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1 Introduction

A group of relatively small moths in the family Tortricidae is commonly the most
destructive insect pests of deciduous tree fruits throughout the world (van der
Geest and Evenhuis 1991). Within each geographical area there is typically a
defined group of tortricids. This group can include key species whose larvae
feed on fruit, externally or internally, and which drives the entire seasonal
pest management programme, and any number of external feeders whose
larvae may cause sporadic fruit injury and require occasional management.
Successful control of tortricids can have a significant impact on the global trade
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2 Integrated management of tortricid pests of tree fruit

of tree fruits and various phytosanitary regulations are in place to counter their
accidental introduction into new areas.

Tactics employed to manage tortricids in tree fruits have most commonly
relied on the repeated applications of insecticides from a relatively large
number of mode-of-action classes. However, food safety concerns (which
restrict rates, timing and maximum levels of post-harvest pesticide residues)
have increasingly limited the options for insecticide use. Issues with the loss
of pest susceptibility due to selection for resistance, and/or loss of product
and entire insecticide class registrations due to increasing environmental
and human health concerns, have been major factors in the redesigning of
management programmes into the twenty-first century.

Initial attempts to find alternative methods of pest management
proved problematic. Integrated pest management (IPM) and the broader
concept of integrated fruit production (IFP) are paradigms pioneered in
the 1970s to establish sustainable agriculture based on ecological and
economic principles (Kogan 1998; Avilla and Riedl 2003). However, growers
throughout the world who applied these concepts during the 1990s still
experienced serious problems managing tortricids with the available
arsenal of broad-spectrum insecticides and insect growth regulators (Varela
et al. 1993; Sauphanor and Bouvier 1995; Pree et al. 1998; Ahmad et al.
2002). IPM programmes also failed to avoid secondary pest outbreaks from
phytophagous mites, aphids, true bugs and leaf miners, further increasing
the chemical inputs required to grow clean fruit (Prokopy and Croft 1994;
Blommers 1994).

As a result, orchard pest management in the last decade of the
twentieth century was in a serious state of flux driven by the evolution of
pesticide resistance in the key tortricid pests, an unpredictable status of a
suite of secondary pests, and the increasing regulatory restrictions on pest
management forcing lower chemical residues, greater protection for workers
and their families, and stricter containment of spray drift and surface water
run-off (Beers et al. 2003; Weddle et al. 2009).

From a positive perspective these ecological and societal pressures also
created new opportunities for the development of more selective pesticides
that can increase the role of biological control (Jones et al. 2009a; Mills et al.
2016; Beers et al. 2016a,b), sprayer technologies (Fox et al. 2008), orchard
architecture (Simon et al. 2006, 2007; Dorigoni 2016), monitoring tools and
implementation of action thresholds to avoid unnecessary perturbations
to the ecosystem (Knight and Light 2005a,b; Knight et al. 2014), partial
replacement of pesticides with sex pheromone-based mating disruption
(Miller and Gut 2015; loriatti and Lucchi 2016) and the rapid dissemination of
expert knowledge of how to best implement IPM via sophisticated computer-
aided decision frameworks (Jones et al. 2009b; Damos 2015). This chapter
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Integrated management of tortricid pests of tree fruit 3

summarizes the recent literature associated with several applied aspects of
tortricid management.

2 Tortricid systematics and general biology

The Tortricidae is a single family contained within the superfamily Tortricoidea.
With approximately 11400 described species in 1170 genera (Brown 2005;
Gilligan et al. 2018) it is one of the largest families of microlepidoptera, and
nearly 1000 species have achieved pest status (Zhang 1994). Tortricid adults
are small moths (wingspan up to 35 mm) recognized by a combination of
morphological characters, such as well-developed ocelli and chaetosema
above the compound eye, an unscaled proboscis and horizontal labial palpi
(Horak 1991). The structure of the flat ovipositor lobes in the female is the only
character that unites the entire family (Horak and Brown 1991). Recent studies
have used molecular data to reconstruct robust phylogenies for the family at
the tribal level (Regier et al. 2012; Fagua et al. 2016). Tortricids are distributed
worldwide, with the greatest species diversity found in the Neotropics (Regier
et al. 2012). Most economically important species are found in two tribes:
Grapholitini (Olethreutinae) and Archipini (Tortricinae).

Tortricid biology varies substantially. Larvae feed on foliage, in galls,
bore into root stems and fruits, feed on seeds and flowers, on detritus or leaf
litter, and a few species are predatory (Brown et al. 2008). Pest species can
be categorized as external (most Archipini) or internal fruit feeders (most
Grapholitini). External feeders construct a silken nest of rolled or folded
leaves and feed on leaves, buds, flowers and sometimes directly on fruit.
Economic damage is caused by their indirect feeding on fruit that causes
premature fruit drop during the season or leads to secondary, post-harvest
microbial infections on injured fruits. Larvae of internal feeders may feed on
leaves or in stems in early instars but will eventually bore directly into fruit and
feed on the seeds. Larvae of most tortricids complete four to six instar stages
and overwintering can occur as an egg, larva or prepupa. Larvae are solitary
feeders though more than one internal feeding larva can occur in fruits at
high pest densities. Following eclosion adults are reproductively mature
and sexual activity is typically limited by temperature and occurs during
defined circadian periods, that is dusk through scotophase. Females lay eggs
individually or as multiple egg masses and the realized fecundity can range
from 50 to 800 eggs. Adults can be quite dispersive, and species can have
a narrow to wide larval host range of deciduous shrubs and trees. Typically,
there are a number of parasitoids attacking tortricids including tachinids and
several hymenopteran families. Predation of immature stages by a suite of
generalist predators present in orchards including spiders, earwigs, beetles
and lacewings can be important.

Published by Burleigh Dodds Science Publishing Limited, 2019.



4 Integrated management of tortricid pests of tree fruit

3 Key species, distribution and dispersal mechanisms

The importance of tortricid pests in tree fruits can be examined by considering
four key species:

e codling moth (CM), Cydia pomonella (L.)

e oriental fruit moth (OFM), Grapholita molesta (Busck)

e light brown apple moth (LBAM), Epiphyas postvittana (Walker)

e obliquebanded leafroller (OBLR), Choristoneura rosaceana (Harris)

The first two species are internal fruit feeders in the tribe Grapholitini
(Olethreutinae) with a worldwide distribution. OFM can also complete its
development inside young shoots (Myers et al. 2006). Their management is the
keystone of seasonal programmes and a driver of phytosanitary regulations
and world trade of pome and stone fruits (Willett et al. 2009; Drogue and
DeMaria 2012; Neven et al. 2018).

CM is apparently absent from Japan, Taiwan and Korea despite the climatic
suitability of portions of the tree fruit production regions (Kumar et al. 2015). CM
has been purported to be eradicated from Brazil through an organized urban
host removal and pest management programme (Kovaleski and Mumford
2007). In contrast, the pest distribution of CM in China, by far the largest tree
fruit producer, has increased across seven provinces (Men et al. 2013). OFM is
originally from Asia (Kirk et al. 2013) but its distribution is now worldwide and in
some geographical areas it has become a serious pest of pome fruits (Kovanci
et al. 2004; Il'ichev et al. 2004). Geographical range expansion of OFM into
new production areas such as eastern Washington State could be impacted by
climate change (Neven et al. 2018).

