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Abstract

We evaluated the effectiveness of 2-phenylethanol (PET) in combination with acetic acid (AA)
as abinary lure for monitoring male and female obliquebanded leafroller, Choristoneura
rosaceana (Harris). Studies were conducted in apple, Malus domestica Borkhausen, orchards
treated with or without sex pheromone dispensers for mating disruption (MD). Open
polypropylene vials, closed membrane cups, and rubber septa loaded with AA and/or PET in
varying amounts were first evaluated in a series of trapping experiments. Membrane cups loaded
with 800 mg of PET were as effective as 10-mg septa, but longer lasting, and were comparable
to the open vials. A membrane cup AA lure was effective in tests, but further work is needed to
increase its release rate and extend its activity. Catches of codling moth, Cydia pomonella (L.),
and C. rosaceana were unaffected by combining PET with (E,E)-8,10-dodecadien-1-0l, the sex
pheromone of codling moth, pear ester, (E,Z)-2,4-ethyl-decadienoate, and AA lures. Adding (E)-
4,8-dimethyl-1,3,7-nonatriene to this blend to enhance codling moth catch, significantly reduced
catches of C. rosaceana. PET+AA was a more attractive binary lure than AA plus
phenylacetonitrile (PAN) for C. rosaceana. The addition of PET or PAN to traps already baited
with the sex pheromone of C. rosaceana significantly reduced male catches. Traps baited with
PET+AA placed in blocks not treated with MD caught significantly fewer C. rosaceana than
traps baited with sex pheromone. In comparison, sex pheromone-baited trapsin MD blocks
caught < 1 male moth per season which was significantly lower than total moth (> 10) or female
moth (> 3) catch in these blocks with PET+AA. A high proportion (> 70%) of trapped females
were mated in both untreated and M D-treated orchards. Further refinement of this binary,
bisexual lure using membrane cup technology may allow the establishment of action thresholds

and improve management timings for C. rosaceana.
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Introduction

Commercial apple, Malus domestica Borkhausen, orchards in western North America can be
attacked by a suite of tortricid pests (leafrollers) that feed primarily on foliage but sometimes
damage the surface of fruits (Madsen and Madsen 1980; Barnett et al. 1991; Beers et al. 1993).
Pandemis pyrusana Kearfott, and the obliquebanded leafroller, Choristoneura rosaceana
(Harris), are the two most important pestsin this leafroller complex in Washington State,
(Brunner and Beers 1990). C. rosaceana is also an important pest of apple in eastern North
America (Chapman 1973). Improved monitoring of these pestsis needed because catches of
male tortricid leafrollers with sex pheromone-baited traps have not been effectivein
characterizing within-field population densities in apple orchards (Knight 2001; Alway 2003).
The broad host range of these tortricid pests and their dispersal from outside habitats (via larval
ballooning and adult flights) into management units are thought to contribute to the difficulty in
using traps to monitor and predict local population densities (Chapman 1973; Thayer et a. 1997,
Knight 2001).

Apple growers usually manage leafrollers with insecticides which has selected for resistance
and cross-resi stance to some classes of compounds (Pree et al. 2001; Dunley et al. 2006). In
order to counter this selection pressure many growers have broadened their management tactics
to include use of microbial and newer conventional insecticides (Cossentine et al. 2003; Smirle
et al. 2003; Sal et al. 2010). Meanwhile, researchers have examined the use of sex pheromones
for mating disruption (MD), including formulations targeting several species (Evenden et al.
1999; Curkovic and Brunner 2005; Judd and Gardiner 2008). At present, MD is being used
against leafrollers on arelatively small proportion of apples in Washington State; primarily

against C. rosaceana in certified-organic orchards (Knight 2010). Catches of C. rosaceana with
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sex pheromone traps are significantly reduced (>92%) in orchards treated with MD (Knight et al.
1998; Judd and Gardiner 2008). Thus, while sex pheromone-baited traps can be used to assess
whether sex pheromone communication of adult populationsis being affected, their catches are
generally too low to track the seasona phenology of these pests. Consequently, growers must
rely on model predictions to time sprays (Jones et al. 2005) with an absence of knowledge of the
relative pest population densities.

Recently, pear ester, ethyl (E, 2)-2,4-decadienoate plus acetic acid in traps with the sex
pheromone of codling moth, Cydia pomonella (L.), (E,E)-8,10-dodecadien-1-ol (codlemone),
was shown to be amildly attractive lure for apple leafroller species common in Washington State
(Knight et al. 2014). Surprisingly, the relatively low moth counts were well correlated with
immature population densities of leafrollers within orchards, and thus were useful predictorsto
aid pest management decisions (Knight et al. 2014). Further development of more powerful non-
pheromone attractants for leafrollers could improve the accuracy of this approach, especially in
orchards under management with MD (Knight et. al 1998).

A number of common host-plant volatiles, including green leaf volatiles and terpenes, in
combination with acetic acid, have been tested as potential lures for adult leafrollersin apple
(Knight et al. 2014). In addition to pear ester, these have included (E)-p-farnesene, (E)-pB-
ocimene, (E)-4,8-dimethyl-1,3,7-nonatriene, (2)-3-hexenyl acetate, and (E,E)-farnesol.
Unfortunately, none of these volatiles significantly increased the catches of adult leafrollers
achieved with using acetic acid alone.

