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Future semiochemical control of
codling moth, Cydia pomonella
E. Charles Whitfield* and Michelle T. Fountain

Pest, Pathology, and Ecology Department, NIAB East Malling, Kent, United Kingdom
Codling moth (CM), Cydia pomonella, is a significant pest of apple (Malus

domestica) and other orchard crops worldwide, posing challenges due to the

decrease in registered insecticides, rising resistance, and a changing climate. The

pest exhibits a strong resistance capacity to both synthetic and natural

insecticides, while shifting seasonal temperatures disrupt the reliability of

phenology-temperature models for predicting targeted control strategies.

Alternative control strategies are necessary to future-proof control of this pest.

Current control methods primarily rely on chemical insecticide sprays or

granulosis virus applications during egg hatching. This review focuses explicitly

on semiochemical-based manipulation of CM adults and larvae for control in

orchards. Topics covered include the role of semiochemicals in integrated pest

management, area-wide control, mating disruption, female attractants, larval

kairomones, and incorporation into monitoring and control strategies. The

potential of CM repellents in a push–pull strategy is also discussed. Primary

sources for identifying relevant literature included GoogleScholar and

ResearchGate, with a focus on papers published since 2013 but also include

relevant papers from 2003. Nine review papers and 119 papers were reviewed.

The review emphasizes that effective control necessitates an area-wide

approach targeting all life stages (eggs, larvae, pupae, and adults).

Comprehensive monitoring is crucial for identifying CM “hot-spots” and

enhancing targeted interventions. Growers must consider landscape context

when designing control programs. Lastly, recommendations are provided for

future research and CM management strategies. There are opportunities to

explore and exploit female kairomone attractants and repellents in control

strategies and modify monitoring traps to be more attractive and autonomous.
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Codling moth, area wide, semiochemical, attractant, repellent, integrated pest management
1 Introduction

In the last decade, tree fruit crops and consumer demands have seen a shift from the use

of broad-spectrum insecticides to fewer, more selective products combined with

biopesticides, augmented and conservation biocontrol, cultural practices, and novel

semiochemical manipulation of insect pest populations to reduce the damage caused by
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pests and disease. However, the removal of broad-spectrum

insecticides, in combination with a warmer and more

unpredictable climate, has resulted in higher pest populations and

unpredictable outbreaks of familiar native and less familiar non-

native (invasive) species (Velásquez et al., 2018; Hulme, 2017).

This review was prompted because in the UK, tree fruit growers

have recently lost the approval of several key pesticides, including

those for codling moth (CM), Cydia pomonella (L.) (Lepidoptera:

Tortricidae) control. The reduced range of products inevitably results

in the same products being applied to crops sequentially, although

restricted by approved maximum numbers of applications. Hence,

other control measures with different modes of action are needed,

which can be interspersed with the remaining conventional products

to reduce resistance. For example, in the UK, chlorantraniliprole,

used to control CM, is under registration changes in both number of

uses and maximum field doses; similarly, indoxacarb will not be

available for use from 2026. This, coupled with recently reported

continuous flight of adult moths through the summer months (pers

onal comm unication, UK agronomists), makes targeting hatching

larvae more difficult and less reliable for short-term fruit

damage control.

Currently available conventional and bio-protectant products

need to be integrated with non-chemical controls to achieve

consistent CM suppression within and between seasons. One of

the future challenges for researchers and the industry is to ensure

that legislation is practicable and flexible to ensure new pest control

measures are accepted under future approval systems, enabling tree

fruit growers to gain satisfactory control with measures that are less

environmentally damaging with fewer residues on the fruit.

CM is still the main pest issue in apple orchards (Furmanczyk

et al., 2022) and is globally distributed, having been introduced to

most regions where apple (Malus) is grown but also damages pear,

walnut, quince, and some stone fruits causing economic losses in

fruit production (Ciglar, 1998). It is estimated that crop losses can

reach 30% –50% without control measures, and in certain years, it

can be as high as 80% (Pajač et al., 2012). Commercial fruit

production rarely tolerates more than 1% CM damaged fruits and

losses are generally less than 0.5%, utilizing various methods of fruit

protection (Kovačević 1952; Ciglar, 1998). Levels of 7.5% damaged

fruits are not unusual in organic orchards (Mangan et al., 2018).

Recent reviews have been published on CM morphology,

biology, and genetics (e.g., Pajač Živković et al., 2011; Chen et al.,

2017), integrated pest management (IPM) (e.g., Damos et al., 2015;

Husain et al., 2018; Knight et al., 2019d; Shaw et al., 2021; Hatteland

et al., 2023), and insecticide resistance (e.g., Pajač Živković et al.,

2011; Balas ̌ko et al., 2020; Ju et al., 2021). Reviews on CM

pheromones include Witzgall et al. (2008) and Witzgall et al.

(2010). However, there have been no recent reviews focusing on

kairomones and their application for CM control.

The aim of this review was to summarize the current state of

semiochemical research and strategies for CM. The review gathered

and summarized the latest published and peer-reviewed global studies

on CM since 2003, with more emphasis on papers since 2013, through

a Google Scholar search of the first three web pages of publications

and ResearchGate searches on key terms. Search terms for each
Frontiers in Horticulture 02
section in this review included the terms “pheromone”, “sterile

insect”, “semiochemical”, “kairomone”, “attract”, “repel”, “pest ester”

“monitoring”, “trap”, “mating disruption”, “monitoring”, and

“management”, all preceded with “cydia pomonella” or “codling

moth”, and, in some instances, “larva”. No papers were excluded

based on their findings, but where relevant, the authors included

critiques of methodology or interpretation of results. The authors

worked individually on sub-section then peer reviewed each

other’s sections.

The review finishes with a summary of the main conclusion of

studies from the last 20 years and a list of recommendations for CM

semiochemical control and future research directions for apples

and pears.
2 Role of semiochemicals in
integrated pest management

IPM is a sustainable approach to managing pests usually

combining biological, cultural, physical, and chemical tools in a way

that minimizes economic, health, and environmental risks.

Semiochemicals are chemical substances produced by organisms

such as plants and animals that elicit a physiological or behavioral

response in individuals of the same or another species. Semiochemicals

are classified into pheromones and allelochemicals. Pheromones are

intraspecies semiochemicals, whereas allelochemicals are interspecies

semiochemicals. For CM control, there are many options to exploit

these interactions, for example, mass trapping or mating disruption

(MD) using female-produced sex pheromones, or repellents and

female attractants using allelochemicals. Strategies vary in efficacy; for

example, mass trapping used alone is unreliable for economic

thresholds (Mansour, 2010). While pheromone-based control and

monitoring options are widely used, there are currently few CM

control or monitoring options that utilize allelochemicals.

