Final Report

June / 2025
Student Project No. CTP-FCR
Title: Studying Forficula auricularia and Eriosoma lanigerum

interactions in apple orchards to better understand their

distribution for improved crop protection
Earwigs and woolly apple aphid in dessert apples

Hayden Tempest'?2

THarper Adams University, Centre for Crop and Environmental Science,
Agriculture and Environment Department, Newport, Shropshire, TF10 8NB,
UK

2Niab, New Road, East Malling, Kent, ME19 6BJ, UK

Supervisors: Tom Pope, Michelle Fountain, Ed Harris, Bethan Shaw

Report No: [AHDB Use only]

This is the final report of a PhD project that ran from September 2020 to March 2025. The work
was funded by AHDB, BBSRC, and the CTP FCR.

While the Agriculture and Horticulture Development Board seeks to ensure that the information
contained within this document is accurate at the time of printing, no warranty is given in respect
thereof and, to the maximum extent permitted by law, the Agriculture and Horticulture Development
Board accepts no liability for loss, damage or injury howsoever caused (including that caused by
negligence) or suffered directly or indirectly in relation to information and opinions contained in or

omitted from this document.

Reference herein to trade names and proprietary products without stating that they are protected
does not imply that they may be regarded as unprotected and thus free for general use. No

endorsement of named products is intended, nor is any criticism implied of other alternative, but

unnamed, products.



CONTENTS

1.

2.

INDUSTRY SUMMARY w....ooiiiiiiiiiiises s s ss s s s sss s s s ms s s assmnn s 4
INTRODUGCTION ....iiiicccee e e e e e s ms e e s me s s s s mn e e s mn e e e e s mn e e e e e smn e e e s e smneessnsmnnensan 5
2.1, GNEIAL.....eeeieeiieieeee s 5
2.2. Woolly apple aphid............ccomiimiiiiiirrrrcsrs s s e e e nmanas 5
2.3, EQIWIgS e s 7
2.4. Woolly apple aphid and earwigs ..........ccccveeemmecsnrrrrrrrremsssssnsserrerssmsssssssssssressensnns 9
2.5. Radio frequency identification ............cooiirccci i 1
MATERIALS AND METHODS ... s 13
3.1. The presence of earwigs and Eriosoma lanigerum in orchards in Kent......... 13
3.1.1. 2023 Experimental deSigN ......coeeeeiiiiiei e 13
3.1.2. Apple growth Stage ... 16
3.1.3. [ TN o T oo TU o £ T 16
3.1.4. Woolly apple aphid assessSments...........ccovvviiiiiiiiiiiccceeciee e 16
3.1.5. Other aphid asSeSSMENTS ........vuiiiiiieiiee e e e e eeaeees 17
3.1.6. Tree bed ground COVEN ... 17
3.1.7. Earwig molecular colleCtions.......... oo 17
3.1.8. SOOIl Y P aaaaaaaaa 20
3.1.9. Statistical @NalYSIS .........eeiiiiiiiii 20

3.2. Impact of artificial shelters on the numbers of earwigs and Eriosoma

lanigerum in an experimental apple orchard ............ooeeoiiiic 21
3.2.1. EXperimental deSigN ...........u eiiiiiiiiiiiiiiiiiii e 21
3.2.2. Woolly apple aphid assessment............ccoooviiiiiiiiiiiie 23
3.2.3. [ TN o o TS ST 4 Y o | 23
3.2.4. SEALISTICS ... 24

3.3. Radio frequency identification mesocosm designs for the study of earwig

0 1=] 0 F= LV 4o T 1 25



3.3.1. GlUE TESHING ... e e 25

3.3.2. Glue testing statistical @analyses...............eeiiiiiiiiiicc e, 28
LS L 29
41. The presence of earwigs and Eriosoma lanigerum in orchards in Kent......... 29

4.2. Impact of artificial shelters on the numbers of earwigs and Eriosoma

lanigerum in an experimental apple orchard ... 39
4.21. Earwig @SSESSMENT.......uuiiiiiiiiiiiiiiiiiiiiiitiii bbb 39
4.2.2. Woolly apple aphid assessment..........ccoooovviiiiiiiiiiiieeee e 41

4.3. Radio frequency identification mesocosm designs for the study of earwig

DERAVIOUN ... —————————— 43
4.3.1. 1Y o] g =1 11 YRR 43
4.3.2. Tag retention ... 44
[ ST 0 01535 [0 46
5.1. Earwigs and Eriosoma lanigerum ...................coiiieeciiiiecnssiesscnsssssssasssssssmnnssseenas 46
5.2. Earwig association with orchard and tree factors ..........cccccerririiiiririiesennnnnnnnns 49
5.3. Radio frequency identification .............ccevmiiiiiiiiiiiiiii i ———— 53
5.4. Grower recommendations .........cccuieiiiimieiimiinnsessse s ————— 55
LT TR O o T [ =3 T 4T 55

REFERENCES ........o oot s e s annns 57



1.