The search for new attractants for leaf-feeding tortricids is being directed in part by the
characterization of herbivore-induced plant volatiles (HIPVs) produced by apple leavesin

response to feeding by two species of leafrollers: the light brown apple moth, Epiphyas
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postvittana (Walker) (Suckling et al. 2012), and the dark fruit tree tortrix, Pandemis heparana
Denis and Schiffermiller (Giacomuzzi et al. 2013). Phenylacetonitrile was recently identified
among a subset of these identified HIPV's as being an effective attractant for P. pyrusanain
Washington State, but only when combined with acetic acid (Knight et al. 2016). Surprisingly,
this binary lure caught six-times more total moths (1:1 sex ratio) than the number of male moths
caught with acommercial sex pheromone lure. Another aromatic benzenoid volatile, 2-
phenylethanol was not originally reported to be released from apple foliage injured by tortricid
larvae, but has more recently been found to be released at low levels, and also found to be
attractive for both sexes of a number of tortricid adults when combined with an acetic acid co-
lurein Europe, New Zealand, and Canada (El-Sayed et al. 2016; Giacomuzzi et al. 2016).

The alcohol, 2-phenylethanol is a common compound usually synthesized by plants from
phenylalanine (Bruce et al. 2005); and isfound in awide array of flowers and fruits, including
apple (Omata et al. 1990; Knudsen et a. 1993; Buchbauer et al. 1993). In tree fruits, 2-
phenylethanol is also abisexual attractant for apple fruit moth, Argyresthia conjugella Zeller
(Bengtsson et al. 2006), and an attractant for the green lacewing, Chrysoperla carnea (Say) (Zhu
et al. 2005). Recognition of 2-phenylethanol asa HIPV is consistent with an earlier study by
Boevé et al. (1996) with apples infested with the European apple sawfly, Hoplocampa testudinea
(Klug). Also, 2-phenylethanol has previously been combined with acetic acid to enhance its
attraction for Drosophila melanogaster Meigen, (considered amicrobial volatile in this context)
(Zhu et al. 2003; Becher et a. 2010). Acetic acid and 2-phenylethanol are part of ablend of
volatiles released by grape inoculated with either yeasts or acetic bacteria that were shown to
increase oviposition and fitness of the tortricid Lobesia botrana (Denis and Schiffmdller), (Tasin

et al. 2011). Combinations of acetic acid and 2-phenylethanol have also been shown to increase
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catches of adult Chrysoperla spp., in apple and other tree fruit crops (Toth et al. 2009; Jones et
al. 2015).

Following this line of research, we conducted studies to evaluate the effectiveness of
using 2-phenylethanol in combination with acetic acid as a potential bisexual lure for adult C.
rosaceana in orchards treated with and without MD. Parallel studies were conducted to develop
effective long-lasting seasonal lures. In addition, three additional studies were conducted to
evaluate the potential effectiveness of thisbinary lure in apple pest management: 1. the
effectiveness of 2-phenylethanol versus phenylacetonitrile when both are used with acetic acid,;
2. the use of either aromatic in combination with the sex pheromone of C. rosaceana, and 3. the

use of 2-phenylethanol within the same trap with lures for C. pomonella.

Materialsand Methods
L ure development

Several types of release devices were prepared with 2-phenylethanol (99%) and glacial acetic
acid (99.7%) (SigmaAldrich, St. Louis, MO). Four proprietary plastic membrane cup lures (1.8
cm diameter) loaded with acetic acid (TRE3321 and TRE1468), 2-phenylethanol (TRE1256), or
phenylacetonitrile (TRE1381) were prepared by Tréce Inc. (Adair, OK). A 5-cm diameter
membrane cup lure loaded with 2-phenylethanol (TRE1274) was also provided by Trécé Inc. All

membrane cup lures were loaded with neat material.

A second release device consisted of polypropylene vials (Nalg-Nunc International,
Rochester, NY) loaded with two cotton balls and with different sized apertures drilled into the
cap. The 2-phenylethanol vial lures consisted of a4-ml vial with a 1.5-mm aperture and |oaded

with 3-ml, and the two acetic acid vial lures tested were 8.0-ml vials with either 1.0 or 3.2-mm
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142  apertures and loaded with 5.0 ml. Red rubber septa lures with 2-phenylethanol were prepared
143  using dichloromethane asthe carrier and loaded with 1.0, 5.0, and 10.0 mg. Four proprietary

144  septalures (Trécé Inc.) were also included in our studies: red rubber septa loaded with the full
145  proprietary rate sex pheromone of C. rosaceana (Pherocon OBLR/W, TRE3223) and a 10%

146  loading (TRE1229), and grey halobutyl septa (Pherocon CM DA Combo, TRE3461) loaded with
147  codlemone and pear ester and a second lure including the addition of 3.0 mg of (E)-4,8-

148  dimethyl-1,3,7-nonatriene (DMNT, TRE1225).

149 The weight loss of all acetic acid and 2-phenylethanol lures (N = 5) was measured in the
150 laboratory at 25°C. Lures were spaced 15 cm apart on paper-lined trays, aired for 24 h and

151 weighed, and then re-weighed weekly for up to 12 weeks. It was not possible to estimate the
152  weight loss of 4.0-ml vials with 1.5-mm apertures loaded with 2-phenylethanol due to a gradual

153  weight gain by the lure over time.
154  Study protocols

155  Orange ddlta traps with sticky inserts (Pherocon V1, Trécé Inc.) were used in most studies, but
156  white plastic bucket traps with green lids (Multipher 1, Great Lakes IPM, Vestaburg, MI) were
157  used in two experiments. Multipher traps were filled with 250 ml of propylene glycol (Integra
158 Chemical Co., Kent, WA) to retain moths. Five or 10 replicates of each lure treatment were
159  randomized and spaced 50 m apart and 30 m from the physical border of each orchard in each
160 experiment. Traps were hung in the tree canopy at a2.5— 3.0 m height. All lures were placed in
161 thecenter of thetrap’s sticky liner (AlphaScents, Portland, OR).