In the past, CM control has extensively relied upon insecticide

applications leading to resistance and a reduction in natural biocontrols

in orchards; indeed, this pest has developed resistance to many classes

of insecticide, via both metabolic and target-site changes (Malone et al.,

2017; Balasǩo et al., 2020; Ju et al., 2021). For CM, population

monitoring using pheromone-baited traps, area-wide management

including MD, and practices that harness natural biocontrols play a

role in IPM and can be incorporated with other methods such as crop

hygiene, granulosis virus, and entomopathogenic nematodes to kill

overwintering larvae (Adolphi and Oeser, 2023). The strategy is also

compatible with targeted habitat management (Warlop and Kienzle,

2022). Judd and Gardiner (2005) reviewed pheromone-based MD in

British Columbia, Canada in the 1990s with the sterile insect technique

(SIT) and tree banding in organic orchards. By 1997, no damaged fruit

were found in any orchard, and by 1999, no wild moths, nor

overwintering larvae were captured in any pheromone-supplemented

orchard. However, wild moths and overwintering larvae were

detectable in 15%–20% of insecticide-supplemented orchards in

1999. Catches of wild moths and overwintering larvae declined

fastest in SIT orchards supplemented with pheromone and banding,

further pointing to the need to target multiple life stages.
frontiersin.org

https://doi.org/10.3389/fhort.2024.1446806
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org


Whitfield and Fountain 10.3389/fhort.2024.1446806
2.1 Area-wide management

MD is also an important part of area-wide IPM focusing on the

preventive management of pest populations throughout the

ecosystem. It seeks to treat all habitats of the pest population in

space and time so that none produces migrants to re-establish

significant infestations in areas of concern (Klassen and Vreysen,

2021), compared to conventional strategies (as used in the UK for

CM control), which focus narrowly on defending the crop. Area-wide

CM management requires multi-year planning and commitment,

coordination among stakeholders, and an organization dedicated

exclusively to its implementation, and integrates advanced

technologies (Klassen and Vreysen, 2021).

Klassen and Vreysen (2021) defined area-wide IPM as “applied

against an entire pest population within a delimited geographic

area, with a minimum size large enough or protected by a buffer

zone so that natural dispersal of the population occurs only within

this area”.

Area-wide management is particularly important for

pheromone-based MD strategies (Calkins et al., 2000; Coop et al.,

1999), mass trapping and removal of host plants (Kovaleski and

Mumford, 2007; Severin and Iosob, 2023), and SIT strategies (Dyck

et al., 2005, in Klassen and Vreysen, 2021) where a given proportion

of males and females may arrive from long distances. For CM, area-

wide management “buffer zones” of 200 m of orchards are treated as

this is predicted to be twice the estimated maximal movement

distance of most wild mated females (Thistlewood and Judd, 2019).

Using a fight mill, and depending on sex, mated status, and age,

Schumacher et al. (1997) predicted that some CM individuals can

disperse up to 11 km in the field. Ricci et al. (2009) examined

characteristics of orchards and their surrounding landscape

including orchard density and hedgerow network attributes and

orchard buffer widths (50 to 500 m) and concluded that CM

management should be organized over a minimum area of ~16

ha (Ricci et al., 2009).

Growers need to consider how their orchards fit into the wider

landscape before deciding on control programs that utilize area-

wide management approaches. For example, a grower wanting to

utilize MD should consider factors such as proximity to other

growers’ orchards, control methods used in those neighboring

orchards, and whether there is potential for working together

with neighbors within the same landscape. In addition, residential

and unfarmed areas should be considered due to the risk from

garden and wild apple trees providing a reservoir of mating CM,

which circumnavigates the MD area affect.
2.2 Mating disruption

MD employs synthetic sex pheromones that interfere with the

ability of males in finding female moths. Roelofs et al. (1971)

identified the main pheromone components for CM attraction —

codlemone (i.e., E8,E10-dodecadienol). Three main hypotheses

explain how MD delays or prevents males mating with females

(Miller et al., 2010; Miller and Gut, 2015):
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1. “Competitive attraction,” where males follow the false

plumes (false trail following), at the expense of finding

a mate.

2. Exposure to high quantities of sex pheromones

overwhelming male olfactory receptors rendering them

non-functional, preventing the further detection of sex

pheromones, synthetic or natural. The males’ ability to

find females is blocked by the pheromone-saturated air,

and they are unable to follow any plume (Murray and

Alston, 2020).

3. Synthetic CM pheromone can also “ camouflage” wild

female pheromone release, diverting male moths away

from females and thus preventing mating (McGhee

et al., 2014).
MD can be highly effective at controlling relatively low

population levels of CM, but influxes of gravid females from

neighboring farms or residential areas can result in control

failure; hence, chance encounters and mating are known to occur

even under MD where CM pressure is high (Murray and Alston,

2020). MD is globally used for control; however, preventing mating

with female CM is difficult. A relatively high proportion (>60%) of

female CM captured in traps placed in blocks treated with MD were

mated (Knight et al., 2022). In older studies, 60%–85% of females

were mated within MD orchards compared with 84%–88% in

untreated orchards (Knight, 2000; Knight and Light, 2005;

Knight, 2008).

Mathematical models suggest that 85%MD efficacy is not enough

for export production in NZ (one larva in 1million apples maximum)

and control was highly susceptible to immigration of virgin or mated

female moths. MD of 98% is needed for a reduction of CM to an

extremely low population density, even in the presence of virgin

female immigration up to ∼30 females/ha (Wearing, 2022).

Population monitoring using sex pheromone traps is less

effective when MD is being used, resulting in growers being

unaware when additional control measures are needed. Despite

the sustainable farming benefits that MD offers, the use of CM and

Adoxophyes orana (summer fruit tortrix) sex pheromones has

declined in the UK over recent years; 53 ha in 2020, compared to

217 ha in 2018 out of a total of 2,736 ha surveyed (Ridley et al.,

2021). In Switzerland, MD is employed in 50% of apple orchards

and has resulted in two-thirds less synthetic pesticide use (Onstad

and Knolhoff, 2023). In Italy, MD was used on 22,000 ha in 2016

because of reduced efficacy of chemical insecticides due to resistance

and conflict with the public around spraying, resulting in a

reduction of CM and insecticide applications (Ioriatti and Lucchi,

2016). A high level of grower education, public engagement, and

collaboration is needed for MD success (Ioriatti and Lucchi, 2016).

Barić and Pajač Živković (2017) demonstrated 67.7% and 73.5%

efficacy of MD when combined with the application of two

insecticide treatments. The method was not deemed economically

viable at ~150 €/ha given the level of first-class fruit losses (Barić

and Pajač Živković, 2017). In Turkey, MD decreased the number of

sprays required by up to 56.6%. The cost of insecticide sprays,

application of pheromone dispensers, labor, machinery, fuel, and
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other pheromone-based expenses, such as pest monitoring,

increased labor costs compared with conventional treatments.