LBAM and OBLR are in the tribe Archipini (Tortricinae) and are primarily
leaf feeders with broad host ranges. LBAM originated from Australia and has
been recorded from more than 500 plant species in 121 families (Brockerhoff
et al. 2011). Recently, LBAM was accidentally introduced (hypothesized via
importation of infested plant nursery material) into several new production
areas, including California (Suckling et al. 2014). Eradication of LBAM from
California with aerial applications of sex pheromone was attempted in 2007,
but was terminated following public health concerns (Carey and Harder 2013).
OBLR is the largest tortricid in North America and the adult dispersal into
managed crops from surrounding unmanaged host plants has contributed to
its importance in pome and stone fruits in both the humid eastern and arid
western orchards (Chapman 1973; Evenden and Judd 1999).

Adult dispersal capacity is a variable trait with significant heritability in CM
(Schumacher et al. 1997a), which can be selected under laboratory conditions
and correlates with dispersal distance in the field (Keil et al. 2001a). No major
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differences in flight capacity between males and females were found under
laboratory conditions (Schumacher et al. 1997a), but higher flight activity was
found at different ages according to sex (Keil et al. 2001b). Flight activity is
higher in mated than virgin females and increases during the egg-laying period;
therefore, no dispersal will take place before mating and the oogenesis-flight
syndrome is not present in this species (Schumacher et al. 1997b). Dispersal
capacity is higher in individuals with smaller body weight associated with a
significant reduction in fecundity, which suggests a trade-off between dispersal
and fitness (Gu et al. 2006). Such findings indicate that CM populations are
formed by a majority of sedentary individuals with low dispersal capacity and
short dispersal flights, but a small proportion of dispersing individuals with
smaller body sizes and lower fecundities are present and can undertake long-
distance flights (Gu et al. 2006).

Spatial analyses of tortricid dispersal have mostly considered males
caught in sex pheromone-baited traps (Mani and Wildbolz 1977; Sciarretta
and Trematerra 2006; Basoalto et al. 2010; Margaritopoulos et al. 2012).
Dispersal by females has been measured indirectly through the spread of
fruit damage between generations (Knight et al. 1995), but more directly by
using microsatellite markers and sibship analysis (Franck et al. 2011). The latter
authors found that females mainly clustered their eggs among nearby edge
trees within the same orchard (ca. 8 m away) and showed the mean dispersal
distance between two oviposition sites was 30 m and the median 10 m.
Geostatistical tools have been used to estimate the influence of landscape
attributes on trap catch (Trematerra et al. 2004; Basoalto et al. 2010; Comas
et al. 2012). A field technique which involves marking adults with low cost
crude food proteins (milk, egg, wheat or soybean) and then releasing and
re-capturing has been developed to study dispersal (Jones et al. 2006a,b;
Basoalto et al. 2010). Overall, these studies show that CM adults can move a
few 100 m between generations.

The characteristics of moth movement among host patches is important
for monitoring and for optimal selection of tactics. Traps placed near orchard
borders facilitate checking and are more effective indicators of pestimmigration
and local injury levels (Knight 2007b; Merckx et al. 2009). Dispersal from
unmanaged surroundings into managed orchards is also of great relevance for
insecticide resistance evolution (Fuentes-Contreras et al. 2007, 2008). Dispersal
of adult CM among orchards and unmanaged hosts is affected by area and
connectivity between habitat patches (Trematerra et al. 2004; Garcia-Salazar
et al. 2007; Tyson et al. 2007; Ricci et al. 2009, 2011), but other factors such
as patch resource quality and population density may also be relevant. For
example, unmanaged host plants frequently show alternate fruit bearing, and
therefore likely strongly influence seasonal dispersal patterns between habitat
patches (Gu et al. 2006).
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4 Insecticide programmes

Registered insecticides from 13 mode-of-action classes (Elbert et al. 2007)
remain the primary approach to manage tortricids in orchards (Damos et al.
2015). Available chemistries include broad-spectrum and more selective
synthetic materials, as well as microbial insecticides (Cox et al. 1995; Dhadialla
et al. 1998; Thompson et al. 2000; McCann et al. 2001; Carlson et al. 2001;
Charmillot et al. 2001; Lahm et al. 2005; Dripps et al. 2008; Lacey and Shapiro-
llan 2008; Casida 2018). Sprays are primarily targeted against the neonate
larvae of the internal feeders to prevent fruit injury. Unfortunately, insecticides
which primarily rely on oral uptake typically have only marginal effectiveness
against internal feeders, and timing is critical to contact larvae before they bore
into plant tissue (Cox et al. 1995; Ballard et al. 2000a). Tortricid larvae feeding
inside rolled leaves are more exposed and the spray timing is less critical (Jones
et al. 2005). Some insecticide classes are also effective as ovicides (Charmillot
and Pasquier 1992; Borchert et al. 2004; Gokce et al. 2009; Magalhaes and
Walgenbach 2011). Activity against the adult stages can be significant though
sprays are not typically timed for this life stage (Knight 2010a; Navarro-Roldan
et al. 2017). Regardless, spray coverage is a key factor affecting the efficacy of
insecticides and growers have adopted specialized sprayers to both minimize
driftand maximize coverage (Panneton etal. 2005). Border sprays can be used to
supplement programmes on uphill slopes and borders with proximity to extra-
orchard populations (Trimble and Vickers 2000). The selectivity of insecticides
against the natural enemies of tortricids, as well as their impact on key natural
enemies of secondary pests, has allowed development of programme strategies
that optimize the role of biological control during the season (Valentine et al.
1996; Beers et al. 2005; Biondi et al. 2012; Mills et al. 2016).

Insecticide-based management programmes are inherently threatened
by the evolution of pest resistance (Roush and Tabashnik 1990). Levels of
resistance to deltamethrin in populations of CM were found to be nearly 1000-
fold in southern France (Sauphanor et al. 1997) and 10000-fold to granulosis
virus in Europe (Asser-Kaiser et al. 2007); yet, resistance levels <10-fold
were associated with CM control failures in organophosphate-based pear
programmes in California (Varela et al. 1993). The history of insecticide usage in
tree fruits, as well as other crops, has been characterized as a ‘reactive’ approach
to sequential failures with one class of insecticides adopted as the older class
failed (Onstad 2008). Loss of pest susceptibility to sprays has tremendous
practical and economic impacts which can drive major transformations in pest
management, including in tree fruits (Knight and Norton 1989; Kazmierczak
etal. 1993).