162 Study sites (2 — 150 ha) included seven commercial and one unsprayed experimental
163  orchard (Moxee, 46°30’5N, 120°10’ 16W). One orchard was certified organic (Azwell,

164  47°56'17'N, 122°44’ 7"W) and one was managed with a non-insecticide program (Ashland,
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42°14'47'N, 119°52' 22’ W). The remaining orchards were managed with unspecified
conventional spray programs. All of the orchards except Ashland were treated with sex
pheromone dispensers for MD of C. pomonella. The Burbank orchard (46°19'51' N,

18°43'18'W) in 2015 and 2016 and the Azwell orchard in 2015 were treated with Isomate CM
Flex (Pacific Biocontrol, Vancouver, WA) loaded with 88 mg of codlemone. The Azwell orchard
in 2016 was treated with a dual aerosol system (SemiosBio Technologies, VVancouver, British
Columbia) applied at 2.5 ha™ that released 40 mg puffs (7.22 mg a.i.) of codlemone and (Z)-11-
tetradecenyl acetate for C. rosaceana from separate canisters every 15 minutes for 12 hours each
day. The Parker (46°29' 25'N, 120°25' 41’ W), Wapato (46°24’ 33'N, 120°28' 51' W), and Naches
(46°39'56'N, 120°39' 49' W) orchards in 2015 and the Moxee orchard in both 2015 and 2016
were treated with Cidetrak CMDA Combo PP dispensers loaded with 90 and 60 mg of
codlemone and pear ester, respectively. The Wapato, Tieton (46°42' 11’ N, 120°45' 21’ W), and
East Wenatchee (47°25'17'N, 120°17' 17 W) orchards during 2016 were treated with Cidetrak
CM-DA Meso dispensers loaded with 900 and 600 mg of codlemone and pear ester, respectively,

and applied at 80 ha™.

2015 lure studies

Three field studies were conducted in 2015 to compare moth catches of C. rosaceana with
various combinations of acetic acid and 2-phenylethanol lures. Experiment 1 compared traps
baited with 2-phenylethanol (4.0-ml vials with a 1.5-mm aperture) in combination with one of
the three different acetic acid co-lures: the membrane cup TRE3321, and two polyethylene 8.0-
ml vials with either 1.0 or 3.2-mm apertures. This study was conducted in the Burbank orchard

from 14 - 28 July with 10 replicates per lure. Experiment 2 compared moth catches in traps
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baited with the 8.0-ml vial with the 3.2-mm aperture |loaded with acetic acid and either the 4.0-
ml vial with a 1.5-mm aperture or the TRE1256 membrane cup lure loaded with 2-
phenylethanol. Thistest included five replicates and was conducted in the Burbank and Ashland
orchards from 18 June to 2 July and from 31 July to 13 August, respectively. Experiment 3
compared moth catch in traps baited with acetic acid (8.0-ml vial with a 3.2-mm aperture) and
either the smaller (TRE1256) or larger (TRE1274) membrane cup lures loaded with 2-
phenylethanol. This was conducted with five replicates in the Burbank and Azwell orchards

from 18 Juneto 2 July and 11 August to 8 September, respectively.

2016 lure studies

Four additional lure combination studies were conducted during 2016. Red septa lures
(TRE1410, 1411, 1412) loaded with 1.0, 5.0, and 10.0 mg 2-phenylethanol, respectively; and the
membrane cup lure TRE1256 all in combination with the 3.2-mm aperture acetic acid vial were
compared in three orchards during Experiment 4: Azwell from 11 — 25 June, Wapato from 30
Juneto 13 July, and twice in the Moxee orchard from 24 August to 7 September and 31 August
to 14 September. Experiment 5 was conducted with the TRE1256 membrane cup lure loaded
with 2-phenylethanol and either the TRE1468 membrane cup or the 8.0-ml vial with a 3.2-mm
aperture loaded with acetic acid. Thistest was conducted on two dates in both the Moxee (13 to
27 July and 17 to 31 August) and Ashland (25 July to 8 August and 21 August to 5 September)
orchards. Experiment 6 compared traps baited with the membrane cup lure, TRE1468 |oaded
with acetic acid plus either a 10.0 mg septa (TRE1412) or the TRE1256 membrane cup lure
loaded with 2-phenylethanol. This study included 10 replicates in the Moxee and Ashland

orchards and was conducted twice from 31 August to 7 September and 21 August to 5

10
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September, respectively. Experiment 7 was conducted twice at the Moxee orchard from 25 July
to 8 August and 17 to 31 August, respectively; and in the Ashland orchard from 31 August to 7
September. This experiment included five replicates on each date and compared moth catchesin
traps baited with the combination of 2-phenylethanol plus acetic acid using either the septa
TRE1412 and the membrane cup TRE1468 lures or the membrane cup TRE1256 with the 8.0-ml

vial with the 3.2-mm aperture lures.