Industry Summary

The background to this project was:

Woolly Apple Aphid (Eriosoma lanigerum, WAA), is an important pest of apple trees

The Common European earwig (Forficula auricularia) is a predator of WAA but adequate
control is unreliable because earwig distribution and abundance is irregular

Forficula auricularia ecology is understudied and a method of remotely tracking this species
would be extremely useful

Radio frequency identification (RFID) has not been used to track earwigs before

The key objectives of this project were to:

Investigate the presence and abundance of earwigs and WAA in commercial apple
orchards and identify orchard characteristics associated with either species. Surveying and
molecular gut content analysis were used to investigate the importance of earwig predation
of WAA

Assess the impact of providing artificial shelters for earwigs, on the abundance of both
earwigs and WAA in apple trees

Test commonly used glues for their adhesion and toxicity when attaching tags to earwigs,
to aid future research on behaviour. This included designing an RFID-enabled arena for
collecting behavioural data from earwigs

The key findings from this project were:

There is new evidence that earwigs contribute to the control of WAA in orchards

The degree of WAA suppression by earwigs was weaker in organic orchards in the years
studied

Presence of earwigs was associated with bare earth in the tree row bed, but not with
several food sources or orchard management type

Earwig abundance may be limited by the availability of shelter in apple orchards

RFID tracking may be used in laboratory arenas to study the behaviour of earwigs, but
further improvements to the methodology are required

Superglues (cyanoacrylate based glues) are toxic to earwigs and need to be avoided in
future RFID studies; thermoplastic glues are preferable

The key takeaways for apple growers from this project are:

Provide artificial shelters in the canopy of apple trees for earwigs

Ensure there is bare ground in the row beds of apple orchards for earwigs to nest

Avoid mechanical weeding within the tree row from November to May if possible (this will
also help protect ground nesting bees)

Try to avoid applications of insecticides known to be harmful to earwigs, particularly from
May to October. Harmful insecticides include spinosad, indoxacarb, and deltamethrin
Spirotetramat is not harmful to earwigs, and its effectiveness against WAA may be
enhanced by the presence of earwigs

Aphelinus mali (a parasitoid wasp that attacks WAA) and earwigs are compatible, and both
are desirable for WAA control

If augmentative releases of earwigs are attempted, ensure these are carried out over
multiple years alongside management practices that protect them

Do not use sticky banding around apple tree trunks to control WAA as this impedes earwigs
reaching the canopy of the tree



o If a WAA infestation has become well developed during a growing season, earwigs will not
be sufficient for control the pest within the season but may help prevent resurgence in
future years

o Alternative sources of food, such as wildflowers, may not benefit earwigs specifically, but
may be advantageous for other beneficials

o The fact that WAA does not appear to be a serious pest problem in an orchard may indicate
that earwigs are preventing colonisation

o Earwigs also help to control many other pests, particularly other aphid species and codling
moth

¢ Monitoring and recording numbers of natural enemies in trees alongside pest monitoring is
recommended

The following report is an abridged version of the PhD thesis.

2. Introduction

2.1. General

Malus domestica (Bork; apple) is the second most abundant fruit crop in the world behind banana
(O’'Rourke, 2021; Vasylieva & Harvey, 2021; tonnes produced). In terms of revenue, however,
apple far outstrips banana, with a global gross production value in 2016 of 38 million USA dollars
(O’Rourke, 2021). Apples are grown in 96 countries, with China, the USA, Poland, Turkey, and Iran
being the largest growers (Vasylieva & Harvey, 2021). One important pest of apple is the woolly
apple aphid (Eriosoma lanigerum, Hausmann; WAA). Woolly apple aphid is widely regarded as
increasing in severity over the last 20 years and can cause an estimated yield loss of 5% in apples
(Brown et al., 1995; Beers, Cockfield & Fazio, 2007; Belién et al., 2010; Dedryver, Le Ralec &
Fabre, 2010; Bangels et al., 2021). Currently, control of WAA in the UK relies on a small number of
chemical insecticides, with only spirotetramat reported as being consistently effective (Ridley et al.,
2024; Cross et al., no date). This makes current UK control of WAA susceptible to changes in
pesticide regulation or the development of resistance by the pest to this single active ingredient.
Therefore, there is a need to investigate alternative methods of WAA control. The common
European earwig, Forficula auricularia (L.), is a predator of WAA, however, whether this species of
predator can effectively control this pest in apple orchards is uncertain (Carroll, Walker & Hoyt,
1985; Nicholas, Spooner-Hart & Vickers, 2005; Quarrell, Corkrey & Allen, 2017; Happe et al.,
2018; Marshall & Beers, 2022; Alins et al., 2023).

2.2, Woolly apple aphid

Woolly apple aphids inject saliva into apple trees when feeding. As many as 390 candidate effector
molecules have been identified from the transcriptome of WAA salivary glands, which may be

important in inducing galling - the main mechanism of WAA damage to apple (Wemmer, 2019).



Importantly, WAA is not known to act as a vector for any plant viruses (Blackman & Eastop, 1984;
Barbagallo et al., 1997). Galling is a form of induced cell proliferation within the host plant and is
not unique to WAA (Wool, 2004). Gall formation is induced by the feeding insect and is adaptive
rather than coincidental. This is highlighted by the fact that certain aphid species produce
consistent and highly structured gall shapes, in many cases providing shelters for the insect
responsible (Pike et al., 2002; Wool, 2004). Galls can also induce concentrated clusters of vascular
tissue, which provide a greater volume of phloem and alter the structure of tissue to make sieve
elements easier to access (Wool et al., 1999). In the case of WAA, galls consist mainly of
parenchyma, a relatively unstructured tissue, although they also induce the production of small
pockets of vascular tissue (Nogueira et al., 2024). Changes in the structure of cell walls in the
parenchyma and phloem cells within the galls, as well as directly above and below them, help to
restrict the flow of photoassimilates and water away from the gall, instead concentrating them near
the feeding WAA colony (Nogueira et al., 2024, 2025). This means galls directly disrupt the flow of
nutrients within apple trees, while aphid feeding simultaneously removes nutrients, leading to
reductions in growth and yield (Brown et al., 1995; Dedryver, Le Ralec & Fabre, 2010; Nogueira et
al., 2025).