Baseline field surveys for resistance in tortricid populations have been
conducted with several classes of insecticides across most geographical areas
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of these pests using a variety of bioassay approaches (Knight et al. 1994,
2001a; Sauphanor et al. 2000; Pasquier and Charmillot 2003; Knight 2010b).
In some cases significant differences among bioassay methods suggested
the need to standardize methodologies (Sauphanor et al. 1998a; Reyes and
Sauphanor 2008; Magalhaes et al. 2012). In response, standardized surveys
have been conducted across large geographical areas (Reyes et al. 2007,
2009). To date, significant resistance levels in CM have been found to all
but one class of insecticides (anthranilic diamides) (detailed by Bosch et al.
2018). The susceptibility of OBLR to the newest classes of insecticides is more
variable (Sial and Brunner 2010). In addition, laboratory experiments with OBLR
demonstrated that resistance to chlorantraniliprole can be selected for over 12
generations, but reverted back to baseline levels after removing selection for
five to six generations (Sial and Brunner 2012).

Growers have been fortunate to be able to switch to other classes of
insecticides when resistance occurs, but the frequent occurrence of cross-
resistance can severely limit these options (Sauphanor and Bouvier 1995;
Sauphanor et al. 1998b; Dunley and Welter 2000; Smirle et al. 2002; Dunley
etal. 2006; Reyes etal. 2007; Mota-Sanchez etal.2008; Knight 2010b; Voudouris
et al. 2011). Nevertheless, organized resistance management practices have
been developed and implemented such that insecticides with different modes
of action are rotated or limited to a single generation (Sparks and Nauen 2015).
These efforts are noteworthy, but likely the further integration of management
programmes with mating disruption, microbial insecticides and physical
orchard manipulations will remain the most effective approach to maintain pest
susceptibility to insecticides (Kienzle et al. 2003).

Numerous studies have examined the mechanisms associated with
insecticide resistance in CM, including both enhanced enzymatic detoxification
response (cytochrome P450 monooxygenases, glutathione transferases
and esterases) (Rodriguez et al. 2011) and target site mutations (Reyes et al.
2007). A few point source mutations have also been detected including
acetylcholinesterase (Cassanelli et al. 2006) and a knockdown resistance
(kdr) mutation (Brun-Barale et al. 2005). Various studies have found that
development of resistance has a fitness cost to adult tortricids (Carriére et al.
1994; Boivin et al. 2001, 2003, 2004; Konopka et al. 2012; Navarro-Roldén and
Gemeno 2017). Changes in sex pheromone-based communication associated
with insecticide resistance has also been shown (El-Sayed et al. 2001; Delisle
and Vincent 2002; Trimble et al. 2004). Pear ester ((E, Z))-2,4-decadienoate was
identified as a potent kairomone attractive to both sexes of CM and neonate
larvae (Light et al. 2001; Knight and Light 2001). Sauphanor et al. (2007)
suggested that adult CM's response to pear ester, in France, was greater in
insecticide-resistant populations, but this was not supported in a later Spanish
study (Bosch et al. 2015). A variety of sublethal effects on larvae and adults have
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8 Integrated management of tortricid pests of tree fruit

been documented with the newer classes of insecticides which could have
significant impacts on the management of tortricids (Sun and Barrett 1999;
Sun et al. 2000; Borchert et al. 2004, 2005; Knight and Flexner 2007; Barrett
2008; Navarro-Roldan and Gemeno 2017). For example, levels of mating in CM
field populations were found to be lower in blocks treated with the diamide,
chlorantraniliprole, than in similar blocks treated with sex pheromones for
mating disruption (Knight and Flexner 2007). The observed effects on calling
behaviour and mating success detailed in this chapter were consistent with
the primary mechanism of diamides and the depletion of intracellular calcium
stores in muscle cells interfering with muscle regulation causing paralysis and
ultimately death (Cordova et al. 2005).

5 Insecticide use in organic tree fruit production

The proportion of tree fruit production under certified organic regulation
continues to grow around the world due to an increasing consumer demand
and favourable economics (Marliac et al. 2015; Granatstein et al. 2016). This is
made possible by a greater number of tools and natural products to control
key tortricids. Nevertheless, tortricid management in organic orchards has a
much more limited set of insecticides than is available for conventional growers
(Knight 1994; Mills 2013).

Various formulations of the gram-positive bacterium Bacillus thuringiensis
(Bt) (subsp. kurstaki and subsp. aizawai) contain different groups of toxic Cry
proteins and are widely used against leaf rollers (Knight 1998a). Effective
uptake of Bt by leaf roller larvae early in the season is strongly impacted by
temperature. Sublethal exposures to Bt can shift a population’s phenology and
a subsequent spray’s effectiveness (Knight 1997a). Sprays applied in the spring
can be timed to minimize the negative effect against the various parasitoids
utilizing the larval hosts (Cossentine et al. 2003). Various feeding stimulants
have been used to enhance the effectiveness of Bt (Farrar and Ridgway 1995;
Pszczolkowski et al. 2004). Cry proteins are also lethal when ingested by internal
fruit feeders (Atanassov et al. 2002; Boncheva et al. 2006) and are used alone
or in combination with CpGV in some geographical regions, that is Argentina.
Resistance to Bt has been selected for in a laboratory colony of LBAM (Harris
et al. 2006), but it has not been documented in field populations with any
tortricid. Incorporation of Bt genes into transgenic apple has been discussed in
the literature and privately demonstrated under quarantine, but has not been
developed commercially (Wearing and Hokkaner 1994).

Spinosyns, neuroactive insecticides attacking nicotinic acetylcholine
receptors (Biondi et al. 2012), are allowed in certified organic orchards
because they are derived from fermentation of the actinomycete bacterium,
Saccharopolyspora spinosa Mertz & Yao, and are highly effective targeting larval
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tortricids (Smirle et al. 2003; Arthurs et al. 2007a). However, cross-resistance
to spinosad in CM (Knight 2010b) and OBLR has been noted (Ahmad et al.
2002; Smirle et al. 2003; Sial and Brunner 2010). Repeated use of this material
has also been associated with outbreaks of secondary pests, such as aphids
leading many organic growers to avoid its overuse (Delate et al. 2008; Biondi
et al. 2012). In addition, the total seasonal use of spinosad is limited and
the organic formulation has a relatively short residual effectiveness against
tortricids when compared with newer formulations of this class of insecticide
(Smirle et al. 2003; Depalo et al. 2016). The addition of feeding stimulants, such
as monosodium glutamate or a monosodium glutamate receptor agonist can
significantly improve spinosad activity against leaf-feeding tortricids; however,
this approach has not been commercially developed (Pszczolkowski and Brown
2002, 2004).

Commercial formulations of the CM granulosis virus (CpGV) are widely
used (estimated at 150000 ha annually) in organic and IFP orchards (Lacey
and Shapiro-llan 2008). Unfortunately, the effectiveness of CpGV is limited
by its sensitivity to ultraviolet (280-320 nm) radiation and the need for larval
ingestion (Lacey et al. 2004). Growers in Washington State can apply up to
14 applications of the virus during the season and achieve only moderately
effective fruit protection within a season (Arthurs et al. 2005). The repeated
use of CpGV over a number of years can be effective in reducing populations
(Lacey and Shapiro-llan 2008).