Two studies compared moth catches in traps baited with either 2-phenylethanol or
phenylacetonitrile in combination with acetic acid. Experiment 8 compared moth catches in delta
traps baited with the membrane cup lures TRE1256 with 2-phenylethanol or TRE1381 with
phenylacetonitrile plus the addition of an 8.0-ml vial with a 3.2-mm aperture loaded with acetic
acid. This study was repeated four times during 2016, including from 21 June to 5 July in the
Burbank orchard, 16 to 30 August in the Ashland orchard, and 11 to 25 July and 29 August to 12
September in the Moxee orchard. Experiment 9 in 2016 compared moth catches in Multipher
traps baited with the 10% sex pheromone lure TRE1229 for C. rosaceana alone and in
combination with the membrane cup lures TRE1256 or TRE1381. This study was conducted
with three replicates of each lure combination in the Tieton, Wapato, and Moxee orchards (N =
9) from 24 July to 21 August.

Moth catches of both C. pomonella and C. rosaceana in the same trap were recorded in
two studies comparing lures used primarily for one species or the other individually or together.
Deltatrapsin Experiment 10 were baited with either the Pherocon CM-DA Combo septa plus the
TRE3321 membrane cup lure with acetic acid for C. pomonella, the 2-phenylethanol 4.0-ml vial
with 1.5-mm aperture lure plus the 8.0-ml vial with a 3.2-mm aperture with acetic acid for C.

rosaceana, or both sets of lures together. This study was run in both the Wapato and Parker

11
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orchards from 9 to 23 July. Experiment 11 was conducted in the Ashland orchard in 2016
comparing moth catches in delta traps baited with the membrane cup lure TRE1468 loaded with
acetic acid and either the TRE1225 septa lure loaded with pear ester, DMNT, and codlemone for
C. pomonella, the membrane cup lure TRE1256 for C. rosaceana, or both lures. This study was

run from 21 August to 2 September 2016 with 10 replicates.

Monitoring under mating disruption

Studies were established to examine the effectiveness of 2-phenylethanol plus acetic acid-baited
traps for monitoring C. rosaceana in orchards treated with and without MD. The size of
replicated plots treated with different sex pheromone dispensers in each orchard ranged from 2 -
7 ha. Growers at each study site applied MD dispensers for both C. pomonella and C. rosaceana
during early to mid-April. Four types of MD dispensers were used in these studies and their
deployment was randomized in each orchard. During 2015 three replicates of two dispenser
treatments (2.0 ha) were established in the Naches orchard: plots were treated with either
Cidetrak CMDA Combo PP or a proprietary dispenser Cidetrak CMDA-LR loaded with
codlemone, pear ester, and an unspecified four-component blend for leafrollers. Three replicates
of two types of dispensers were applied for C. rosaceana at the Burbank study site. These two
dispensers were either Cidetrak CMDA-LR or the Cidetrak CMDA-LR Meso dispenser. The
Cidetrak CMDA-LR Meso dispenser was loaded with 10-times more active material than the
former dispenser and was applied at a corresponding 10% rate at 80 ha. In addition, six plots
treated with Isomate CM Flex at 800 ha* for only C. pomonella were also included in this study.
During 2016 a similar study was conducted at three sites, and included seven paired replicates

(Wapato, N = 3; Tieton, N = 2; and E. Wenatchee, N = 2) of adjacent 4.0-ha plots treated with

12
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either Cidetrak CM-DA Meso alone or in combination with a proprietary Cidetrak LR Meso
dispenser loaded with (Z)-11-tetradecen-1-yl acetate. The two Meso dispensers were paired on
plastic clips and applied at 80 ha™.

Study sites were monitored with three different types of luresin delta traps. Traps were
baited with either the sex pheromone for C. rosaceana (OBLR/W, 3223), the combination lure
loaded with pear ester and codlemone (TRE3461) plus the Pherocon AA lure (TRE3321) loaded
with acetic acid for C. pomonella, or one of several formulations of 2-phenylethanol plus a 8.0-
ml vial lure with a 3.2-mm aperture loaded with acetic acid. During 2015, traps with the 2-
phenylethanol 4.0-ml vial lure with a 1.5-mm aperture were used in the Naches orchard; and
traps with the TRE1256 membrane cup lure loaded with 2-phenylethanol were used in the
Burbank orchard. Traps baited with TRE1256 and acetic acid vials were used in al replicatesin
2016. Trapsfor C. pomonella were placed at a density of one per ha. Trapswith either sex
pheromone or 2-phenylethanol and acetic acid lures for C. rosaceana were used at a density of
one per 2.0-ha. Traps were placed in each orchard in early May and were checked at least once
every two weeks in 2015 and once every four weeks in 2016 until mid-September. Sex
pheromone septa lures for C. rosaceana were replaced every four weeks, and the C. pomonella
septa lures, the 2-phenylethanol vial and membrane cup lures, and the acetic acid vials were
replaced every eight weeks. Adult female C. rosaceana caught in traps placed in both the
untreated and sex pheromone-treated plots were dissected to determine their mating status. Fruit
were sampled during September in both years to detect leafroller larval feeding damage. During
2015 1,200 fruits were examined by sampling thirty fruit from mid-canopy from 40 treesin each
plot. A larger fruit sample was taken in 2016 (3,000 fruits per plot), except in the Tieton orchard

which wasin its third-leaf and not allowed by the farm manager to produce fruit.

13
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Statistical analyses

Count data were subjected to a square root transformation before analysis of variance (ANOVA)
to normalize their variances, and this was measured with a Shapiro-Wilks test. A randomized
complete block design was used in most studies with date or orchard as the blocking variable
(Statistix 9, Analytical Software, Tallahassee, FL). Treatment means were separated using

Tukey’'s HSD test with an experiment-wise a-value of 0.05 following a significant ANOVA.