Woolly apple aphid induced galling can occur without causing any obvious signs (from the exterior)
within apple tissue, but frequently galls become large enough that they cause splitting of the bark
and exterior wounds in the tree (Weber & Brown, 1988; Godfrey, 2024). These can then act as
sites for pathogenic infection. In particular, galls may allow apple canker (Neonectria ditissima,
Samuals and Rossman) to infect a tree (Asante, Danthanarayana & Cairns, 1993; Biello et al.,
2021; Childs, 1929). Honeydew excreted by WAA can also encourage the growth of sooty moulds
(Ascomycete spp.), which in turn reduce the photosynthetic capacity of the tree (Shaw & Walker,
1996; Guerrieri & Digilio, 2008; Dedryver, Le Ralec & Fabre, 2010).

Woolly apple aphid is widely reported as increasing in severity over the last few decades, with
many researchers attributing this to the decreased use of organophosphate insecticides, which are
highly effective against WAA (Beers, Cockfield & Fazio, 2007; Belién et al., 2010; Dedryver, Le
Ralec & Fabre, 2010; Bangels et al., 2021). The apple best practice guide for the UK (Cross et al.,
no date) states that in recent years, flonicamid, a previously effective aphicide, has reportedly had
reduced effectiveness against WAA, perhaps as a result of reduced sensitivity of this species.
Spirotetramat is recommended as the only remaining registered insecticide that provides effective
control. Spirotetramat is a keto-enol insecticide which inhibits lipid biosynthesis, and is thus
particularly effective against nymphal WAA because it prevents growth (Nauen et al., 2007;
Schoevaerts et al., 2011). The compound is two-way systemic, meaning it is absorbed by apple

trees and transported in both the xylem and phloem (and thus upwards and downwards;



Schoevaerts et al., 2011; Goossens et al., 2011). Importantly, spirotetramat targets edaphic WAA
as well as aerial colonies, as WAA feeding anywhere on the tree will ingest the compound. In
terms of area treated, spirotetramat was the third most-used insecticide in apple orchards in the
UK in 2022 (Ridley et al., 2024). There is also an EAMU (Extension of Authorisation for Minor Use)
for spirotetramat on outdoor apple in Great Britain against WAA (EAMU Number: 1261 of 2022).

2.3. Earwigs

Due to the difficulty in studying earwig foraging in situ, much of the information on their diet comes
from laboratory-based feeding experiments or gut content analysis. Earwigs are highly
polyphagous and omnivorous. Common foodstuffs in orchards include pollen, leaves of various
plants, algae, moss, lichen, and other insects (Beall, 1932; Crumb, Bonn & Eide, 1941; Lamb &
Wellington, 1975; Phillips, 1981; Orpet, et al., 2019a). Besides WAA (discussed below), earwigs
are known to consume rosy apple aphid (Dysaphis plantaginea, Passerini; Dib et al., 2016a; Dib et
al., 2016b; Dib et al., 2020), apple aphid (Aphis pomi, Degreer; Carroll, Walker & Hoyt, 1985),
melon and cotton aphid (Aphis gossypii, Glover; Pinol et al., 2009), codling moth larva (Cydia
pomonella, Linnaeus; Boreau de Roincé et al., 2012), brown marmorated stink bug eggs (though
not efficiently, Halyomorpha halys, Stal; Bulgarini et al., 2020), apple leaf curling midge (Dasineura
mali, Keiffer; He, Wang & Xu, 2008), and diapsid scale insects (Hemiberlesia lataniae, Signoret; H.
rapax, Comstock; Aspidiotus nerii, Bouche”; Logan, Maher & Rowe, 2017). The gut content
analysis of Crumb, Bonn, and Eide (1941) and Phillips (1981) probably provide the best
information on the proportions of different foods that earwigs feed on in the field, although it can be
presumed that this will be highly variable between locations based simply on availability (Crumb,
Bonn & Eide, 1941). In general, studies agree that more vegetable matter than animal is
consumed, and that a variety of foods is preferred over single sources. Despite the social
behaviour displayed during sheltering, intraspecific aggression has been reported during foraging
(Lamb, 1975). Feeding hierarchies are established, with more dominant individuals feeding for
longer. The hierarchy is not rigid, although the same individuals tend to rank highly on successive
nights. Individuals with a higher body mass tend to rank more highly, although it is unclear if higher
weight causes dominance, or dominance allows individuals to put on weight. It must be noted
these observations were made on populations of earwigs contained in the laboratory, so may not

be applicable to field conditions.

Due to their nocturnality, researchers frequently make use of refuge trapping as a method to study
the abundance of earwigs, or simply to collect them. Refuge trapping involves providing an animal
with an artificial shelter, which acts as both the trap structure and ‘attractant’. Refuge traps for

catching earwigs are often constructed from corrugated cardboard, although any structure which



provides lots of dark, tight spaces can be used. Studies have shown refuge traps placed on the
trunks of trees tend to have the highest capture (Phillips, 1981; Hanel et al., 2025). There is some
evidence to suggest the availability of shelter in apple orchards is a population-limiting factor for
earwigs (Moerkens et al., 2009; Jana et al., 2021). Studies have suggested this is not the case in
kiwifruit vines (Actinidia deliciosa, Chev) but is the case in a mixed gravel-grassland environment
(Lamb, 1975; Logan et al., 2007). Predation by birds may be an important cause of mortality in
unsheltered earwigs (Lamb, 1975; Gobin et al., 2006). Currently, the navigational ability of earwigs
is considered very poor, with individuals being incapable of relocating a previously used shelter if
they travel more than approximately 50 cm from it (Lamb, 1975). However, the ability of earwig
mothers to forage and return to their brood chamber to provision for their offspring suggests that it
is possible for earwigs to re-locate sites. Also, when released into apple and pear orchards,
earwigs showed very low levels of dispersal (Moerkens et al., 2010). Ninety five percent of earwigs
from species A moved less than 30 m in a month, for species B (which is more common in the UK;
Phillips, 1981; Gonzalez Miguéns et al., 2020) 95% moved less than 8 m. Therefore, it may be that
earwigs frequently return to the same shelter simply because they never move far from it (Phillips,
1981; Moerkens et al., 2009).