Efforts to protect the virus from solar radiation have tried various adjuvants
butimprovements have been marginal (Ballard etal. 2000b; Arthurs et al. 2008).
Asecond approach to improve the performance of CpGV has been the addition
of feeding stimulants, and have included sugary baits, non-nutritive sugar
substitutes, that is monosodium glutamate, and the amino acid, L-aspartate
(Ballard et al. 2000a,b; Pszczolkowski and Brown 2002, 2004; Arnault et al.
2016). Results from several studies examining the potential of using pear ester
in both apple and pear to enhance CpGV have been inconsistent (Arthurs et al.
2007b; Schmidt et al. 2008; Knight et al. 2015). However, field studies showed
that the activity of CpGV could be enhanced by adding either the common
brewer yeast Saccharomyces cerevisiae Meyen ex E. C. Hansen, or one of
several yeasts isolated from field-collected larvae in combination with brown
cane sugar (Knight and Witzgall 2013; Knight et al. 2015). Importantly, the
numbers of overwintering larvae on trees was significantly reduced following
a seasonal programme of CpGV plus yeasts and sugar in this latter study.
Achieving reductions in fruit injury was more problematic with all adjuvants, as
larvae commonly caused small ‘stings’ to the fruit and levels of unblemished
fruit were not increased with the additives.

High levels of field resistance to CpGV have been detected in some
European populations (Fritsch et al. 2005; Sauphanor et al. 2006). Unfortunately,
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10 Integrated management of tortricid pests of tree fruit

this resistance is stable and does not confer a fitness cost (Undorf-Spahn
et al. 2012). This resistance to commercial isolates of CoGV was overcome
by identifying new effective virus isolates (Berling et al. 2009). CpGV isolates
can also exhibit activity for OFM (Lacey et al. 2005; Zingg et al. 2012). Viruses
have been isolated from other tortricids, but none have been commercialized
(MacCollom and Reed 1971; Pronier et al. 2002).

Horticultural oil is widely used alone and as an adjuvant (spreader,
penetrant) with various insecticide sprays targeting a range of soft-bodied
arthropod pests, for example aphids, psyllids, scales and mites (Davidson
et al. 1991; Hilton et al. 1992). Oil can also be effective as a topical treatment
of tortricid eggs via suffocation (Riedl 1995; Fernandez et al. 2005). Modern
summer spray oils are highly refined with a narrow molecular weight range to
minimize phytotoxic effects (Davidson et al. 1991). However, growers generally
avoid their overuse and must consider the sensitivity of plant tissue based on
air temperature, rate and fruit sensitivity (Willett and Westigard 1988; Hilton
etal. 1992).

Various plant extracts and essential oils have been evaluated to control
tortricids (Larocque et al. 1999; Landolt et al. 1999; Lowery and Smirle 2000;
Machial et al. 2010; Durden et al. 2010; Pszczolkowski et al. 2011). One focus
has been on the potential role of water soluble sugar metabolites on oviposition
by CM (Lombarkia and Derridj 2002). Significant differences in CM oviposition
across several apple cultivars was correlated with the cultivars’ different sugar
and sugar alcohol levels (Lombarkia and Derridj 2008). The addition of sugars
with a neonicotinyl insecticide was evaluated and the observed reduction in
fruitinjury was associated with reduced oviposition (Arnault et al. 2016). Studies
suggested that some of the activity of CoGV is due to reductions in oviposition
associated with changes in leaf chemical signals (Lombarkia et al. 2013).

Pear ester sprayed on leaves or fruit causes increased larval wandering
and longer arrestment times which can both extend the topical exposure
of larvae to insecticides (Light and Beck 2010, 2012). Greater exposure to
insecticides when combined with pear ester could allow managers to reduce
rates of insecticides, boost the effectiveness of some classes of insecticides,
and ameliorate the effects of poor spray coverage. Choice and no-choice
bioassays demonstrated that pear ester stimulated CM oviposition (Knight and
Light 2004) and increased the median distance eggs were laid from fruits which
was hypothesized to contribute to the observed reduced fruit injury (Pasqualini
etal. 2005a,b). A microencapsulated (MEC) formulation of pear ester (CideTrak
DA-MEC, 5% A.l.) has been registered for conventional and organic production
and has been carefully characterized, including capsule density, size range,
emission rates and shown to have a residual attractiveness of 14 days (Light and
Beck 2010). Various field trials were conducted that added pear ester to different
classes of insecticides with a range of residual and oral route of exposures in
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both walnut, Juglans regia L. (Light and Knight 2011) and apple (Knight and
Light 2013). In general, pear ester significantly improved the performance of
synthetic insecticides with residual effectiveness and also reduced nut injury by
the navel orangeworm, Amyelois transitella Walker, in walnut (Light and Knight
2011). Results with pear ester in both laboratory and field trials with insecticides
requiring ingestion even when used with purported feeding stimulants have
been more variable (Arthurs et al. 2007b; Schmidt et al. 2008; Light and Knight
2011; Knight and Witzgall 2013; Knight et al. 2015).

6 Physical crop protection

Particle films are widely used in apple production for a number of management
objectives. Originally, the use of a hydrophobic kaolin formulation was
developed to broadly suppress pests and diseases in tree fruits (Glenn et al.
1999). Subsequent studies showed that particle films could enhance plant
growth, fruit yield and quality, in pome and stone fruits (Glenn et al. 2001;
Lalancette et al. 2004). A liquid formulation was subsequently developed, and
growers created specific uses for this, including early season management
of pear psylla, Cacopsylla pyricola (Foerster), in pear orchards (Puterka et al.
2005), and mid- to late-season use in apple to reduce heat stress (Glenn et al.
2002). Studies showed that particle films could also suppress CM and OBLR
populations (Unruh et al. 2000; Knight et al. 2000a; Sackett et al. 2005) and
impact moth movement within and between orchards (Jones et al. 2006a,b).
Unfortunately, seasonal use of kaolin films has been associated with several
pest problems due to disruption of biological control of pests, such as leaf
miners and phytophagous mites (Knight et al. 2000b; Sackett et al. 2007; Marko
et al. 2008; Bostanian and Racette 2008).

Two additional physical methods have been considered and used on a
limited basis to manage tortricids: bagging individual fruits on trees (Sharma
etal.2014; Zheng etal. 2015) and the use of overhead watering to disrupt moth
flight, oviposition, and egg and larval survivorship (Knight 1998b). Bagging is
obviously a highly labour-intensive method and likely has no practical use in
commercial fruit production in developed countries, except very niche markets,
that is special gifts in Japan. Overhead watering has been used for evaporative
cooling of orchards to minimize fruit sunburn (Evans et al. 1995), and levels
of fruit injury from CM could be reduced by up to 90% with daily watering.
This use of water, however, had severe limitations on the availability of water to
irrigate blocks concurrently, and the build-up of mineral deposits on fruits. The
use of water for sunburn protection has declined as growers made greater use
of netting and particle films (Gindaba and Wand 2005).