Results

L ure development

Weight loss over a 14-d period at 25 ° C varied >7-fold among the acetic acid and 2-
phenylethanol lures tested in our studies (Table 1). The rate of weight loss for lures used in the
seasonal field trials also varied widely over a 12-wk period. For example, the membrane cup lure
TRE1256 had a consistent weight loss over this longer time period, slope = 0.0023, P = 0.54.
The acetic acid vials with 1.0-mm and 3.2-mm apertures clearly had different mean weight losses
(Table 1), and the vial with the larger aperture which was the one used in seasonal field trials had
aconsistent weight loss over a 12-week period at 25 °C, slope = -0.8794, P = 0.21. In contrast,
the acetic acid membrane cup lure TRE1468 had a significant linear declinein weight loss as a
function of time, slope = -4.069, R? = 0.90, P < 0.001. After six weeks the mean daily weight
loss of the TRE1468 membrane cup lure was reduced to alevel (5.09 mg d™) similar to that of a
new (< 2-weeks-old) TRE3321 lure (Table 1). Red rubber septa loaded with 10.0 mg of 2-
phenylethanol had arelatively short active release phase with only aminimal weight loss (< 0.1

mg d*) measured during the third week of aging at 25 °C. While, the proprietary membrane cup
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lure loaded with phenylacetonitrile TRE1381 was purported to have the same plastic membrane
and to be loaded with the same volume of active compound (800 mg) as the 2-phenylethanol lure
(TRE1256); its mean weight loss was nearly 4-fold higher over the initial two-week period of
aging (Table 1). TRE1381 also had a consistent weight loss over the extended 12-week
assessment period, slope = -0.0218, P = 0.27.

The type of 2-phenylethanol or acetic acid release device used in deltatraps had a
significant effect on trap performance across a series of experiments (Table 2). Trapswith vials
losing higher amounts of acetic acid caught significantly more total moths than traps with the
membrane cup lure TRE3321 (Experiment 1). Catch of female moths was significantly higher
with the use of the 3.2-mm aperture vial than TRE3321 and the vial with the smaller aperture
caught an intermediate number of female moths. Total or female moth catch in Experiment 2 did
not vary with the use of either the 1.5-mm aperture vial or the membrane cup TRE1256 lure
loaded with 2-phenylethanol when used with the 3.2-mm aperture vial with acetic acid.

However, moth catch was significantly reduced in Experiment 3 when traps were baited with the
larger membrane cup lure TRE1278 loaded with 2-phenylethanol compared with TRE1256 when
used in combination with the 3.2-mm aperture acetic acid vial. Septa lures loaded with either 5.0
or 10.0 mg 2-phenylethanol caught similar number of total moths as traps with TRE1256 when
the 3.2-mm aperture vial with acetic acid was used in Experiment 4. All three lures outperformed
the 1.0-mg septa lure in this experiment. Differences in female moth catches among lure
treatments were more variable with the TRE1256 and 10.0-mg septa lure catching similar
numbers and the 5.0-mg septa caught fewer femal es than the TRE1256-baited traps. No
significant difference in total or female moth catch occurred in Experiment 5 between traps

baited with TRE1256 and either the membrane cup lure TRE1468 or the vial with a3.2-mm

15
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aperture loaded with acetic acid. Similarly, no significant differencesin tota or female moth
catch occurred in traps baited with TRE1468 |oaded with acetic acid and either the 10-mg septa
or TRE1256 lures |oaded with 2-phenylethanol in Experiment 6. However, the lure combination
of TRE1256 plusavial with a3.2-mm aperture caught significantly more total moths than traps
with a 10-mg septa and TRE1468.The difference in female moth catch between these two lure
combinations was not significant, P = 0.08.

Experiments 8 and 9 compared moth catches with membrane cup lures loaded with either
2-phenylethanol or phenylacetonitrile. First, significant differencesin both total (F 1 35 = 4.70, P
< 0.05) and female (F 1, 35 = 4.95, P < 0.05) moth catches were found between traps baited with
acetic acid plus ether 2-phenylethanol or phenylacetonitrile (Fig. 1). Second, the addition of
either 2-phenylethanol or phenylacetonitrile significantly reduced the catch of male mothsin
Multipher traps baited with sex pheromone, F ; 24 = 4.62, P < 0.05 (Fig. 2).

Results were variable in Experiments 10 and 11 for the dual captures of C. pomonella and
C. rosaceana when different lures for each species were combined in traps (Table 3). For
example, the addition of the 2-phenylethanol 1.5-mm aperture vial to traps baited with a
codlemone and pear ester loaded septum plus the acetic acid 3.2-mm aperture vial did not affect
moth catches of C. pomonella. Similarly, catch of C. rosaceana was not impacted with the two
vial lures when the binary septa were added. In contrast, use of aternary septum lure that
included codlemone, pear ester, and DMNT significantly reduced C. rosaceana total and female
numbers compared with the 2-phenylethanol when used with the membrane cup acetic acid lure
TRE1468 (Table 3). This adverse effect from adding DMNT was also seen with the significantly
lower catch of C. rosaceana that occurred in traps baited with only the ternary septa plus an

acetic acid lure.
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349

350 Monitoring under mating disruption

351 Similar and significant differencesin catches of C. rosaceana were found among lures in orchard
352 plotstreated with MD dispensersin both study years (Table 4). A significant interaction of MD
353  dispenser treatment x lure type was found in the ANOV A for total moth catches in both years.
354  Math catch was highest in sex pheromone-baited traps placed in untreated plots. Total moth