Due to their omnivorous diet, earwigs can be a pest in many contexts. In cherries, strawberries,
raspberries, grains, potatoes, cauliflower, cabbages, and gardens, they can cause economically
important damage, which may outweigh any benefit they have in the consumption of other pest
species (Crumb, Bonn & Eide, 1941; Orpet, Crowder & Jones, 2019b; Orpet, et al., 2019a; Binns et
al., 2021; Binns, Macfadyen & Umina, 2022; Hanel et al., 2023). As a result, control measures for
earwigs have been researched (Crumb, Bonn & Eide, 1941; Maczey et al., 2016). In other crops,
namely apples, pears, citrus fruit, and kiwifruit, earwigs are thought to act mainly as a beneficial
(Solomon, 1992; Evans & Longépé, 1996; Gobin et al., 2006; Pinol et al., 2009; Romeu-Dalmau,
Pinol & Espadaler, 2012; Romeu-Dalmau, Espadaler & Pifol, 2012; Jana et al., 2021). This is
because the thicker skins of these fruit protect them from direct damage by earwigs, and while
some secondary damage to fruit or to the trees may occur, this is outweighed by their consumption
of more serious pests. As earwigs are considered both a predator and a pest, multiple researchers
have investigated the possibility of removing earwigs from crops where they cause damage and
releasing them into pome fruit orchards where they may control pest species (Evans & Longépé,
1996; Hanel et al., 2023).

Spinosad, indoxacarb, chlorpyrifos, deltamethrin, azinphos-methyl, cypermethrin, diazinon, kaolin
particles, thiacloprid, carbaryl, and flonicamid have all been shown to induce significant mortality in
adult earwigs, while primicarb, gamma-hexachlorocyclohexane, fenitrothion, dimethoate, dichloro-

diphenyl-trichloroethane (DDT), abamectin, chlorantraniliprole, fenoxycarb, acetamiprid, Bacillus



thuringiensis, pyriproxyfen, parathion-methyl, alpha-cypermethrin, fenthion, tebufenpyrad,
vamidothion, propargite, tebufenozide, methoxyfenozide, spirotetramat, and emamectin benzoate
are less harmful to adult earwigs (Ffrench-Constant & Vickerman, 1985; Cisneros et al., 2002;
Nicholas & Thwaite, 2003; Maher, Logan & Connolly, 2006; Marké et al., 2008; Peusens & Gobin,
2008; Peusens, Belien & Gobin, 2010; Shaw & Wallis, 2010; Vogt, Just & Grutzmacher, 2010;
Fountain & Harris, 2015; Malagnoux, Capowiez & Rault, 2015; Holy & Stara, 2020; Meunier et al.,
2020; Merleau et al., 2022). However, Fountain & Harris (2015) showed that insecticides which do
not kill adult earwigs may significantly slow the growth of immature earwigs. Males often show a
higher susceptibility to insecticides than females (Malagnoux, Capowiez & Rault, 2015; Jana et al.,
2021).

The effect of organic, Integrated Pest Management (IPM), and conventional management of
orchards on earwigs is somewhat unclear from the published literature. The results of Helsen et al.
(2007), Logan, Maher, and Connolly, (2011), Malagnoux et al. (2015), and Simon et al. (2024)
suggest that earwigs tend to be more abundant under organic management with fewer insecticide
sprays. In contrast, Nicholas, Spooner-Hart and Vickers (2005), Quarrell, Corkrey and Allen
(2017), and Happe et al. (2018) found similar numbers of earwigs in organic and IPM orchards.
Transgenerational studies on unexposed offspring with parents from different management types
show that earwigs experience some intergenerational effects from insecticide use, but in general
earwig generations seem to recover well if insecticide sprays are stopped (Le Navenant et al.,
2021). There is evidence that earwigs can adapt to the use of insecticides either through
behavioural changes or chemical resistance (Le Navenant et al., 2019, 2021; Jana et al., 2021).
Soil tillage can reduce earwig abundance in vineyards, but other studies have failed to find a clear
effect (Sharley, Hoffmann & Thomson, 2008; Moerkens et al., 2012). One study discovered that
earwigs appear to overwinter outside of orchards altogether (Romeu-Dalmau, Espadaler & Pifiol,
2016).

24. Woolly apple aphid and earwigs

The containment studies that involved confining WAA and earwigs to small areas provide some of
the most straightforward and unambiguous evidence for earwig consumption and control of WAA.
Carroll, Walker and Hoyt (1985) are notable for finding a lack of WAA control when earwigs were
confined to rootstocks with them. This may have been due to testing the effect of earwigs on
already established WAA colonies, which is not the ideal situation for control. Edaphic colonies of
WAA were deliberately introduced to the rootstocks in the study, meaning there would have been a
consistent reservoir of WAA underground, which earwigs were unable to predate. Additionally, the

rootstocks contained alternative aphid prey and presumably vegetable food sources as well. It has



been pointed out before that in-laboratory studies such as Asante (1995), earwigs may be
overvalued as a control agent of WAA due to the lack of alternative food (Orpet, et al., 2019a).
Bischoff et al.'s (2024) experiment elegantly highlights the utility of having larger populations of
earwigs when it comes to biocontrol. While methods can be imagined for enhancing the efficiency
of a given number of earwigs, such as providing shelter close to WAA colonies, or removing

alternative sources of food, simply increasing the number of earwigs seems more practical.