The most practical and effective physical approach to manage tortricids
is likely the use of exclusion netting (Lawson et al. 1994). Originally, overhead
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netting of orchards provided insurance for rare hail events or was used before
harvest in select orchards prone to bird predation (Whitaker and Middleton
1999). The high cost of installation compared with these risk factors limited
its use. However, observations that overhead nets could also reduce fruit
injury from tortricids dramatically improved the economics of installing nets
(Graf et al. 1999). The occurrence of resistance to CpGV forced many growers
in southern France to adopt the use of single row hail nets with side walls
(Alt'carpo) to manage CM (Severac and Romet 2008). Subsequent studies have
shown how netting can interfere with the sexual activity and flight of CM (Tasin
et al. 2008; Sauphanor et al. 2012; loriatti and Tasin 2018). The occurrence of
nets in eastern Washington appears to be expanding rapidly due to this effect
and to protect fruits from sunburn while enhancing tree physiology (Lloyd et al.
2005; Bastias et al. 2012). Unfortunately, the use of netting may exacerbate
management of other pests such as aphids (Dib et al. 2010). It is exciting to
hypothesize that future tortricid management programmes could require very
few chemical inputs due to the integration of netting, MD and the release of
natural enemies (Chouinard et al. 2016).

The physical structure of tree canopies and entire orchards can have
significant effects on the management of pests, including tortricids (Stoeckli
et al. 2008; Costes et al. 2013). Canopy architecture directly impacts spray
coverage and the occurrence of refugia within orchards (Xu et al. 2006;
Duga et al. 2015). Tree size and canopy porosity affects the distribution of
microclimates and the phenology of pests (Kihrt et al. 2006). Fruit trees are
complex perennial resources and canopies can be manipulated to minimize
pest incidence and maximize natural enemies (Simon et al. 2006, 2007). The
use of cover crops in orchards to enhance biological control of various pests
has been considered (Fernandez et al. 2008; Bone et al. 2009; Mullinix et al.
2010; Marko et al. 2012), including to benefit natural enemies of tortricids
(Sarvary et al. 2010a,b; Mullinix et al. 2011; Song et al. 2014).

7 Biological control

The transition of tree fruit production to the use of selective insecticides has
greatly increased the role of biological control to suppress tortricid populations
(Beers etal. 2016a). However, the importance of biological control varies widely
between the internal fruit feeders and the foliage feeders. The use of natural
enemies for the key pests, CM and OFM, has not been relied on for several
reasons (Mills 2005):

e the low threshold for fruit injury

e internal larval feeding which reduces the availability of susceptible life
stages to parasitoids and predators
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¢ the widespread use of pesticide sprays on tree fruits
¢ the paucity of hosts immediately surrounding orchards

Moderate levels of parasitism of CM occurs in unsprayed habitats from wasps
that attack the egg stage, such as Trichogramma spp. and the egg-larval
braconid, Ascogaster quadridentata Viereck (Delury et al. 1999; Suckling
et al. 2002). Inundative releases of Trichogramma spp. have had only marginal
success due to the biology of the parasitoids, the quality of mass-reared
insects and the significant pesticide residues in orchards (Lawson et al. 1997;
McDougall and Mills 1997; Mills et al. 2000; Mills 2003; Brunner et al. 2005).
One novel integrated effort demonstrated that egg parasitoid populations
could be sustained after a single release in orchards via releases of sterile
moths, with parasitoids developing from the sterile eggs laid in the orchard
(Bloem et al. 1998). Significant classical biological control efforts importing
parasitoids from Kazakhstan have been attempted and a few species have been
disseminated to other fruit-producing regions (Unruh 1998; Kuhlmann and
Mills 1999). The biology of the ichneumonid, Mastrus ridibundus (Gravenhorst),
an ectoparasitoid that attacks cocooned larvae, has been intensively studied
(Bezemer and Mills 2001; Hougardy et al. 2005; Devotto et al. 2010). Predation
of CM eggs and diapausing larvae is likely a more important aspect of biological
control (Riddick and Mills 1994; Knight et al. 1997; Monteiro et al. 2012; Boreau
de Roince et al. 2012) and gut content analysis has been used to characterize
the major predators, that is carabids, spiders, earwigs and harvestmen (Unruh
etal. 2016).

The use of more selective insecticides has also expanded the importance
of natural enemies of leaf rollers (Vakenti et al. 2001; Cossentine et al. 2004;
Pluciennik and Olszak 2010; Monteiro et al. 2012). In some regions the
combined activity of these guilds has likely contributed to significant declines
in their pest status (Blommers 1994; Lo et al. 2018). Interestingly, parasitism
of LBAM introduced into California quickly rose to levels found in Australia
(Burgi and Mills 2014; Burgi et al. 2015). Predation of eggs and larvae is
often important (MaclLellan 1973; Miliczky and Calkins 2002). An ingenious
conservation approach to establish a sustained role for biological control of
leaf rollers involves the orchard planting of rose/strawberry gardens infested
with the tortricid Ancylis comptana (Frélich), an alternate host for the eulophid
parasitoid, Colpoclypeus florus (Walker) (Pfannenstiel et al. 2010; Unruh et al.
2012).

Parasitic nematodes have also been investigated to supplement
management of tortricids (Lacey et al. 2006; Negrisoli et al. 2013). Their
use requires careful handling to be effective, including selection of the best
adapted nematode species for the local climate (Lacey et al. 2006). The required
occurrence of suitable temperatures for nematode searching behaviours and

Published by Burleigh Dodds Science Publishing Limited, 2019.



14 Integrated management of tortricid pests of tree fruit

maintenance of high humidity by wetting tree trunks are difficult factors to
control during late season when larvae move into overwintering sites in the
arid production areas of the world (Unruh and Lacey 2001; Lacey et al. 2006).

8 Mating disruption

Identification of tortricid sex pheromones has been a key driver in the design
of effective management programmes allowing both improved decision-
making for the need and timing of sprays and in direct control via disruption
of mating (Witzgall et al. 2008; loriatti and Lucchi 2016). Grower adoption of
various MD tactics, that is sprayable microencapsulated formulations, various
hand-applied dispensers, and the use of aerosol emitters (Miller and Gut 2015)
and has allowed significant reductions in insecticide applications (Knight 1995,
2008; Gut and Brunner 1998). Other tortricids have become more problematic
following the initial adoption of MD for CM and associated reductions in broad-
spectrum insecticides (Knight 1995; Walker and Welter 2001). The level of
female mating under MD appears to be high for CM (Knight 2006, 2007a) and
OBLR (Knight etal. 2017), and much lower with OFM (Cichon et al. 2013; Mujica
et al. 2018). The effectiveness of MD may also be achieved through causing
a delay in mating (Knight 1997b; Vickers 1997; Fraser and Trimble 2001;
Foster and Howard 1999; Jones et al. 2008a). Sex pheromone dispensers for
MD are a sizeable upfront cost for growers, but dual dispensers for CM and
OFM (Stelinski et al. 2007, 2009) and CM and leaf rollers (Judd and Gardiner
2006a; Lo et al. 2013; Porcel et al. 2014) have been registered to help reduce
application costs.

Pear ester has also been developed to improve mating disruption of CM
(Light and Knight 2005). Studies have shown that the proportion of unmated
female moths is significantly higher in blocks treated with various dispensers
releasing both sex pheromone and pear ester than only sex pheromone (Knight
et al. 2012a,b). The repeated applications of a microencapsulated formulation
of pear ester to improve insecticidal activity (Knight and Light 2012) can also
increase the level of MD in treated blocks (Knight and Light 2014).