355 catchin traps baited with 2-phenylethanol and acetic acid in both untreated and treated plots had
356 the second highest total moth catch, and moth catch in either the sex pheromone-baited traps

357 placed in MD-treated plots or catch in traps baited with codlemone, pear ester and the membrane
358 cup lure TRE3321 in ether the untreated or M D-treated plots were the lowest. Cumulative mean
359 female moth catch were similar and significantly higher in both the untreated and M D-treated
360 plotsthenin traps baited with the codlemone plus pear ester septa and the membrane cup

361 TRE3321 acetic acid lure. Few unmated C. rosaceana females were caught in traps baited with
362  2-phenylethanol and acetic acid in untreated and M D-treated plotsin either year: 18 and 22% in
363 2015 and 5 and 10% in 2016, respectively. No sampled fruit from any orchard in either year

364 werefound to have leafroller larval injury.

365

366 Discussion

367 The combined use of 2-phenylethanol and acetic acid was shown to be an effective lure to

368 monitor C. rosaceana within orchards treated with sex pheromones for MD. In comparison, sex
369 pheromone-baited traps within MD-treated orchards caught almost no moths during the season as
370  hasbeen previously shown with arange of MD technologies, including, sprayables, hand-applied

371  dispensers, and aerosols (Knight et al. 1998; Evenden et al. 1999; Knight 2000; Judd and

17
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Gardiner 2008). Moth catch was also 5 to 40-times higher with the new binary lure than in traps
baited with pear ester and acetic acid. Previously, the pear ester plus acetic acid lure combination
was found to provide some useful information in regards to pest density of both C. rosaceana
and P. pyrusana (Knight et a. 2014). Unfortunately, no leafroller fruit injury was detected in the
various orchards monitored in 2015-2016, and correlations of moth catches with this new binary
lure and larval pest pressure was not possible. Future studies will survey orchards with arange of
pest pressures of C. rosaceana to establish whether useful action thresholds can be established
with the use of a binary 2-phenylethanol and acetic acid lure.

Our array of field experiments have helped to optimize the emission characteristics
needed for both 2-phenylethanol and acetic acid lures, i.e. ease in handling, attractiveness, and
longevity. The significant reduction in moth catch that occurred with the membrane cup lure
TRE1278 compared with TRE1256 defined the upper limit of the emission rate of 2-
phenylethanol. A rubber septum loaded with 10.0 mg of 2-phenylethanol was effectivein
catching moths, but was too short lived. In comparison, the membrane cup TRE1256 lure
provided a high level of release over along time period. The membrane cup lure TRE1468
provided alevel of emission of acetic acid similar to the 1.0-mm aperture vial for a number of
weeks, but further refinement of this lure (characteristics of the plastic membrane and initial
loading) is still needed to achieve a somewhat higher emission rate over alonger time period.

We found that the combination of 2-phenylethanol and acetic acid was more attractive for C.
rosaceana than the blend of phenylacetonitrile and acetic acid. Conversely, the reverse in the
attractiveness of these two binary blends was found in Canada for the eye-spotted bud moth,
Spilonota ocellana (Denis & Schiffermdiller) (ElI-Sayed et al. 2016). Studies in Sweden found

that both sexes of a number of tortricids, including P. heparana, P. cerasana (Hubner), Archips
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rosana (L.), A. podana Scopoli, S. ocellana, and Hedya nubiferana Haworth, occurred in traps
baited with acetic acid and either 2-phenylethanol or phenylacetonitrile, but the attractiveness of
the two lures was only compared with the two Pandemis species in this study, and this did not
differ (Giacomuzzi et a. 2016).

Unfortunately, the combination of phenylacetonitrile and acetic acid was found to reduce
catches of C. pomonella when used in traps with pear ester lures (Knight et al. 2016). The
effectiveness of codlemone, pear ester, and acetic acid used together was not affected by the
inclusion of either phenylacetonitrile (Knight et al. 2016) or 2-phenylethanol (Fig. 1). Catches of
C. rosaceana were reduced in traps when DMNT was added to a septum loaded with codlemone
and pear ester, and thisis significant because the addition of DMNT has been shown to improve
monitoring for C. pomonella; especially within orchards treated with dispensers containing both
codlemone and pear ester (Knight et a. 2015). Thus, additional studies should assess the optimal
lure needed to monitor the diverse tortricid pest complexes which occur among geographical
regions. Thiswill include the use of blends of varying ratios of 2-phenylethanol and
phenylacetonitrile, and perhaps the addition of other lure components, such as benzyl acohol
(Giacomuzzi et a. 2016). The use of compatible multi-component lures placed in single traps
may reduce management costs and be conducive to the development of smart-trap technologies
for tortricid pests (Kim et al. 2011).

Moth catches of C. rosaceana in non-disrupted orchards were significantly lower than with
sex pheromone-baited traps. This result was different from that found with phenylacetonitrile
plus acetic acid compared with a sex pheromone lure for P. pyrusana (Knight et al. 2016). One
concern may be that the 2-phenylethanol plus acetic acid lure might not be attractive enough to

allow managers to track the seasonal phenology of C. rosaceana in MD-treated orchards. With
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418 C. pomonellathe addition of pear ester to codlemone significantly increased the effectiveness of
419  monitoring in MD-treated orchards (Knight et al. 2005). Similar additive results have been

420  reported with host plant volatiles and the sex pheromones of other important tortricid species,
421  such as Eupoecilia ambiguella Hibner, Grapholita molesta (Blisck), and Lobesia botrana

