2_ 1

Chi Square Statistics
x%= 391, df =1, p < 0.5316

x?=5233, df =1, p < 0.0209
x?=8.07, df = 1, p < 0.0045
df=1, p<0.3137

Table 8. Percent distribution of male and female codling moths collected with leaf
blower vacuum in plots with and without pheromone mating disruption. Samples
were collected during twilight (18:00-21:30) hours in 2005.

MD No MD
Male Female Male Female
High 21.7% 41.6% 40.0% 36.4%
Middle 43.5% 45.8% 52.0% 36.4%
Low 34.7% 12.5% 8.0% 27.3%
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Table 9. Statistical comparisons of female moths collected with leaf blower
vacuum in plots with and without pheromone mating disruption. Samples were
collected during twilight (18:00-21:30) hours in 2005 (Numbers within row with
same letter not significant at p < 0.05).

2005 Female Moth Captures in MD Plots vs. Non-MD Plots
MATING DISRUPTED PLOTS - FEMALES

Height # Moths  # Moths Chi Square Statistics

High vs. Middle  High: 10a Mid: 11a X% = 048, df = 1, p < 0.8267
Highvs.Low  High: 10a Low: 3b X% =377, df =1, p < 0.0522
Middle vs. Low Mid: 11a Low: 3b X2 = 457,df=1, p <0.0325

High vs. low 2/3 High: 10a Mid + Low: 14a  x2- g67 df=1, p < 0.4141
NON-MATING DISRUPTED PLOTS - FEMALES

Height # Moths  # Moths Chi Square Statistics

High vs. Middle High: 8a  Mid: 8a X2 = 0,df=1,p<1

Highvs.Low  High:8a Low: 6a x%=0.29, df = 1, p < 0.5928

Middle vs. Low Mid:8a  Low: 6a X% =029, df=1, p < 0.5928
2

Highvs. low 2/3 High:8a Mid + Low: 14a x<_ 1.6, df=1, p <0.2009

DISCUSSION

Orchard vacuum samples show codling moth adults to be distributed
throughout all parts of the tree canopies during evening periods when female
calling and male searching activity is occurring. Higher numbers of moths were
captured at mid-tree canopy than in either the top 1/3 canopy or low 1/3 canopy,
with significantly more moths captured in the combined lower 2/3 than in the top
1/3 of the tree canopy (Table 6).

The pheromone treatment did have a fairly pronounced effect on the
distribution of codling moth adults. In plots under pheromone mating disruption,

female moths were captured in approximately equal numbers from the top 1/3
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and mid 1/3 of tree canopies, with few captured in the lower 1/3 of tree canopies
(Tables 8 and 9). In non-mating disrupted plots, female moths were captured in
relatively equal amounts from all three strata (Tables 8 and 9). The effect of the
pheromone treatment was more evident with respect to male distribution. Male
moths were collected in greater numbers in the lower 2/3 of trees in mating
disrupted plots, and the upper 2/3 of trees in non-mating disrupted plots,
suggesting that the presence of dispensers had an inhibitory effect on male
behavior. The largest number of males was collected from the middle tree
canopy in both disrupted and non-disrupted plots (Tables 7 and 8).

Current protocols for the deployment of hand applied mating disruption
dispensers call for dispensers to be placed exclusively in the top meter of tree
canopies, based on research showing male activity to be concentrated in the top
third of the tree canopy (Barret 1995, Knight 2000, McNally and Barnes 1980,
Witzgall et al. 1998). Our research with the vacuum sampling of male and female
moths disputes these findings for males, and is unique in determining the
locations of calling female moths. The results of this study indicate the need to
conduct additional research addressing whether placement of dispensers at a
range of heights within the tree may improve the overall performance of mating
disruption targeting codling moth.

The low number of moths captured with the vacuum during daylight
collections, paired with zero capture of moths with the pyrethroid treatments
raises the question of whether moths move to other habitats during periods of

behavioral inactivity. Tree fogging with pyrethroid insecticides applied on 2
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occasions to 12 covered trees during daylight hours did not result in the capture
of any codling moth in 2005. It <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>