9 Precision pest management

With the rapid development of GPS-driven applications including mapping,
record keeping and variable-rate spray technology, new opportunities are
available to further optimize aspects of orchard management (Sonka and
Coaldrake 1997). Combined with new monitoring tools and the ability to
process voluminous data remotely site-specific pest management seems
plausible (Fleischer etal. 1997, 1999; Zijlstra et al. 2011). Development of more
effective traps and lures including female attractants has improved correlations
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of moth catches with local pest levels (Knight et al. 2005, 2014; Knight and
Light 2005b; Padilha et al. 2017). Standardized methodologies for trap density,
placement within the orchard and proximity to MD dispensers are some of
the important factors affecting the reliability of traps (Gut and Brunner 1996;
Knight et al. 1999; Knight 2007b; Hsu et al. 2009). Kairomone blends including
acetic acid combined with, either pear ester or nonatriene for CM (Landolt
et al. 2007; Knight and Light 2012); 2-phenylethanol for OBLR and Pandemis
spp. (Judd et al. 2017a; Knight et al. 2017); phenylacetonitrile for LBAM and
eye-spotted bud moth, Spilonota ocellana (Denis and Schiffermller) (El-Sayed
etal.2016; Judd et al. 2017b); and terpinyl acetate for OFM (Mujica et al. 2018)
have significantly increased growers’ ability to monitor moths even under MD
programmes. Improved phenological monitoring, including more accurate
models (Knight 2007c; Joshi et al. 2016), are more effectively timed with female
moth catches (Knight and Light 2005c¢; Barros-Parada et al. 2015).

The ability to monitor female tortricid populations creates an opportunity
to redesign orchard pest management (Light et al. 2001; Hughes et al. 2003).
Precision management of CM can be defined as an approach that restricts
the spatial application of sprays based on site-specific pest monitoring data
(triggers), such as moth catch, that is conveniently matched to the coverage
provided by spray tank capacity (Knight et al. 2009). The first step is to map the
orchard and create management subunits surrounding each trap. Treatments
are then applied to designated areas in response to the magnitude of moth
catches and consideration of other factors, such as risk preference, pest history,
status of other pests and biological control agents in the orchard, and the
requirements imposed by other crop production practices. This approach has
been demonstrated over several years to reduce total production costs through
reduced spray applications. Additional benefits from reduced spraying may be
derived from conservation of biological control agents (Knight et al. 2011). The
orchard managers also appreciated the programme, because treating only
portions of orchards allowed them to move labour crews around the spray
teams within the same location and reduced the costs of moving labour and
associated equipment to alternate orchard work locations during treatment
and re-entry intervals. The result was less downtime and increased efficiencies
in other production tasks. Development of smart traps, especially if multiple
species can be monitored together, will likely facilitate this approach (Guarnieri
etal.2011; Kim etal. 2011).

A complicating factor in improving precision in pest management is climate
change. The predicted scenario of a gradual warming trend across the major
fruit production areas will impact tortricid pests by increasing their generation
numbers per year and disrupting diapause induction and termination (Bale
and Hayward 2010; Luedeling et al. 2011; Stoeckli et al. 2012). Phenological
models are widely used with tortricid pests to target the most susceptible
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life stages (Knight 2007c). Development of female-based models using new
bisexual attractants can reduce the error associated with predicting egg hatch
(Knight and Light 2005c¢; Barros-Parada et al. 2015). The approach of using a
‘Biofix’ (first sustained male catch in sex pheromone-baited traps) to shorten
the time between the start of male flight and egg hatch has been widely
adopted (Riedl et al. 1976). However, the widespread use of MD and a general
decline in the amplitude of moth flights has made selecting a Biofix more
difficult (Jones et al. 2008b). Instead, predicting the timing of egg hatch with
the accumulation of degree days from 1 January has been developed (Jones
et al. 2013). Unfortunately, this method is particularly sensitive to the warming
trends that are occurring. In particular, variable accumulations of degree days
in the winter months can disrupt the typical spring emergence patterns of CM
which could dramatically increase the error in predicting egg hatch (Neven
et al. 2000). The magnitude of this error could be more severe in the warmer
geographical areas supporting tree fruit, that is California in North America.

10 Area-wide IPM

Tortricid adults readily disperse among both managed agricultural habitats
and a variety of surrounding unmanaged host plants (Jeanneret and Charmillot
1995; Knight 2001; Thistlewood and Judd 2003a; Ellis and Hull 2013; Ferrer
et al. 2014). Urban encroachment into traditional agricultural areas affects the
proximity of unmanaged hosts for tortricids impacting orchard management
and production, for example homeowners want their own fruit trees but not
the added labour of growing their trees to mitigate risks to commercial crops.

Given that many tortricids are mobile as both juveniles and adults, and both
managed and unmanaged hosts occur within any given production region, the
design of effective orchard management programmes should consider pest
population dynamics across large areas, including neighbouring orchards
and alternate hosts. Implementation of the first area-wide management
programme for CM in the western United States (CAMP) demonstrated that
increased sampling and monitoring efforts greatly diminished the use of
insecticides (Calkins and Faust 2003). The programme in Washington State was
very successful in terms of pest management, but more importantly, it served
as a vehicle to quickly disseminate new knowledge to the grower community
and extension agents, particularly as it related to MD (Knight 2008). The key
lesson learned from the CAMP programme was that pest management requires
attention, experience and skill to be effective (Knight 1999). Several operational
and organizational factors contributed to the success of the CAMP programme.
First, effective and selective tactics for both the key and secondary pests backed
by technical support were available. Second, the project was well-funded,
coordinated and directly involved growers, researchers, industry leaders and
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government administrators. However, the single key factor affecting the success
of each area-wide programme was the creation of an organizational structure
that allowed neighbouring growers to come together to eliminate ‘problem
orchards or blocks’ through cooperation, peer pressure and education (Knight
2008).

Sterile insect technology (SIT), MD and host-plant removal have all been
used in area-wide programmes in different pome fruit producing areas with
varying levels of success. The programme established along the United
States-Canada border in 1995 combined the use of sterile moths and MD
(Calkins et al. 2000). A similar programme to CAMP was conducted across
both apple and peach growing regions in eastern USA by implementing MD
for CM, OFM and OBLR (Agnello et al. 2009; McGhee et al. 2011). The area-
wide management of CM and OBLR in Washington State used MD for both
pest species supplemented by targeted use of selective insecticides including
microbials (Knight etal. 2001b). Development of a landscape-scale programme
for OFM in Australia required coordination between pome and stone fruit
growers (ll'ichev et al. 2002). The effort to eradicate LBAM from California used
aerial applications of pheromones (Brockerhoff et al. 2012) and the area-wide
eradication programme for CM in Brazil involved removal of host plants across a
large urban region outside of agricultural lands (Kovaleski and Mumford 2007).