Unlike some of the other study designs discussed, all exclusion experiments studying earwig
predation of WAA have had positive results in terms of biocontrol. Evidence based on exclusion
can suffer from a lack of specificity, in that sticky bands, the typical exclusion method employed,
will prevent all crawling insects from entering an apple tree canopy, not just earwigs. This is
highlighted by the fact that Orpet, et al. (2019b) unintentionally excluded earwigs whilst trying to
exclude WAA crawlers. However, Mueller, Blommers and Mols (1988) monitored other generalist
predators in their exclusion experiments and found no significant difference in their abundance
between treatments. They also claimed to have distinguished between evidence of earwig
predation on WAA and that of other species, and are thus confident that earwigs were more
important than any other natural enemy in their study. This ability has not been reported in other
studies. Stap et al. (1987) similarly compensated for the lack of specificity of sticky banding in one
of their experiments by applying sticky bands to all trees, but then releasing earwigs into some of
the banded canopies, thus demonstrating unambiguously that earwigs were the species
responsible for the observed decline in WAA abundance. The work of Gontijo, Beers and Snyder
(2015) is of particular importance; while many researchers have focused on the question of which
WAA natural enemy is the most important, their study highlights that focusing solely on a single
species of natural enemy is unlikely to be the most effective solution for biocontrol of WAA. It is
worth noting that several of these studies also used correlational evidence for the importance of
earwigs in controlling WAA, and are therefore relevant to the section below (Stap et al., 1987;
Mueller, Blommers & Mols, 1988; Nicholas, Spooner-Hart & Vickers, 2005).

Overall, most correlational studies show that earwig abundance is negatively correlated with WAA
abundance, with threshold values of earwig abundance identified by Nicholas, Spooner-Hart and
Vickers (2005) and Quarrell, Corkrey and Allen (2017). It is worth noting that of these studies, four
involved augmentative releases of earwigs (Mueller, Blommers & Mols, 1988; Orpet et al., 2019a;
Alins et al., 2023; Hanel et al., 2023), while five were conducted on experimentally unaltered
populations of earwigs (Nicholas, Spooner-Hart & Vickers, 2005; Helsen et al., 2007; Quarrell,
Corkrey & Allen, 2017; Happe et al., 2018; Marshall & Beers, 2021, 2022). Although, Quarrell,
Corkrey and Allen (2017) deliberately selected orchards with a range of earwig abundances (note

that Marshall and Beers, 2021, 2022 are considered the same experiment, and that while these are



referred to here as ‘experimentally unaltered’ populations of earwigs, the use of refuge trapping to
monitor these populations may have altered the population dynamics of earwigs, rather,
‘experimentally unaltered’ means there was no attempt to deliberately change the number of
earwigs between different treatments). Studies which used augmentative releases of earwigs may
be less applicable to the conditions in a standard commercially managed orchard. Of the studies
which did not find significant negative correlations between earwigs and WAA abundance, Happe
et al. (2018) provided no discussion of this result. The mean number of earwigs per tree varied
from 3 to 27.1, so there were occasions where earwigs should have been abundant enough to
meet the thresholds for control outlined by Nicholas, Spooner-Hart and Vickers (2005) and
Quarrell, Corkrey and Allen (2017). Therefore, this result does not have a clear explanation. In the
experiment run by Marshall and Beers (2021, 2022), the high levels of WAA infestation were
unexpected by the authors, as both earwigs and A. mali were present. As mentioned above, they
attribute this to the exclusion of other aphid predators, particularly Heringia spp. of syraphid flies.
Heringia spp. would not have been excluded in sticky band experiments, so this does not discount
the effectiveness of earwigs, but does highlight the importance of full natural enemy complexes as
in other studies (Gontijo, Beers & Snyder, 2015; Bergh & Stallings, 2016). The more recent studies
by Alins et al. (2023) and Hanel et al. (2023) demonstrate how releases of earwigs take effect over
multiple years. This is important, as it suggests early season abundance of earwigs is important,
simply increasing earwig numbers after WAA is established is not enough to produce control. Note
that Orpet et al. (2019a) also used molecular gut content analysis to assess earwig predation of

WAA, and is therefore relevant to section below.

Orpet et al. (2019a) and Orpet, Crowder and Jones, 2019a, through molecular gut content analysis
and video monitoring, provide some of the most direct evidence of earwig predation and efficacy in
the field. In particular, the presence of WAA DNA in earwig guts at low WAA abundances highlights
the strength of earwigs as a predator of WAA in nascent stages of colony development, rather than

as a species capable of consuming every individual in large, well-established populations.

2.5. Radio frequency identification

Given the difficulty in observing earwigs during their active phase, a remote monitoring solution
that can be applied to this species is desirable. One potential monitoring system is Radio
Frequency Identification (RFID), a technology used in ecology to study the movement of individual
animals. Unlike similar technologies, such as harmonic radar or LIDAR (Light Detection and
Ranging), RFID allows the identification of each individual animal (Landt, 2005; Ngai et al., 2008).

From an experimental design standpoint, the RFID tag and RFID antenna/reader are the important

components of an RFID system.