422  (Schmidt-Busser et al. 2009; Varelaet al. 2011; von Arx et al. 2012). Interestingly, the use of
423  acetic acid with either the sex pheromone or these host plant volatiles has not been reported. Y et,
424 theinteraction of host volatiles and species’ sex pheromone can have inhibitory or repellent

425  effects (Reddy and Guerrero 2004). Here, we found that the addition of either aromatic volatile
426  tothe sex pheromone of C. rosaceana significantly reduced male moth catch. Further tests

427  should evaluate whether the addition of acetic acid with 2-phenylethanol can override this

428  behavioral effect, and also measure any effects of combining sex pheromone with the aromatic
429  and acetic acid lures on the catch of female mothsin traps. These data will be important

430 prerequisitesin order to establish action thresholds for supplementary management actions based
431  on bisexua moth catches of C. rosaceana in MD-disrupted orchards.

432
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558 Figure Legends

559  Fig. 1. Experiment 8: comparison of mean (SE) total and female moth catches of C. rosaceana
560 inddtatrapsbaited with plastic vials with a 3.2-mm aperturein lid loaded with 5.0 ml of acetic
561 acid and proprietary plastic membrane cup lures loaded with either 2-phenylethanol (TRE1256)
562  or phenylacetonitrile (TRE1381).

563  Fig. 2. Experiment 9: comparison of mean (SE) male catches of C. rosaceana in Multipher 1

564 plastic bucket traps baited with ared rubber septum loaded with the 4-component sex pheromone
565 (TRE1229), or the same septum plus a proprietary plastic membrane cup lure loaded with 2-

566 phenylethanol (TRE1256) or phenylacetonitrile (TRE1381). Propylene glycol (250 ml) was used
567  inthe bottom of these trapsto retain moths.

568
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Table 1 Mean (SE) daily weight loss (mg) at 25 °C over a 14-d period of various lures loaded

with acetic acid, 2-phenylethanol, or phenylacetonitrile, N =5

Lure Active compound Mean (SE) weight lossd™
TRE3321 membrane cup Acetic acid 5.15(0.05)

TRE1468 membrane cup Acetic acid 27.77 (0.48)

Vial w’' 1.0-mm aperture Acetic acid 16.45 (1.72)

Via w’3.2-mm aperture Acetic acid 62.65 (2.39)

Red rubber septum, 10 mg 2-phenylethanol 0.62 (0.01)

TRE1256 membrane cup 2-phenylethanol 1.01 (0.03)

TRE1278 membrane cup 2-phenylethanol 453 (0.21)

TRE1381 membrane cup Phenylacetonitrile 3.95 (0.03)
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Table 2 Summary of experiments comparing moth catch of C. rosaceana with different

combinations of acetic acid (AA) and 2-phenylethanol (PET) lures, 2015-2016
Expt. Lures® Mean (SE) moth catch
Y ear 2-phenylethanol  Acetic acid Total Females
1 Vial w1.5-mm TRE3321 1.5 (0.4)b 0.4 (0.2)b
2015  Vidwi15mm Via w'1.0-mm 3.2(0.6)a 0.9 (0.3)ab
Vidwl5mm Via w'3.2-mm 3.2(0.4)a 1.6 (0.4)a
ANOVA F 227 =559 F 22 =394
P<0.01 P <0.05
2 Via w1.5-mm Via w'3.2-mm 45 (1.7) 2.2 (L1)
2015  TRE1256 Vial w'3.2-mm 4.8(1.1) 1.7 (0.5)
ANOVA F117=054 F 117=0.07
P =047 P=0.79
3 TRE1256 Vial w'3.2-mm 19.2 (2.2)a 46 (1.1)a
2015  TRE1278 Via w'3.2-mm 6.9 (L.1)b 1.6 (0.3)b
ANOVA Fi17=2971 F,.7=854
P < 0.0001 P <0.001
4 Septa, 1.0 mg Via w’3.2-mm 1.8 (0.3)b 0.8 (0.2)a
2016 Septa, 5.0 mg Via w'3.2-mm 3.5(0.4)a 1.6 (0.3)bc
Septa, 10.0mg  Via w’'3.2-mm 4.0 (0.9)a 2.0 (0.3)ab
TRE1256 Via w’3.2-mm 5.0 (0.8)a 3.0(0.6)a
ANOVA F373=14.98 Fa73=972
P < 0.0001 P < 0.0001
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5 TRE1256
2016 TRE1256
6 Septa, 10.0 mg
2016 TRE1256
7 Septa 10.0 mg
2016 TRE1256

TRE1468

Via w'3.2-mm

ANOVA

TRE1468

TRE1468

ANOVA

TRE1468

Via w'3.2-mm

ANOVA

4.2 (0.5)
4.9 (0.9)
Fias=012
P=0.73
5.0 (0.6)
5.4 (0.8)
F 13 =003
P=0098
10.7 (1.6)b
18.3(2.6)a
Fpa=722

P<0.05

1.8 (0.3)
2.0 (0.4)
F135=003
P =092
2.0(0.3)
2.7 (0.6)
F 13 =007
P=0.79
6.2 (1.5)
9.0 (2.5)
Fis=341

P=0.08

Column means within each experiment followed by a different letter were significantly different,

P < 0.05, Tukey’stest.

& Membrane cup lures were designated with a manufacturer’s number (TRE). Propylene vials

loaded with 2-phenylethanol or acetic acid had drilled apertures of 1.0, 1.5, and 3.2 mm. Red

rubber septa were loaded with 10.0 mg of 2-phenylethanol.