The longest-running, most successful area-wide effort to control CM
in North America, and arguably the world, is the Okanagan-Kootenay
Sterile Insect Release Program, OKSIR (Dyck et al. 1993). This socially and
environmentally responsible initiative serves as a unique example of the
power of community-based IPM that has clearly enabled the largest organic
tree fruit industry in Canada. The programme began in 1992 as an effort to
eradicate CM from 8500 ha of pome fruit and surrounding urban properties
in the Okanagan, Kootenay and Similkameen valleys located in the southern
interior of British Columbia (Dyck et al. 1993). Eradication of CM promised
producers and local homeowners the opportunity to grow pome fruits without
the use of insecticides during the fruit development period. Elimination of OPs
was the key environmental target of this programme, which, ironically, was
eventually achieved in totality in 2012 through legislative powers, not pest
management. The lofty goal of eradication was abandoned in 1998, but the SIT
effort continues as part of a more sustainable programme supplemented by
targeted use of MD and selective insecticides (Thistlewood and Judd 2003b;
Judd and Gardiner 2005). The programme currently services ca. 3550 ha of
apples and pears, and reports that throughout the past decade at least 90% of
the orchards it services have suffered less than 0.2% CM fruit damage at harvest
(www.oksir.org).

Several aspects of the Canadian SIT programme are significant to its
success. Firstly, special legislative powers were granted by senior government
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to local municipal governments to allow the taxation of all homeowners and
pome fruit growers residing within the designated service area. This taxation
provides an annual operating budget (Dyck and Gardiner 1992) that now
exceeds $3 million CAD annually (www.oksir.org). Programme implementation
also needed senior levels of government to provide the capital funding
($7.7 million CDN in 1992) to build a large CM rearing facility, and another
$1 million CDN in 1994 to pay growers to apply insecticides to reduce CM
populations. Often overlooked is the fact that during the first 10 years of the
programme nearly 80% of the existing apple orchards were replanted into
high-density dwarfing systems under a government-assisted industry-wide
replant programme. Removal of old, derelict orchards, often harbouring CM
populations, and with higher overwintering survivorship than new orchards,
helped to reduce existing wild populations. Urban property owners were
encouraged to remove unmanaged pome trees often enticed by free tree- and
fruit-replacement programmes.

Weaknesses of this ongoing SIT programme include continuing concern
about the fitness of the sterilized moths to compete with wild moths under
field conditions (Judd and Gardiner 2006b; Judd et al. 2011). Currently moths
are sterilized with ionizing gamma radiation from a Cobalt®® source (Bloem
and Bloem 2000) but advances in alternative sterilization methods using safer,
and less debilitating X-ray methods (Mastrangelo et al. 2010; Yamada et al.
2014) may improve moth quality. Poor performance of sterile CM, especially in
cool springs (Judd et al. 2004), is also related to the mass-rearing system and
cold storage before release (Judd et al. 2006a,b, 2011). Studies on thermal
acclimation of CM offer hope that use of appropriate thermal pre-treatments
may improve field performance of sterile CM under adverse thermal conditions
(Chidawanyika and Terblanche 2011).

Currently the OKSIR programme mostly releases a uniform predetermined
number of moths (2000 mixed-sex moths per ha) once each week to each
orchard across an established grid using ground-based delivery from all-terrain
vehicles over a 4-month period (May-August), regardless of local pest pressure
(Bloem and Bloem 2000). The programme is unable to adjust moth production
quickly in the event of an early spring or during peaks of moth flight as needed.
The programme is unable to target problem sites that emerge during the season
with additional releases of moths due to the lack of adequate resources to assess
its effectiveness. Moth monitoring efforts are carried out weekly and automated
trapping systems (Kim et al. 2011) that could provide daily information are not
yet able to distinguish wild and sterile moths. This means the programme often
reacts to information about inadequate or even excessive sterile to wild ratios
long after the problem has occurred. Targeted moth releases based on daily
trapping would be advantageous because moths could be shunted from where
they are not needed to where they are. The potential for fast targeted release

Published by Burleigh Dodds Science Publishing Limited, 2019.



Integrated management of tortricid pests of tree fruit 19

might be easier if human drivers with fixed daily schedules could be taken out
of the equation. The potential for using drone technology to deliver moths in
this way is being investigated by a number of research groups most notably in
New Zealand (Horner at al. 2016). Researchers are partnering with commercial
drone companies like M3 Consulting Group (www.m3cg.us) that are looking to
expand the range of services they can provide to the agricultural industry.

One of the challenges frequently faced by new SIT initiatives is the capital
cost of building an insect rearing facility (Addison 2005; Botto and Glaz
2010; Blomefield et al. 2011; Horner et al. 2016). Researchers in South Africa
(Blomefield et al. 2011) and New Zealand (Horner at al. 2016) have overcome
this capital investment challenge by importing sterile Canadian moths for
local release. Sales of OKSIR moths into southern hemisphere countries,
especially during the Canadian winter, may provide additional funding which
could be used to refine or subsidize the Canadian programme. If moths from
the Canadian programme can be produced, shipped and released into other
production regions for costs that are competitive with local methods of CM
pest control, then SIT can potentially become another useful management
tactic that could be integrated into existing programmes needing help, such as
organic production (Judd and Gardiner 2005).

11 Post-harvest management

The need to manage tortricids continues after harvest to avoid international
trade disruptions (Vail et al. 1993). Irradiation and heating fruit has been
investigated as a substitute to methyl bromide treatments (Follett and Snook
2012; Wang et al. 2006). A systems approach has been conceptualized that
includes both within-season and post-harvest practices to minimize the
probability (probit 9 efficacy = 99.9968329% mortality) of the introduction of
quarantine tortricid pests (Follett and Neven 2006). Effective culling of fruits
on packing lines is influenced by both fruit characteristics, that is colour, size
of insect injury, the co-occurrence of other visual defects and operational
factors, such as the numbers of fruits sorted per worker-second (Knight and
Moffitt 1991). Progress in developing automated defect inspection processes
based on machine vision and learning is progressing rapidly (Sofu et al. 2016;
Gupta et al. 2018) and the possibility of detecting internal pests in apples in
packinghouses has been explored but does not seem practical due to the
handling times required (Li et al. 2018).

Wooden bins used to harvest fruit are placed in orchards at variable times
before harvest and can become infested with CM larvae that build cocoons in
the bins (Higbee et al. 2001). Stacking of bins during the off-season changes
the temperatures that larvae are exposed to in different areas of the stack and
interferes with moth emergence times during the season. This is problematic
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for timing effective sprays and also causes unexpected hot spots to be created
in orchards near bin stacks. Sharing bins among infested and uninfested
orchards contributes to the regional spread of CM. Bin sterilization with acetic
acid to eliminate insects and disease pathogens has been investigated (Randall
et al. 2011); some packinghouses have developed routine bin sterilization
programmes using hot water emersion (Hansen et al. 2006). The concept of
disinfesting wooden bins through treatment with nematodes has also been
studied (Lacey and Chauvin 1999) and the transition to picking fruit into plastic
instead of wooden bins may reduce the incidence of overwintering larvae
(Waelti 1992).