The cost of MD was $193.70 higher than the conventional

treatment in cv. “ Gala” in 2013 (Kovanci, 2017). This author

concluded that the price of pheromone dispensers would need to

decrease by 22.2%–70.4%, depending on CM pressure (Kovanci,

2017). In 14 Hawke’s Bay, NZ apple orchards, seasonal pheromone

trap catch was reduced from 40.1 to 11.7 CM/trap over the

subsequent five seasons. Insecticide use was reduced from 5.9

applications/season in 2006–2007 to 2.3 in 2007–2008 and 3.7

since 2008–2009 where larvae in fruit are now only 0.01% in MD

orchards (Walker et al., 2013). In 1 year of the study, CM increased,

resulting in a greater reliance on granulosis virus (Walker

et al., 2013).

When employing MD, much depends on the starting

population, integration with other controls, dose of pheromone,

and shape, size, isolation, and local environment of orchards

(Balasǩo et al., 2020). Up to 100 g of pheromone/ha effectively

controlled CM populations over an entire growing season (Witzgall

et al., 2008), even though females are not affected (Yan et al., 1999).

In a single study, comparing female CM that were exposed to MD,

or not, there was a significant difference in sex pheromone

composition for two of the minor components. The intraspecific

variation was postulated to show a potential for a shift in female

sexual signal when selection pressure is high (Duménil et al., 2014).

For many lepidopteran species (including CM), the emitters of

sex pheromone also detect sex pheromone and change their

behavior in response (Holdcraft et al., 2016), such as increasing

calling frequency and intensity (Weissling and Knight, 1996). Pre-

exposure of females to conspecific pheromone can alter their

antennal sensitivity to the pheromone and, after transferring to

an odor-free, clean area with naïve males, reduce copulation

success; however, this effect was not seen in CM (Kuhns et al.,

2012). The effects and implications of autodetection require further

investigations, particularly due to the potential for changing the

effectiveness of pheromone-based control strategies.

Usually, the synthetic female sex pheromone is deployed either

as a device impregnated with the pheromone (passive) (Reinke

et al., 2012), as a sprayable formulation (Kovanci, 2015), or via a

timed-release aerosol (“puffer”) (see Shaw et al., 2021).

Passive dispensers are normally manually deployed at high

densities, typically 200–3000 units/ha (Benelli et al., 2019). Pear

ester (PE) can be combined with the pheromone for improved MD

(Kovanci, 2015).

Recent studies in Albania, where there are two complete CM

generations per year, have tested ISOMATE CTT duplicate plastic

threads (E,E)-8, 10-dodecadien-1-ol (codlemone), on four blocks of

approximately 2.66 ha at 500 dispensaries/ha. A single dispenser

covered ~20 m2. A 200-m perimeter around the blocks was also

treated and fruit damage was 0.3%–0.5%, with the treatment cost

estimated to be 30% higher than using conventional insecticides

(Isufi 2023).

Kutinkova et al. (2022) compared microencapsulated liquid

sprayable pheromones (CIDETRAK® CM MEC) with dispensers

(80/ha) (CIDETRAK® CMDA COMBO™MESO™). CM flight was

monitored using traps baited with standard PHEROCON® CM L2
Frontiers in Horticulture 04
lures and PHEROCON® CMDA COMBO™ - P + AA lures (Trécé

Inc.) designed for use with MD strategies. Fruit damage was below

the economical threshold (0.1% to 0.2%) in both years of the study

using MD + insecticides compared to insecticides only (Kutinkova

et al., 2022). This publication is a little unclear, but they likely applied

CIDETRAK® CMDA COMBO™ MESO™ dispensers at 80/ha and

CIDETRAK® CM MEC, microencapsulated CM pheromone, in the

tank mix with insecticides, further reducing CM damage to apples

(Kutinkova et al., 2022).

Aerosol dispensers [e.g., Checkmate Puffer (Suterra) and Isomate

CM Mist (Pacific Biocontrol)] are typically deployed 2–5/ha, with

plumes reaching up to 300 m downwind, and pheromone was

released at specific times to coincide with the female pheromone

release, which, for CM, occurs at dusk (Casado et al., 2014; McGhee

et al., 2014; Benelli et al., 2019). Aerosol dispensers formulated with

50% less codlemone (3.5 mg/emission) provided orientation

disruption equal to the standard commercial formulation (7 mg/

emission). Decreased periods of dispenser operation (3 and 6 h) and

frequency of pheromone emission (30 and 60 min) provided a level of

orientational disruption equivalent to releasing pheromone over a 12-

h period on a 15-min cycle, respectively. Combined with increasing

dispenser densities to 5–7 units/ha (McGhee et al., 2014), this reduced

the amount of pheromone needed and achieved higher levels of

disruption (McGhee et al., 2016).

MD is most effective when used on an area-wide basis (McGhee

et al., 2011), e.g., the 5-year area-wide management program

“Codling moth Areawide Management Program” (CAMP) in the

USA (Brunner et al., 2002; Knight, 2008; Balasǩo et al., 2020) and

before males appear in the orchards. It is also compatible with other

biological and insecticide programs (Brunner et al., 2002). MD can

also be combined with SIT for further CM population suppression

(Horner et al., 2020). An especially useful and grower-friendly

factsheet produced by the Extension Service of the Utah State

University recommends that >4 contiguous ha need to be treated

for MD to be effective (Murray and Alston, 2020).

MD needs to be complemented with insect growth regulators

(IGRs), mineral oils, granulosis virus, generalist predators (e.g.,

earwigs), orchard sanitation, and entomopathogenic nematodes for

fully integrated control. Male and female moths mate more or less

immediately after emergence; thus, the chance of a sterile male

successfully finding and mating is decreased, and fruit damage can

continue where there are “hot-spots”, even when a population is at a

very low level (Proverbs et al., 1967). In orchards with high CM

population pressure, supplementing MD with insecticides is

required, but with long-term CM, populations are reduced

(Murray and Alston, 2020). It is essential that monitoring

continues in MD orchards, especially females, by using a lure

such as the CM DA-Combo lure. However, action thresholds for

CM insecticide sprays change in MD strategies, and this should be

considered in orchards.

Causes of CMMD failure are listed by Murray and Alston (2020)

and include (1) the use of MD in a small area (less than 4 ha) or use in

an orchard with a high ratio of border to interior trees; (2) not

increasing MD dispenser rates in hot-spots such as along borders with

external moth sources (e.g., garden trees) or along upwind borders of

strong prevailing winds; (3) not applying supplemental insecticides
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when necessary; (4) not monitoring and detecting increased moth

populations and fruit injury; (5) applyingMD dispensers after the first

flight is detected; (6) not applying MD dispensers according to label

recommendations; and (7) not maintaining sanitation practices (e.g.,

removing waste apples and bins).

A future approach to consider alongside MD of male moths

would be the removal of females [female removal (FR)] (Knight

et al., 2022). Although MD-FR studies in Italy significantly reduced

pear injury by only 25% (Preti et al., 2021b), in a US study, Knight

et al. (2022) reported lower proportions of CM fruit injury by MD-

FR vs. MD (0.016 vs. 0.055; 0.014 vs. 0.040, and 0.015 vs. 0.071, in

2018, 2019 and 2020, respectively).