31


https://doi.org/10.1101/093955

579

580

581

582

Table 3 Catchesof C. pomonella and C. rosaceana in traps baited with different combinations of lures, including acetic acid (AA), 2-

phenylethanol (PET), pear ester (PE), (E,E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), and codlemone, the sex pheromone (Ph) of C.

pomonella, 2015-2016

Mean (SE) moth catch

Expt. C. pomonella C. rosaceana
Y ear Lures? Total Female Total Female
10 Ph-PE septum + AA via 34.1(5.0)a 134 (2.2)a 104 (24b 2.6 (0.6)b
2015  PET via + AA vid 2.5(0.5)b 2.0 (0.4)b 35.8(93)a 87(23)a
Ph-PE septum + PET and AA vials 30.8 (4.1)a 10.0(1.8)a 29.4 (6.6)a 75(1.2)a
ANOVA F,2=5527 F,=1122 Fox6=803 Fog5=777
P < 0.0001 P <0.001 P<0.01 P<0.01
11 Ph-DMNT-PE septum + AA membrane 20.2 (4.Da 7.1(1.6)a 0.3(0.2)c 0.1 (0.2)c
2016 PET and AA membranes 0.6 (0.2)b 0.2(0.1)b 9.2(1.5a 4.6 (0.8)a
Ph-DMNT-PE septum + PET and AA membrane 18.4 (3.5)a 5.7 (0.8)a 2.1 (0.6)b 1.2 (0.4)b
ANOVA F,27=3445 F ;. =29.48 F o0 =37.67 F 42 =33.69
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001

Column means within each experiment followed by a different letter were significantly different, P < 0.05, Tukey’ s test.
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583 ?Luresincluded grey halobutyl septaloaded with either pear ester and codlemone (Ph-PE, TRE3461) or a combination of DMNT,
584  pear ester, and codlemone (Ph-DMNT-PE, TRE1225); 8-ml vials with a 3.2-mm aperture loaded with 5.0 ml of acetic acid, and 4.0-ml
585  viaswith al.5-mm aperture loaded with 3.0 ml of 2-phenylethanol; and membrane cup lures loaded with either acetic acid

586 (TRE1468) or 2-phenylethanol (TRE1256).
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Table 4 Catches of oblique banded leafroller (OBLR), C. rosaceana in traps baited with either sex pheromone (OBLR PH), 2-

phenylethanol (PET) plus acetic acid (AA) or the sex pheromone of C. pomonella and pear ester (CM Ph-PE) plus AA in season-long

trials conducted in six and seven paired apple blocks treated with or without sex pheromone mating disruption (MD) for C. rosaceana

in Washington State during 2015 and 2016, respectively

Dispenser Mean (SE) total moth catch per trap Mean (SE) female moth catch per trap
Y ear treatment® OBLR PH PET + AA® CM Ph-PE + AA® PET + AA® CM Ph-PE + AA®
2015 None 51.9(7.00a 13.3(2.2)b 2.0 (0.7)c 4.3 (0.9)A 0.6 (0.2)B
OBLRMD 0.1(0.1)c 112(17b  21(1.0)c 3.0 (0.8)A 0.7 (0.3)B
Treatment: F 1, 42=91.40, P <0.0001 Treatment: Fi13=093,P=035
ANOVA Lure F 2 42 =38.79, P < 0.0001 Lure: F 132 =32.15, P <0.0001
Treatment * Lure: F 2 4 =75.21, P <0.0001 Treatment * Lure: F 13 =138,P=0.25
2016 None 59.1(19.7a 183(7.2b  1.0(0.7)c 5.3 (L.7)A 0.6 (0.6)B
OBLRMD 1.0(04)c  144(41)b  04(0.3)c 5.7 (L5)A 0.1(0.1)B
Treatment: F 135 =13.24, P < 0.001 Treatment: F 1,24=0.00, P=0.99
ANOVA Lure F 2 36=12.72,P<0.001 Lure: F 1 24=28.11, P <0.0001

Treatment * Lure: F 5 35 =11.26, P <0.001

Treatment * Lure.  F 1 24=0.16, P=0.70
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Mean total catch followed by a different lowercase letter and mean female catch followed by a different uppercase letter within each
year were significantly different, P < 0.05, Tukey’s test.

& Dispensers used in these studies included: Cidetrak CMDA Combo and Isomate Flex (None) or Cidetrak CMDA-LR Combo or
Cidetrak CMDA-LR Combo Meso dispensers (OBLR MD) in 2015, and Cidetrak CMDA Combo Meso (None) and Cidetrak CMDA
Combo Meso plus Combo LR Meso dispensersin 2016. All Meso dispensers were applied at 80 dispensers ha* and other dispensers

were applied at 800 ha*

® Traps were baited with two different 2-phenylethanol lures in combination with a acetic acid lure (8.0-ml vial with 3.2-mm aperture).

These included 4.0-ml vials with 1.5-mm apertures loaded with 2-phenylethanol in 2015 and the membrane cup lure TRE1256 in
2016.
¢ Traps were baited with TRE3461 septa lures loaded with codlemone and pear ester and membrane cup TRE3321 lures loaded with

acetic acid.
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608 2 Agriculture and Agri-Food Canada, Summerland Research and Development Centre,

609  Box 5000, 4200 Highway 97, Summerland, British Columbia, CanadaVVOH1Z0

610 *Ingtituto de Produccion y Sanidad Vegetal, Facultad de Ciencias Agrarias, Universidad Austral
611 deChile, CampuslidaTea, Vadivia Chile.
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