12 Molecular tools

Advances in molecular biology, genetics and genomics research have
provided various tools and technologies that have and will likely contribute
more towards the management of tortricids. Several molecular genetic tools
have been developed that facilitate identification of these internal feeding
fruit pests relevant to quarantine, importation and management situations.
DNA barcoding via polymerase chain reaction (PCR), quantitative real-time
PCR (gRT-PCR) and PCR restriction fragment length polymorphism (PCR-
RFLP) amplification of mitochondrial cytochrome oxidase | (mCOI) have
been utilized for this purpose (Barcenas et al. 2009; Chen and Dorn 2009;
Kwon et al. 2018). gRT-PCR assay of ribosomal RNA has also been used for
diagnostic identification of LBAM in North America (Barr et al. 2011). Simple
sequence repeat microsatellites are rapidly evolving genetic loci that are
selectively neutral and vary in number of repeated units. These features
make microsatellites very useful for studying population genetics and gene
flow (Franck et al. 2005, 2011; Fuentes-Contreras et al. 2008; Chen and Dorn
2010; Kirk et al. 2013). A better understanding of the population structures
of tortricid pests at the genetic level informs IPM through identification of
source populations for invasive species, identification of host races and
characterization of dispersal rates and migratory patterns (reviewed in Chen
and Dorn 2010; Kirk et al. 2013). Next-generation sequencing methods may
also be used for characterization of genetic structure of populations and
study of gene flow within and across populations. Genotyping-by-sequencing
combines high-throughput sequencing of biological samples with broad-
scale single nucleotide polymorphism analysis. With this methodology it has
recently been shown for OFM moth in Brazil that geographic distance is the
primary factor that affects genetic structure and gene flow (Silva-Brandao et al.
2015). Insecticide resistance mechanisms in European populations of CM have
been characterized at the genetic level with individual genes identified that
correlate with resistance (Reyes et al. 2007). Genetic studies of the genes and
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genotypes that mediate resistance facilitate assessments of the prevalence of
resistance within populations (Franck et al. 2007; Franck and Timm 2010).

Genetic engineering of apple trees has proven to enhance apple varieties
with various traits including food quality (Murata et al. 2001), fire blight (Norelli
et al. 2003) and resistance to pest insects (Markwick et al. 2003; Maheswaran
et al. 2007). Genetically modified non-browning apples have recently been
approved for market in the United States (Waltz 2015). Transgenic cv. Royal
Gala apples that express biotin-binding proteins avidin and streptavidin in
shoot foliage displayed increased resistance to LBAM damage; larvae feeding
on transgenic plants displayed increased mortality and decreased fitness
compared to those feeding on controls (Markwick et al. 2003). LBAM fitness
parameters were also impacted in larvae feeding on Royal Gala leaves in which
a Nicotiana alata, Link & Otto, proteinase inhibitor was transgenically expressed
(Maheswaran et al. 2007).

CRISPR/CAS9 technology has recently revolutionized biological research
by providing methodologies for efficient, site-specific genome editing
(Jinek et al. 2012). To date, utility of this technology has been applied to
several plant species (Xu 2013). Given that creating transgenic apple is well
established, and CRISPR/CAS9 utilizes similar entry point methods, CRISPR/
CAS9 editing of the apple genome is anticipated. This has implications for pest
control vis-a-vis generation of edited cultivars that display greater resistance
to pests. This may be carried out through the introduction of foreign genes
(transgenesis) or knockout of native genes, the latter of which may be beneficial
in avoiding regulatory hurdles that come with the introduction of foreign
genetic materials. Moreover, CRISPR/CAS9 has been demonstrated, proof of
principle, for CM (Garczynski et al. 2017). Development of this technology in
CM, and its application in other tortricid pest species may enhance multiple
fronts of pest control. Utilization of molecular genetic resources to improve
the effectiveness and efficiency of SIT/IS with CM has been proposed (Vreysen
et al. 2007). Specifically, CRISPR-mediated transgenic introduction of dominant
conditional lethal mutations that specifically target females would facilitate
production of genetic sexing strains, which has been proven to dramatically
improve the efficiency and economics of SIT with the medfly, Ceratitis capitata
(Wiedemann). Additionally, utilization of repressible dominant lethal genes
that are present in males, but active only in females, would circumvent the
need for sterilizing radiation, which can reduce fitness of released insects
(Alphey and Bonsall 2018; Thomas et al. 2000). Recent biotechnology efforts
have been aimed at bioengineering transgenic plants or fungi that produce
insect pheromones. Transgenic Nicotiana benthamiana Domin engineered
to produce the pheromones of two small ermine moths were shown to be
effective in trapping male moths of the respective species (Ding etal. 2014) and
reconstitution of moth pheromone biosynthetic pathways in yeast demonstrate
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an additional means of pheromone production (Ding et al. 2016; Hagstrom
et al. 2013). Application of these technological systems to the production of
tortricid moth pheromones may directly contribute to IPM of target species by
providing alternative, efficient and cost-effective pheromone production and
delivery systems. A final point with respect to basic research: in situ genetic
manipulation of key tortricid pest species has the potential to add to our basic
understanding of the biology and ecology of these organisms.

13 Future trends and conclusion

Tortricids utilizing tree fruits are lovely little moths (an entomological researcher’s
perspective) with a worldwide importance as a serious threat to the production
and shipping of valuable, pristine commodities. These are exciting times in
the realm of tortricid management in tree fruits. The tools and knowledge of
how to manage tortricids is available to all growers, and the development and
marketing of new more valuable cultivars has provided the funds for many
growers to implement effective management programmes. Overall, it seems
that the future heralds a reduced pest status for tortricids within orchards.
Instead, growers will have to continually refocus on effectively managing the
introduction of other pests, and be forced to rebalance their IFP programmes
in order to maintain low pesticide residues and the important ecological
services provided from biological control. Perhaps this is too optimistic and
too ethnocentric, ignoring the dogma that ‘Nature always finds a way!” We will
see, and growers can always worry and remain on guard each growing season
armed with an arsenal of tactics for these seemingly gentle moths dispersing
into their orchards to wreak havoc!

The lessons learned from the success of area-wide management will
continue to shine attention on the value of substituting out prophylactic
sprays with increased knowledge about the pest status of tortricids. The most
effective programmes will be where unmanaged hosts are not located near
orchards, where all growers use high-level management programmes, where
monitoring and thresholds are used to minimize the use of disruptive tactics
and to maximize their effectiveness. Protection of orchards with netting will
likely increase. It is uncertain if new classes of insecticides will be developed so
custodianship of the active materials will continue to be critical through their
judicious use. Targeting localized problem areas with mass trapping, releases
of sterile moths, and removal and replanting of orchards will become more
important.

14 Where to look for further information

The first place to look when researching information on tortricids is the
amazing book edited by Geest and Evenhuis. A second source would be to
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scan the Annual Review of Entomology for reviews of tortricid biology and
management. Also, the key journals listed in the literature review are likely to
continue to be the most important sources of new information on tortricids.
Several IOBC working groups in Europe, including the ‘Integrated protection
of fruit crops’, and ‘Pheromones and other semio-chemicals in integrated
production’ hold meetings every few years and consistently bring together
the experts in various management fields related to tortricids. In addition, the
annual meetings of the Entomological Society of America and the Orchard
Pest Management Disease Conference held in the second week of January in
Portland, Oregon, are always extremely educating and excellent opportunities
to hear the latest scientific developments related to tortricids and other insect
groups impacting tree fruit.
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