Unquestionably, for effective and economically viable MD

strategies against CM, the incorporation of MD for other

tortricids is practical; otherwise, these need to be treated

separately, adding to costs including labor, thinning, and targeted

insecticides (Lo et al., 2013). For example, the product 4-Play™^

(now 4-playMAX), used in NZ, consists of a range of pheromone

components used for CM, light brown apple moth (Epiphyas

postvittana), green-headed leafroller (Planotortrix octo), and

brown-headed leafroller (Ctenopseustis obliquana) (Suckling et al.,

2016) with approval for similar straight-chain lepidopteran

pheromones all covered under one regulation. Encouragingly, the

use of MD may promote the occurrence in orchards of non-target

invertebrates in the long-term, benefiting pest suppression,

decomposition, and ecosystem services (Malone et al., 2017).
2.3 Female attractants

Odors from host plants are also a key component of mate

finding alongside the female-produced sex pheromone, which, in

isolation, is significantly less attractive to males compared to

codlemone combined with tree/fruit odors (Erdei et al., 2023).

Although the sex pheromone has been used successfully in MD

and monitoring male CM populations, the major limitation for crop

protection is that it only attracts males, yet crop damage is the result

of female oviposition and larval feeding. Consequently, removal of

females has a greater impact on fruit damage and population

reduction than removal of males (Gregg et al., 2016). Put another

way, the catch efficiency of female attractants can be lower than for

male attractants but still be comparatively effective at protecting

crops. In the past 10 years, research has been directed towards

developing attractants for female CM, building on the historic

research that identified compounds such as pear ester (PE) (Light

et al., 2001), acetic acid (AA) (Landolt et al., 2007), and (E)-4,8-

dimethyl-1,3,7-nonatriene (DMNT) (Knight et al., 2011) (Table 1).

Female attractants can be used to manipulate female moth behavior

and control damage to the crop by reducing the female population

and oviposition.

Research developments have occurred in several areas,

including identifying and testing individual and blends of volatile

organic compounds (VOCs), combining female and dual-sex

attractants with other IPM control strategies, and improving

population monitoring lures.
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2.3.1 Identifying and testing VOCs for female
CM attraction

PE was identified as an attractant for female CM in 2001 by

Light et al. (2001), and when combined with AA, the duo-lure was

significantly more attractive than PE alone (Landolt et al., 2007). In

traps baited with PE or DMNT combined with AA, the proportion

of females attracted was 60%–75% higher (Knight et al., 2011).

Traps baited with lures containing PE, DMNT, LOX, and AA

(MegaLure 4K by Trécé Inc.), caught significantly more CM (> 2-

fold), of which 55% were females compared to traps baited with sex

pheromone, PE, and AA (30% females) (Knight et al., 2019b; Knight

et al., 2022). Hence, the addition of LOX and DMNT greatly

increases trap catch and the proportion of females. The 4-K blend

has been tested in several geographic locations and proven to be a

highly effective female and male CM attractant, attracting high

proportions (>50%) of females (Knight et al., 2019a) and, in some

instances, outperforming pheromone lures in total moth captures

(Preti et al., 2021a). However, in trials in Italy, female captures were

proportionally lower than males, perhaps suggesting that different

CM populations may respond differently to these kairomones (Preti

et al., 2021a).

The “4- K” blend is also attractive to Grapholita molesta

(Tortricidae), the oriental fruit moth (OFM), particularly if

benzaldehyde is added (Giri, 2022), and the same blend may also

attract other species that inhabit fruit orchards. However, other

researchers have suggested that benzaldehyde and butyl acetate are

repellent to mated adult female CM (Vallat and Dorn, 2005).

Certain VOCs found in host plant odor profiles may be

attractive to gravid females specifically and encourage oviposition.

These include (E)-b-ocimene, DMNT, (Z)-3-hexenyl acetate,

nonanal, b-caryophyllene, germacrene D, (E,E)-a-farnesene, and
methyl salicylate (Witzgall et al., 2005). (E,E)-a-farnesene may be a

key compound for virgin and gravid female CM, stimulating calling

behavior and oviposition (Yan et al., 2003). Moreover, volatiles

from fermenting yeasts of the genusMetschnikowia are attractive to

gravid females and stimulate them to oviposit significantly more
TABLE 1 Key to abbreviations.

4-K blend PE, DMNT, LOX combined plus AA (MegaLure)

AA Acetic acid

DMNT (E)-4,8-dimethyl-1,3,7-nonatriene

FR Female removal (via traps baited with female or dual-
sex attractants)

IPM Integrated Pest Management

LOX Pyranoid linalool oxide, 6-ethenyl-2,2,6-trimethyloxan-3-ol

MD Mating disruption

NBS N-Butyl sulfide

OFM Oriental fruit moth, Grapholita molesta

PE Pear ester, ethyl (E,Z)-2,4-decadienoic

SIT Sterile insect technique

VOC Volatile organic compound
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compared to apple wounds with an absence of the yeasts. Seventeen

compounds were identified from the fermenting yeast odor profile,

including relatively large proportions of isoamyl acetate, 3-methyl-

3-butenol, nonanal, 2-phenylethanol, 2-heptanone, and 2-

nonanone (Witzgall et al., 2012). These compounds offer the

possibility of creating a lure with enhanced attraction of gravid

CM, thus directly reducing the number of eggs laid in the crop.

Landolt et al. (2014) and Jaffe and Landolt (2018) conducted a

series of field trials assessing the attractiveness of N-butyl sulfide

(NBS) for CM. Their trials concluded that NBS was attractive on its

own and enhanced the attractiveness of a combination of AA and

PE. NBS is not known to be naturally produced and it is unknown

why it is attractive to CM but it may be a chemical analog to other

natural compounds.
2.4 Larval kairomone attractants

Larvae looking for pupation sites are attracted to the other

conspecifics (Jumean et al., 2008). Jumean et al. (2004, 2005, 2007)

identified an aggregation pheromone produced by cocoon-spinning

fifth instar larvae preparing to pupate. The components of the odor

blend include (E)-2-octenal, (E)-2-nonenal, sulcatone, and

geranylacetone, in combination with either 3-carene and/or three

saturated aldehydes (octanal, nonanal, and decanal), and these

compounds elicit a behavioral response from conspecific larvae

and from the prepupal parasitoid, Mastrus ridibundus.

Neonate larvae are also attracted to PE (Knight and Light, 2001)

and (E,E)-a-farnesene (Hughes et al., 2003). When PE was

formulated as a microencapsulated liquid and applied to trees, its

release rate was sufficient to cause larval arrestment over a 2-week

period in the field (Light and Beck, 2012). This offers potential for

enhancing the effectiveness of control products that specifically

target the larval stages as they locate their host (Knight et

al., 2019d).
2.5 Combining attractants with other IPM
control strategies

The combination of MD with female attractant lures was

compared in extensive field studies in Washington, USA (Knight

et al., 2022). Traps containing female attractant were deployed at

various densities, e.g., 37, 62, and 97 traps/ha. The trials compared

areas of orchards treated with either MD only or MD + FR using

traps baited with 4-K. The authors use the term “female removal”,

which is synonymous to mass trapping targeting female CM. The

combination of MD + FR resulted in significant reductions in fruit

damage from CM compared to using MD only. In all three years,

the proportion of damaged fruit was at least halved for each moth

generation with the addition of FR, from approximately 2% to 7%

fruit injured with MD only to 1%–2% damaged with MD + FR.