To the author’s knowledge, no studies have been published using RFID on earwigs. Because of
the difficulty in observing earwigs during the active portion of their daily routine, a remote
monitoring solution to study the foraging or shelter use of earwigs is highly desirable. A 30 mg
passive RFID tag suitable for use with a mobile antenna (such as that used by Pope et al., 2015)
would be approximately 50% of the mass of an average adult (own data), while active tags weigh
even more. The smaller passive RFID tags for use with fixed antennas therefore seem like the
most suitable for use with earwigs in terms of size and weight. However, the use of fixed antennas
comes with challenges in experimental design. Due to their highly polyphagous nature, likely
feeding locations seem impossible to determine in the field. The ready use of artificial shelters
(such as those used for refuge trapping) may provide an opportunity to monitor earwigs in a
manner similar to studies conducted on honeybees, with an antenna or directional reader placed at
the entrance/exit of an artificial shelter. This would be an interesting opportunity to extend this type
of experimental design to a sub-social species, as to the author’s knowledge all such experiments
thus far have been conducted in eusocial species. Alternatively, RFID-enabled mesocosms would
allow the study of captive earwigs within an environment designed to answer specific research
questions. A mesocosm-based study also has the advantage of dramatically reducing the number
of tagged individuals that would be needed to generate robust datasets. An alternative to RFID for
the study of earwigs within a mesocosm environment would be video monitoring. Because earwigs
are nocturnal, cameras would need to operate in red light or infrared in order to observe earwigs
while active. In addition, to enable software tracking of individuals, visual tags may be required
unless shelters opaque to visible light can be provided which are transparent to the wavelengths
detected by the camera (e.g. infrared). Monitoring with passive RFID tags may therefore represent
a simpler solution to monitoring earwigs during darkness. Harmonic radar and LIDAR are both

techniques for studying flying insects, and thus not particularly relevant to the study of earwigs.

Overall, there seem to be three main factors crucial to the success of natural control of WAA by
earwigs. First, and perhaps most important, earwigs must be present in abundance. Not all earwigs
present will feed on WAA, but larger populations of earwigs will lead to more complete searching of
the environment and may help overcome any reduction in efficiency from alternative food sources.
Second, earwigs must be present early in the season. Given the rapid rate of WAA reproduction,
eating aphids before they can reproduce is far more efficient than attacking WAA at peak
abundances. Thirdly, a full complement of other natural enemies ensures that WAA which escape
predation by earwigs can be attacked by species with alternative evolutionary strategies. There is a
particular complementarity with rapidly reproducing WAA specialists, which will be much more

effective against WAA if large populations do become established in a season.



Given these findings from previous research, the key barrier to achieving consistent natural control
of WAA appears to be the variable and unpredictable nature of earwig populations, in terms of both
distribution and abundance. Due to their nocturnality, earwigs are difficult to observe while active in
orchards, and instead a great deal of research has relied on refuge trapping. Earwig foraging
behaviour, landscape-scale dispersal, and causes of mortality, are all poorly understood. In
particular, there are still only speculative explanations for the population crash when moulting to
adulthood. Discovering why earwigs are distributed so variably might allow growers to manage
orchards to help produce a more consistent benefit from earwig predation of WAA.

Remote monitoring using RFID has the potential to provide valuable information on earwig
behaviour, and answer some of the questions outlined above. Before being blindly adopted,
however, care must be taken to develop a methodology for tagging which does not directly harm
earwigs. This should be followed by attempts to quantify the effects of tagging on earwigs, to
ensure that conclusions from tagging studies can be properly contextualised in comparison to

‘natural’ behaviour.

3. Materials and methods

3.1. The presence of earwigs and Eriosoma lanigerum in orchards in Kent
3.1.1. 2023 Experimental design

Twenty orchards were surveyed in 2023; seven of these were orchards used in 2022, while 13
were new orchards which had not previously been surveyed. For the new orchards, trees were
assigned x-y coordinates using row number as an x coordinate and a tree’s position along that row
as a y coordinate. However, unlike in 2022, for the new orchards, x-y coordinates were generated
randomly in Microsoft Excel® (Microsoft 365 MSO, v. 2501 Build 16.0.18429.20132, 64-bit) to
select new trees for inclusion (no preliminary surveys were carried out). For orchards previously
used in 2022, the same 10 trees were used. This meant 200 trees were included in the surveys in
total in 2023. Half of the orchards were organically managed, while half were conventionally
managed. Originally, the aim was for each of these management types to be represented by five
Gala orchards, and five Braeburn orchards. This was achieved for the conventional orchards but
was not possible for the organic orchards. Instead, eight of these were Gala, one was Braeburn,
and one was Spartan. The orchards belonged to nine different growers, with one organic Gala
orchard being an experimental orchard owned and managed by Niab, East Malling, UK. A full list of
the orchards and trees used for the 2023 surveys, along with their respective grower, variety, and
management style, is in Table 3-1. Three rounds of surveys were completed, roughly
corresponding to the months of July, August, and September. During each survey, all 200 trees

were visited and the monthly field measurements outlined below were taken. After each survey, a



round of molecular collections was carried out, during which earwigs were collected for gut content
analysis from a subset of orchards which were selected based on the results from the previous

survey (method detailed below). Pitfall trapping was carried out in a subset of orchards after the

final round of molecular collections, in October.




Table 3-1. A list of orchards surveyed in 2023. Soil types were taken from the Soilscapes for
England and Wales dataset developed by the National Soil Resources Institute at Cranfield
University. FDAL = Freely draining slightly acid loamy soils. IDLC = Slightly acid loamy and clayey
soils with impeded drainage. HGL = Loamy soils with naturally high groundwater. SWLC = Slowly
permeable seasonally wet and slightly acid but base-rich loamy and clayey soils. BRL = Freely
draining slightly acid but base-rich loamy soils.