There is a clear synergy using MD combined with mass trapping.

Knight et al. (2022) demonstrated success in combining MD with

FR (via female attractants); however, the authors discuss the

economics of using these methods and state that further research
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is required to understand whether these technologies are

economically viable. More research is needed to determine the

optimal trap density and arrangement for mass trapping females

combined with MD, with the objective of lowering the number of

lures and traps required. It is possible that traps with female

attractants could be deployed at higher density around the edge

of orchards to capture gravid females as they enter an orchard and

at lower density within the orchard. This could capture those

females that have mated outside the MD area before they enter

the orchard to oviposit.

CM attractants could enhance the effectiveness of using

granulovirus to control larvae Knight et al. (2019d). For example,

in laboratory bioassays, Madex (granulovirus of CM) combined

with microencapsulated PE doubled the mortality compared to

Madex alone after 30 min (18.8% versus 41.9% mortality) (Schmidt

et al., 2008). Unfortunately, the enhanced mortality rate did not

translate to a decrease in fruit damage in field trials. It was posited

that this was due to the high application rate of Madex used so the

granulovirus was working at its maximum effectiveness for all

treatments regardless of the addition of PE (10%–16% fruit

damage for all treatments containing Madex). The authors

proposed further trials testing lower rates of Madex combined

with PE to assess whether the PE feeding attractant would allow

for less granulovirus to be used with the same level of control. Other

larval attractants [e.g., (E,E)-a-farnesene] could be assessed to

identify other compounds that enhance the effectiveness

of granulovirus.

Another major advantage of dual-sex attractants that capture a

high proportion of females is that information such as percentage of

mated females, egg density, and timing of hatching can be

determined (Barros-Parada et al., 2015; Balaš ko et al., 2020;

Knight et al., 2019c). These are important factors to inform IPM

controls, e.g., MD, or granulovirus. MD is most effective when

initiated while the CM population is low (Fernández et al., 2010 and

references therein); thus, a reliable population monitoring system is

essential. Including monitoring that measures the presence and

status of females in the area allows better informed management

decisions to be taken. Knowledge on female mated status and

timing of egg hatch will allow for better timing of application of

biocontrols, specifically targeting eggs and larvae (e.g., granulovirus

or Beauveria bassiana), which are susceptible to degradation in the

environment (Barros-Parada et al., 2015).

Female attractants also offer the potential for attract and kill

strategies, either using mass traps or with baited sprays (sprays with

an insecticide and attractant combined). There are no recent

published research papers developing or assessing an attract- and-

kill control strategy for CM. This method was tested over 20 years

ago, but with the 4-K lure or other attractants, it would be sensible

to revisit this form of control.
2.6 Repellents and deterrents

Repellents or deterrents can act against CM mobile life stages,

deterring them from treated areas. Repellent compounds are usually

VOCs (odors), either synthetic or naturally derived, while
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deterrents may be volatile, low-volatile, or non-volatile compounds

that inhibit feeding. Compared to repellents, which do not need to

be applied directly to the crop because the odor plume will spread

over the orchard area, larval deterrents may be less suited to

controlling pests on freshly consumed products like apples and

pears due to flavor-taint or other residues. Some repellent

compounds, such as plant defense compounds, act as both a pest

repellent and a predator attractant.

Studies have investigated the use of naturally derived

products or intercropping with aromatic plants to repel CM.

Pszczolkowski (2023) reviewed several published papers for their

methodology and the effectiveness of 23 botanical extracts and

essential oils for repelling or deterring CM neonate larvae. While

several of the tested compounds had a high potency (e.g., >95%

neonates repelled/deterred) in repelling or deterring the larvae

away from apples or from feeding in laboratory bioassays, very

few large field studies have been published. This is perhaps in part

due to the challenges of acquiring sufficient volumes of botanical

extracts. Botanical extracts or essential oils from garlic Allium

sativum (L.) (Amaryllidaceae), absinthe wormwood Artemisia

absinthium (L.) (Asteraceae), tansy (Tanacetum vulgare) (L.)

(Asteraceae), false hellebore Veratrum californicum (Durand)

(Liliaceae), ginger Zingiber officinale (Roscoe) (Zingiberaceae),

patchouli Pogostemon cablin (Blanco) (Lamiaceae), Ginkgo biloba

(L.) (Ginkgoaceae), and rue Ruta graveolens (L.) (Rutaceae)

repelled or deterred CM neonates from feeding (Pszczolkowski,

2023, and the references therein).

When crude extracts from several artemisia species were

tested as a feeding deterrent on CM neonates, Artemisia

arborescens (L.) (Asteraceae) (Creed et al., 2015) and Artemisia

annua (L.) (Asteraceae) (Durden et al., 2011) were significant

deterrents. In terms of identified and isolated compounds,

ginkgolic acid had a strong deterrent effect on neonates, and a-
thujone, artemisinin, 1,8-cineole, bilobalide, and ginkgolide B had

weak deterrent activity (Durden et al., 2011; Pszczolkowski et al.,

2011; Creed et al., 2015; Pszczolkowski, 2023). Future research

could focus on synthesizing and formulating compounds, or the

molecular targets involved in these repellent or deterrent

interactions for field testing.

Formulation of repellent or deterrent compounds by

microencapsulation can provide benefits such as enhancing

activity, lowering the quantity of the active substance required,

and increasing longevity in the field. Two microencapsulation

formulations containing either mostly 1,8-cineole or a mixture of

1,8-cineole and a-terpinyl acetate compounds were extracted from

cardamom, Elettaria cardamomum (Zingiberaceae), and oleoresin

and tested in laboratory bioassays and field trials (Kovanci, 2016).

The microencapsulation formulation containing both compounds

showed high levels of feeding deterrent (>90%) and oviposition

repellence (>80%). In field trials, significant reductions in the

number of CM and fruit damage were observed in treated areas,

and further research is needed to confirm these findings.

A series of field trials measuring the number of male and female

CM adults caught in traps baited with previously identified

attractive kairomone blends (3-K and 4-K) tested the addition of
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individual VOCs in the blends. Several of the added VOCs reduced

the catches of female CM and may be repellent. These potential

repellent compounds were (Z)-3-hexenol, (E)-2-hexanal, (Z)-3-

hexenyl acetate, hexyl butanoate, and linalool (Preti et al., 2021b).

Intercropping with aromatic plants offers the potential for

repelling the pest without the application of any products onto

the crop. Apple trees intercropped with French marigolds (Tagetes

patula) had not only slightly lower numbers of CM larvae compared

to control plots, but also lower predatory and parasitoid insects,

whereas apple trees intercropped with basil, Ocimum basilicum, had

higher rates of parasitism compared to control trees or trees

intercropped with T. patula (Laffon et al., 2022). The underlying

mechanisms of repellence of the pest or attraction of parasitoids

were not identified.

In conclusion, published research on repellents and deterrents

for CM is somewhat limited, and there are very few recently

published papers reporting field trials. However, several plant

extracts and compounds have been identified that are strong

repellents to adults or deterrents to larvae. Of particular interest

are 1,8-cineole (eucalyptol) and a-terpinyl acetate, which proved

effective in significantly reducing fruit damage in orchards when

microencapsulated and applied by conventional spraying methods.

Other repellents could be formulated by microencapsulation into

sprayable liquids and tested in field trials. Deployment of sachets or

other means of dispersing VOCs into orchards can be prohibitively

expensive; thus, the development of sprayable formulations may be

an affordable and practical solution. In addition, with the recent

advances in attractants for CM, a combined “push– pull” approach

is possible (Pyke et al., 1987; Cook et al., 2007).
2.7 Improving population monitoring lures

Precise knowledge of female population dynamics, and

potentially their mated status, would greatly improve timing and

efficacy of crop protection interventions (Barros-Parada et al.,

2015). The development of female attractants offers substantial

potential for improving the effectiveness of other control strategies.

Using quince cultivars, the impact of CM larvae infestation on

the odor profile of the fruit was assessed. (E,E)-a-farnesene was the
main component in healthy fruits, and the proportion of this

volatile increased nearly 20% when fruit was infested by CM. PE

was the second most common VOC but did not increase post-

infestation (López et al., 2022). Low levels of (E,E)-a-farnesene
stimulate oviposition and are attractive to neonate larvae (Hern and

Dorn, 1999); VOCs from apple, pear, or walnut trees, which

included (E,E)-a-farnesene, (E)-b-ocimene, DMNT, (Z)-3-

hexenyl acetate, nonanal, b-caryophyllene, germacrene D, and

methyl salicylate, all increased oviposition of wild CM, but not

from laboratory-reared CM (Witzgall et al., 2005). It is postulated

by López et al. (2022) that the ratio of (E,E)-a-farnesene and esters

(e.g., PE) modulates female moth host finding to assist gravid

females locate optimum oviposition sites in terms of fruit

maturity and competition from conspecifics. Therefore, (E,E)-a-
farnesene, or other compounds identified by Witzgall et al. (2005),
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and PE could be important VOCs to consider as a female attractant,

particularly for attractants used in oviposition lures.

Trials assessing PE, AA, and NBS investigated the mated status

of female CM caught in traps (Landolt et al., 2014) and confirmed

the findings of previous studies, where female CM caught in

kairomone-baited traps are usually gravid, and therefore their

removal from the crop area has a high potential for reduction in

eggs laid and larval damage to fruit.

Dual-sex attractants can be used to monitor the effectiveness of

MD. Within apple and pear orchards treated with MD, trials

demonstrated that traps baited with codlemone and PE in

combination caught significantly more CM than traps baited with

codlemone (high and low loading) or PE (Fernández et al., 2010),

but the numbers were insufficient to use for population monitoring.

However, in other orchards treated with MD, PE, and AA,

substantial numbers of CM (both males and females but >50%

females) were captured compared to high-loading pheromone-

baited traps (Tóth et al., 2014). Over the season, the PE + AA-

baited traps were effective at monitoring the population

generations, whereas high-loading pheromone traps caught

negligible numbers of male CM. In field trials assessing traps

baited with the '4-K' odor blend in orchards treated with MD, the

4-K baited traps caught significantly more female and total moths

than traps baited with pheromone+PE+AA, sufficient for

population monitoring in MD orchards (Knight et al., 2019c). In

addition, when pheromone was added to the 4-K blend, the number

of male CM caught significantly increased.

Female attractants are also used to monitor the success of SIT.

During release periods of sterilized males to inhibit successful

mating of the local wild populations of females, traps baited with

female attractants can be deployed to capture females and assess

their mated status (Knight, 2022).

In conclusion, research has identified blends of VOCs that

achieve similar levels of attraction for females as pheromones do for

male CM. This development opens many possibilities for improving

CM control, either from direct control of females and reduction of

oviposition, or indirectly by enhancing monitoring systems to

improve knowledge of the population dynamics within the area

and subsequently increasing the effectiveness of IPM strategies such

as MD, SIT, and bio-insecticides.

Following this, two potential directions to explore are (i) direct

control strategies, e.g., attract and kill, baited spraying, or MD + FR,

and (ii) indirect control, e.g., enhanced population monitoring and

phenological modeling to improve timing of applications or

monitoring populations during MD or SIT to maximize

their effectiveness.

2.7.1 Trapping and monitoring
Trapping CM is an essential component of crop protection; the

moth counts are used to determine when it first arrives in the crop

area, the population dynamics, and when it is active (Witzgall et al.,

2010). This information allows improved selection and timing of

control measures (Barros-Parada et al., 2015). Consequently,

pheromone-baited traps for monitoring CM have become

commonplace in orchards.
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Standard pheromone-baited “ Delta” traps or funnel traps are

used to monitor CM and establish biofix (an identifiable point in the

pest’s life cycle from which degree-day accumulation can be started

or pest control actions can be taken). Traps utilize a pheromone lure

to attract male CM and either a sticky base or funnel and bucket to

capture them for counting. Although these traps work well when

used correctly and are relatively cheap, they have disadvantages.

Accurate timing of application for controlling CM requires precise

temporal information on their population; however, for manually

checked traps, the information on the time of arrival of CMmales is

dependent on how regularly the traps are checked. Even though

species-specific pheromone lures are used, there are often additional

species (“bycatch”) in the traps that must be discounted, and

identifying the target species caught on sticky bases can be

difficult due to damage and poor presentation of the insect. Thus,

it takes time and an experienced practitioner to accurately count

trapped CM. Using non-sticky traps may be quicker to check as the

moths are less likely to be damaged and there is no sticky base to

replace, but bucket/funnel traps are not as effective at capturing CM

as traps with sticky bases (Knodel and Agnello, 1990).

Regularly traveling around a farm to check multiple traps is

time-consuming. Because of the need for regular access for manual

checking, the traps are often placed in easily accessible locations,

which may not be optimal in terms of maximizing captures,

identifying hot-spots, or ensuring all incoming flight directions

around the farm are monitored. For example, to maximize trap

captures, traps should be placed 2.0 –3.5 m from the ground and

within the tree canopy (Howell et al., 1990), which can make

manually checking the traps difficult. Because of these limitations,

and the benefits that automation and digitization offers, various

types of automated trap have been developed and commercialized

to date (Table 2).