Management Whole/ Used Last Soil

Orchard Grower Style subset Variety Year? Type
1 1 Conventional Whole Gala Y FDAL
3 2 Conventional Whole Gala Y FDAL
4 3 Conventional Subset Gala Y IDLC
5 3 Conventional Subset Braeburn N IDLC
6 3 Conventional Subset Braeburn N IDLC
9 4 Conventional Whole Braeburn N FDAL
10 4 Conventional Whole Braeburn N FDAL
11 4 Conventional Whole Braeburn N FDAL
12 5 Conventional Whole Gala Y FDAL
13 5 Conventional Whole Gala Y FDAL
14 6 Organic Subset Gala Y FDAL
15 6 Organic Subset Braeburn N FDAL
16 6 Organic Whole Gala Y FDAL
18 7 Organic Whole Gala N HGL
19 7 Organic Whole Gala N HGL
20 8 Organic Subset Spartan N SWLC
21 9 Organic Whole Gala N IDLC
22 9 Organic Whole Gala N IDLC
23 9 Organic Whole Gala N IDLC
24 10 Organic Subset Gala N BRL

The order in which orchards were visited within each round of surveys was not random. Typically,
two orchards were visited each day, with these pairs of orchards being surveyed on the same day
as each other in each of the three rounds of surveys. These pairings were based on proximity, and
the practicality of visiting all orchards in a timely manner. Similarly, within each orchard all 10 trees
were surveyed in a systematic manner to minimise the time taken. The order each pair of orchards
was visited during the first round of surveys was haphazard; however, after the first round of
molecular collections, an effort was made to leave as much time as possible between an orchard
being visited for molecular collection and subsequently being visited for surveying. This was done

to give the earwig population more time to stabilise from disturbance after the removal of some



individuals and their replacement with others. A full account of the dates and times each orchard

was visited for surveys and molecular collections can be found in Tables A-3 and A-4.

3.1.2. Apple growth stage

As well as the date, the Pome Fruit BBCH (Biologische Bundesanstalt, Bundessortenamt und

Chemische Industrie) growth stage of the trees in each orchard was recorded (Meier et al., 1994).

3.1.3. Earwig counts

Two Wignests™ (Russel IPM Ltd., Flintshire, UK) were placed into each of the 10 trees in each
orchard, in May of 2023. Wignests are artificial shelters designed for earwigs. They consist of two
interlocking wooden pieces (44 mm by 60 mm; interlocked depth = 14 mm) held together and
attached to apple trees with a plastic hook. The two interlocking wooden pieces created three small
channels (8 mm diameter) which earwigs then use as shelter during the day. These channels also
contain a dry proprietary diet as an attractant. Wignest placement was subject to the arrangement
of branches on the trees, but where possible Wignests were taped to the trunk of the tree, in the
middle of the canopy, approximately 1.5 m from the ground, and in positions shaded from direct
sunlight. The number of earwigs occupying the two Wignests was counted by emptying the
Wignests onto a plastic tray and tapping the Wignests against the tray to detach any remaining
earwigs. The time of sampling was also recorded. All earwigs were then released at the base of

the tree and the Wignests repositioned on the tree.

3.1.4. Woolly apple aphid assessments

The percentage of WAA infestation on each tree was qualitatively assessed according to European
and Mediterranean Plant Protection Organization (EPPO) guidelines and was similar to Nicholas,
Spooner-Hart and Vickers, 2005 and Quarrell, Corkrey and Allen, 2017, by estimating the
percentage of tree limbs infested with WAA. Only tree limbs containing living colonies were
counted. Any tree limbs containing only mummified WAA were discounted from the estimate of
percentage infestation. These were identified by visually inspecting for holes where Aphelinus mali
(Haldeman) had emerged, and a lack of wool. If any living aphids were present (such as in a
colony made up of some WAA mummies and some live aphids), then the limb was still considered
infested.

If WAA colonies were only on the trunk or rootstock of the tree, this was considered a low-level
infestation (because WAA tends to spread from the rootstock and trunk onto the branches over
time, trees which only have infested trunks represent an early stage of WAA development).

Consequently, the percentage infestation score for any such trees was limited to between 1 and

5% depending on the extent and size of the colonies on the trunk/rootstock.



3.1.5. Other aphid assessments

Green apple aphid, RLCA, and RAA were monitored if present. This was done according to EPPO
guidelines (EPPO Standard PP 1/258, 2007) by counting the number of infested shoots. No RLCA,
and only two trees containing GAA, were detected in the survey. The presence of these two

species was therefore not considered in modelling.

3.1.6. Tree bed ground cover

Square quadrats (50 cm x 50 cm) were placed at the base of each tree, perpendicular to the tree
row and touching the trunk/post/rootstock/guard (if a guard was present). The percentage cover of
bare ground, moss, herbaceous plants, and mulch was estimated by counting the number of

squares in the grid filled with each type of ground cover.

3.1.7. Earwig molecular collections

The collection of earwigs for molecular gut content analysis was carried out in the weeks after the
earwig and WAA counts (and other associated surveys). Ten orchards were selected for inclusion
in this sampling each month by ranking the orchards by their most recent earwig count from the
survey, and selecting every second orchard for inclusion (e.g. the orchard with the most earwigs,
the orchard with the 3™ most earwigs, the orchard with the 5" most earwigs, etc.). The 10 orchards
selected this way were visited early in the morning, and earwigs were collected for molecular gut
content analysis. Five of the 10 trees surveyed before were randomly selected, and up to 10
earwigs from each of these five trees were taken from the Wignests for molecular gut content
analysis. The first 10 earwigs to be shaken loose from the Wignests were taken; any extra earwigs
loosened were released at the base of the tree. The earwigs taken for sampling were replaced by
an equivalent number of earwigs released at the base of the tree, to minimize the effect on future
surveys and molecular collections. Replacement earwigs were collected from Niab, East Malling,
UK, from a variety of fruit crops by a mixture of refuge trapping, tap sampling, and collection by
hand.

The earwigs taken for molecular gut content analysis from a given tree were placed in a clear
plastic bag together, which was placed into a new plastic tube and stored in a box of ice, with the
tree they were captured from and time at which they were put on ice recorded. They were then
taken back to Niab, East Malling, UK, and stored at -80 °C. This killed and preserved these

earwigs until they were dissected and processed using a Qiagen DNeasy blood and tissue kit to

extract DNA from the gut contents.