In recent years, the main advancement in trapping hardware for

CM has been the development of semi-automated and automated

traps for population monitoring (Guarnieri et al., 2011; Ding and

Taylor, 2016; Suto, 2022; Čirjak et al., 2022; 2023). These usually

comprise of a sticky trap baited with a lure. Automated traps can

have different levels of ability and complexity (Guyer and Whitfield,

2023). Basic automated traps take images of the sticky base at

periodic intervals and then transmit the images to a data store for

processing, either via a wireless network or by an operator

downloading the images from the trap. The images are then

manually reviewed by a trained scout or entomologist.

In more advanced traps, the images are processed automatically

in a data server, with machine vision algorithms used to detect,

identify, and count the target and other species. These semi- or fully

automated traps are battery powered so that they can be deployed

remotely in orchards or surrounding areas, and some fully

automated traps include self-renewing sticky bases that require

minimal maintenance lasting months without a human operator.

Despite the additional hardware attached to automated traps and

their different designs, automated traps catch equivalent numbers of

CM compared to the standard white Delta traps and Pomotraps,

and larger openings may further increase capture rates (Guarnieri

et al., 2011; Frewin et al., 2022).
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There are multiple benefits to using automated pest monitoring

systems, including the following: (1) reduced labor traveling to and

inspecting traps; (2) higher accuracy population data, due to more

regular (e.g., daily) moth counts, better positioning of traps as they

require less human intervention, and integration of local weather

data for improved modeling; (3) digitization of the data, so that they

can easily be integrated into farm management software, triggering

pest alerts or other events; (4) enabling faster decision-making,

combined with better temporal accuracy, will improve the timing of

control applications; (5) networking/sharing of data across multiple

farms or wider areas could improve knowledge of the wider

population; and (6) potential for multi-species monitoring using

kairomone-baited traps.

The main disadvantages of deploying automated traps are the

cost and complexity of set up and maintenance. In the USA,

commercial service models are available in which the farm pays a

subscription to a pest monitoring service but does not have to buy

or maintain the trap hardware.

Smart traps baited with kairomones (e.g., the 4-K lure) would be

ideal for CM population monitoring and accessing performance of

control strategies in orchards treated with SIT or MD. However,

because kairomones are less species-specific compared to sex-

pheromone-baited traps, they capture a species assemblage

including other similar Lepidoptera, creating a more challenging

problem for machine-based detection and identification. Trials with

a commercially available automatic trapping system (TrapView)
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baited with 4-K + pheromone lures had low CM count accuracy

(66%–87% count accuracy compared to manual counts) due to

false-positive counts from high numbers of non-target species with

similar morphology to CM (e.g., apple clearwing moth Synanthedon

myopaeformis , OFM G. molesta , and carnation tortrix

Cacoecimorpha pronubana; Preti et al., 2021a). The ability to

distinguish male and female CM in sticky traps would be

beneficial for monitoring and targeting sex-appropriate controls.

Russell IPM in the UK have developed this for Drosophila suzukii.

The technology uses smart phone photographic technology and

could potentially be developed for CM.

So far, it has not been possible to distinguish between male and

female CM from images and is challenging because of the similarity

between the sexes (Preti et al., 2021a). However, new developments

could enable sex differentiation, for example, using spectral imaging

techniques combined with machine learning models, as

demonstrated for differentiating male and female silkworm larvae

(Bombyx mori) (Tao et al., 2019). Counting male and female moths

individually in kairomone-baited traps would benefit growers by

providing precise knowledge of when females arrive/emerge in the

crop. Within a generation, males outnumber females for the first

30–35 days; after that, females outnumber males (Higbee et al., 2001

and references therein).

It may also be possible to use machine vision systems and smart

traps to detect resistant phenotypes in CM populations. CM

phenotypes that are resistant to insecticides have different
TABLE 2 Examples of commercial automated traps, their technology level, and capabilities (from Suto, 2022; Guyer and Whitfield, 2023).

Trap technology level Capability Photographs

Automated imaging traps,
e.g., TrapView

Captures images of the sticky trap at regular intervals and transmits images to
be checked manually by a trained entomologist. Data and advice are sent to the
farm.
Self-cleaning trap available for reduced maintenance.

Advanced automated imaging
traps, e.g., CropVue

Captures images of sticky base, distinguishes target insect from bycatch,
automatically counts CM, and transmits data to the farm. Can be installed with
weather sensors to improve degree day data and better pest modeling.
GPS receiver for location data.

Advanced “ Smart” traps,
e.g., iSCOUT

Captures images of the sticky base, identifies target species and other species,
and transmits data. Results viewable on phone app or web browser. Can
identify multiple species in the same trap.
GPS receiver for location data.

Networked automated trapping
system, e.g., Semios

Captures images of sticky base, and analyzes and transmits data. Results
viewable on phone app or web browser. Automated alerts and customized pest
models.
Bought as a service with zero maintenance by the farm.
The products are still being improved and may have progressed since this manuscript was written.
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forewing morphologies, and these differences could be used as

biomarkers to detect the presence of resistance (Pajač Živković

et al., 2019; Balasǩo et al., 2022).

Smart trapping technology will continue to advance as new

knowledge and capabilities are developed. While some current

commercial devices utilize artificial intelligence (AI) to detect and

identify CM and bycatch, this is done by transmitting the images to a

server where they are processed. An alternative, and potentially more

energy-efficient method (Čirjak et al., 2023), is to use Edge computers

and advanced deep neural networks (DNNs) that can process the

images within the trap and only transmit count data. These DNN

systems will also have higher levels of detection and identification

accuracy, such as the system developed for CM using an EfficientDet-

4 DNN-based model with a 99% accuracy (Čirjak et al., 2023).

A key piece of information needed from trap catches is the

number of CM in the area. This can be accurately estimated by

determining (i) the moth’s temporal and spatial distribution, (ii) the

movement patterns before and after encountering the pheromone

plume, (iii) the maximum distance from a trap that a moth will

locate and enter the trap, and (iv) the average probability of capture

in the trapping area of known size (Miller et al., 2015; Adams et al.,

2017). These elements were explored and determined from field

studies conducted in Michigan, USA. Although, the plume reach of

a standard pheromone trap was calculated to be <5 m, males from

240 to 275 m distance were captured, meaning a single trap could

potentially cover approximately 18–24 ha; however, the authors also

suggest that deploying multiple traps per hectare would provide

better accuracy on CM abundance (Adams et al., 2017). The

probability of capture varied depending on the distance from the

trap and population density with a range of 0.01–0.025, and an

effective probability of capture in commercial Michigan orchards

was determined to be 0.02. Therefore, trap captures of 1, 3, 10, and

30 equate to 50, 150, 500, and 1,500 males per 21 ha (the average of

the trapping range). As CM has a 1:1 sex ratio, the same numbers

can be used for female CM (Adams et al., 2017).

The potential for using new types of female or dual sex

attractants, developed in recent decades, in mass-trapping

strategies has been assessed in field trials. The dual-sex lure
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comprising PE, NBS, and AA was tested by Jaffe and Landolt

(2018) in Washington, USA. The plots treated with the mass-

trapping kairomone-baited traps had significantly lower post-

treatment fruit damage (4.5%) compared to the control plots

(10.4%). The number of CM removed from mass-trapped 1. 6-ha

(4-acre) plots ranged from 336 to 8,598. None of the plots received

insecticides and the kairomone-baited traps were placed at 50 traps

per 0.4 ha (1 acre) (equivalent to 125 traps/ha) with 8 –12 m space

between them. Further studies using different kairomone blends

including the 4-K blend, and “ Combo” blend (PE, AA, and

codlemone), combined with low-powered LED lights were

assessed as a new tool for mass trapping CM and other orchard

pests (Figure 1) (Knight et al., 2023). Traps baited with either the 4-

K or Combo lures and UV-A-LEDs caught significantly more CM

than with other LED colors, and combining UV-A lights with 4-K

lures more than doubled the captures of CM compared to traps

without the lights.

Another development in trap technology is a newly designed light

trap, which was assessed as a mass-trapping device in field trials in

Turkey. Light traps were placed above the canopy (~4 m from the

ground), 25–30 m apart on the outer rows of the plot, powered by

solar panels and batteries (Erler and Tosun, 2023). Light trap-treated

plots were not sprayed with insecticides to control CM, and control

plots were treated with the farm’s standard insecticide program.

Pheromone monitoring and fruit damage assessments were used to

determine the traps’ effectiveness. Both the number of adults and

damage to the fruit was significantly lower in the mass-trapping plots

compared to the conventionally treated plots and below 10%. The

light traps also caught other crop pests.

These studies confirm mass trapping by kairomone or in

conjunction with light as a viable alternative to pesticide application

and could form part of an IPM strategy. Future research directions

could include the comparison and assessment of automated traps

against manual counts in regional orchards, including the software

services, population models, and reliability of the smart traps;

investigating the potential for developing a system to distinguish

male and female CM (Figure 2); or if kairomone dual-sex attractants

can be enhanced by addition of UV-A lights.
FIGURE 1

(A) Orange Delta trap equipped with a low-powered UV-A and blue light (spectral range 380 –500 nm, peak at 398 nm) and (B) solar panel (from
Knight et al., 2023).
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3 Conclusions

Codling moth is becoming increasingly difficult to control

globally since the withdrawal of many chemical insecticides,

development of resistance, and changes in climate. Control is best

achieved on an area-wide basis, which combines multiple control

tactics including semiochemicals, biological control, and selective

insecticides that target each life stage (e.g., Schmidt et al., 2008;

Klassen and Vreysen, 2021; Adolphi and Oeser, 2023). For example,

the use of CM control programs, less reliant on chemical insecticides,

would improve the survival and therefore efficacy of biological

control agents such as parasitoid wasps and generalist predators.

Area-widemanagement (minimum of 16 ha with 200 m buffer zones)

is essential due to the long flight that a small proportion of the

population can achieve. Area-wide management is part of an IPM

approach and can include MD and SIT. These measures are also

preventative rather than reactive. Approvals for MD should include

the pheromones of other leaf rolling tortricids for cost-effectiveness.

The 5-year area-wide management program CAMP in the USA

managed to reduce broad-spectrum insecticide use up to 80% (Knight,

2008; Balasǩo et al., 2020). The success of this programwas attributed to

(i) operational factors, i.e. the availability of several effective and selective

tactics for both the key and secondary pests backed by technical

support, and (ii) organizational factors which were the well-funded

coordinated programs directly involving growers, researchers, industry

leaders, community, and governmental administrators (Knight, 2008).

The program included growers, outreach, government, researchers, and

farm practitioners in a coordinated approach that was closely

monitored and employed the required skill set.

To properly monitor progress with area-wide management,

innovative and remote CM monitoring is needed so that hot-spots of

CM can be identified and more easily targeted —preventing spread to

less infested areas of orchards. Suggested monitoring trap densities to

achieve this are debated (between 2.5 traps/ha and 1 trap per 21 ha).

Perhaps, 0.25 traps/ha would be viable, but more research would be

needed to determine this for a UK situation. Certainly, higher trapping

densities are more likely to identify sources of CM invasion.
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Most monitoring is based on the detection of male CM flight.

However, there are already products available to monitor female

CM flight. MD requires at least four contiguous hectares of orchard

to be treated with buffer zones of 200 m or more. It is essential that

monitoring continues in MD orchards, especially assessing the

mated status of females, by using a lure such as CM DA-Combo

or 4-K lure. These latter products might even be used to trap-out

female CM in the future. The intensive trapping densities needed

for adequate monitoring could be resolved with remote camera trap

and moth identification and count technology. Action thresholds

for CM insecticide sprays change in MD strategies and should be

investigated in UK orchards.

Globally, there is evidence that in some areas, CM already has

an extra generation due to changing climate, and perhaps changes

to its phenology caused by insecticide pressure. Changes to seasonal

average temperatures are expanding the flight periods and

phenology- temperature-based prediction models may also

need revising.

Future recommendations on furthering semiochemical control

could include the following: (1) exploit existing female attractants to

mass trap female CM alone or in combination with MD for male CM;

(2) consider incorporating other VOCs including (E)-b-ocimene,

DMNT, (Z)-3-hexenyl acetate, nonanal, b-caryophyllene,
germacrene D, (E,E)-a-farnesene, and methyl salicylate; (3)

determine action thresholds for CM insecticide sprays under MD

strategies; (4) investigate the potential of repellent spray formulations

at peak egg laying (e.g., benzaldehyde and butyl acetate are repellent to

mated adult female CM); (5) develop microencapsulated repellent

[e.g., 1,8-cineole (eucalyptol) and a-terpinyl acetate] as sprayable

products to reduce the quantity of active ingredient needed; (6)

combine pear ester as feeding attractant with granulovirus to test if

this enhances control; (7) combine female attractants and repellents in

a “push– pull” approach; and (8) kairomone dual-sex attractants can

be enhanced by the addition of UV-A lights, and may be suitable for

using as a mass-trapping control strategy.

Improvements to monitoring using semiochemicals include (1)

implementation and demonstration of a fully integrated automated

monitoring system on a farm to identify and target treatments

towards CM hot-spots; (2) assessing the reliability of the latest

female or dual-sex attractants for capturing females, to improve the

knowledge of female flight, oviposition, and egg hatch; (3)

incorporation of new “dual- sex” attractant semiochemicals into

monitoring traps to assess if control strategies are working; (4)

comparing and assessing automated traps against manual counts in

orchards, including comparison of the software services, population

models, and reliability of the smart traps; and (5) investigating the

potential for developing a system to distinguish male and female CM.
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FIGURE 2

Codling moth on a pheromone-baited sticky insert inside a
monitoring trap (NIAB).
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Barić, B., and Pajač Živković, I. (2017). The efficacy of mating disruption in the control
of codling moth in Croatia, with special reference to the costs. Pomologia Croatica: Glasilo
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