Before starting dissections, all earwigs from a given tree were removed from the -80 °C freezer, by
one minute submersion in 70% ethanol followed by one minute submersion in 5% bleach. The
earwigs were then gently dried on a piece of blue roll. The dissections were carried out on a cut
piece of blue roll, with a new piece of blue roll being used for each individual. Four sets of forceps
were used in two sets of two, while one set was in use for dissection the other was left to sterilise
in 5% bleach (approximately 5 mins). All forceps were dried on a piece of blue roll prior to the
dissection of each individual. The dissection process used was modified from that used by Daniel
Hausler (pers. comm.). First, on the ventral side, the posterior-most segment of the abdomen prior
to the sternite which holds the cerci was removed. Then, both the dorsal and ventral anterior-most
abdominal segments were separated from the thorax. The hindgut and foregut were also
separated at this point. The head was then separated from the thorax and pronotum, and the
foremost section of the digestive tract was separated from the base/posterior of the head (pulling
the gut through the interior cavity of the pronotum often squeezes the contents of the gut out of the
digestive tract). The thorax and pronotum were gently pulled in the posterior direction, leaving the
foregut behind. The hindgut was extracted from either end of abdomen depending on how strong
the attachment to the plate holding the cerci was. If this connection was strong, the cerci and
attached plate could be used to pull the hindgut out of the abdomen from the posterior end. If it
was weak, then the forceps could be used to grasp the hindgut directly and pull it from the anterior
end of the abdomen. This dissection method was followed as possible, but was adapted ad-hoc as
required to extract the entirety of the gut without losing the gut contents. Once extracted, both the
hindgut and foregut from each individual earwig were placed into a 2 mL PCR-clean locking
Eppendorf tube. At the end of the day, these were placed back into the -80 °C freezer, and stored

until the extraction process was started.

The method for extraction was taken from the Qiagen supplementary protocol: Purification of total
DNA from insects using the DNeasy® Blood & Tissue kit (Available at:
https://www.giagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-
purification/genomic-dna/dneasy-blood-and-tissue-kit). The following modifications were made to
this. At the first step, two 4 mm diameter grade 100 hardened 52100 chrome steel ball bearings
(Simply Bearings Ltd., Leigh, Lancashire, UK) were placed into a 2 mL locking Eppendorf tube,
with the dissected earwig guts. These tubes were placed into a Geno/Grinder 2010 tissue
homogenizer (SPEX SamplePrep, Metuchen, USA), in a metal block chilled to -80 °C, and the
Geno/Grinder run at 1500 rpm for 1.5 mins. This was repeated three times for each set of samples.
In between each run in the Geno/Grinder, any tubes in which the ball bearings had become lodged
in the earwig guts were manually tapped against the bench surface until the ball bearings were
loosened, before being placed back into the Geno/Grinder. After step 2 of the protocol, and the

addition of the proteinase K in step 3, but before the incubation step, the ball bearings were



removed using a magnet. Care was taken not to contact the inside of the Eppendorf tubes with the
surface of the magnet, and the magnet was cleaned with ethanol, and then dried on blue roll, after
extracting the ball bearings from each sample. During the incubation step, either a water bath at 56
°C or a Stuart® S1500 orbital incubator (Cole-Parmer UK, Cambridgeshire, UK) set at 200 rpm and
56 °C was used. Most samples were left to incubate for a total of 3 hours, being removed from the
water bath or orbital incubator every 30 mins to vortex, as in 2022. However, samples 61 to 180
were instead left overnight in the orbital incubator, and the rest of the DNA extraction protocol was
carried out the following day. Due to the shaking of the orbital incubator being deemed insufficient
to compensate for the lack of vortexing, this method was abandoned for samples 181 onwards.
Steps 4 to 7 were carried out as outlined in the protocol. For steps 8 and 9, two 100 pl elution
steps were used, rather than a single 200 ul elution step or two 200 pl elution steps as in the

Qiagen protocol.

Once DNA was extracted, polymerase chain reaction (PCR) was run on each pooled sample using
the following thermocycler settings: 95 °C for 3 mins, [95 °C for 30 s, 48 °C for 45 s, 72 °C for 45 s]
for 40 cycles and 72 °C for 3 mins. The primers used were ‘35F’ (5'-GGAA
TAATTGGTTCATCCTTA-3') and ‘300R’ (5'-CTACAAATTATTATTATTA AAGAAGGG-3') published
by Orpet et al. (2019a). The reaction mix was made up of 4 ul undiluted DNA extraction elute, 1 pl
of 5 uM of each primer (2 pl total), 6.5 ul of molecular grade water (hereafter ‘water’), and 12.5 pl
of PCRBIO Taqg Mix Red (PCR Biosystems Ltd., London, UK). The PCR product was then run on a
1.5% agarose gel with GelRed® (Biotium Inc., Fremont, USA), and visualised using a Gel Doc™
XR+ with Image Lab™ software (Bio-Rad Laboratories Ltd., Watford, UK). The presence of bands
at 265 bp, in line with the positive control bands, was taken as a positive result. Positive controls
for the PCR were created by processing whole WAA with the same DNA extraction method
(Godfrey, 2024). For each positive control sample, 10 to 20 WAA were used, and the extraction
elute was diluted to 1:100 using water for use in the PCR. Experimental negative controls were
created for the PCR by taking earwigs captured from strawberry tunnels at Niab, East Malling, UK,
starving them for 48 hours, and then dissecting and processing them for DNA extraction using the
same method as the field-collected earwigs. A PCR negative control was run using 4 pl of extra

water in place of DNA.

The PCR products of three positive results were diluted to 1:10 with water and sent for Sanger
Sequencing by Eurofins (Ebersberg, Germany). For each sample, the forward and reverse
sequences were combined for each gene to create a consensus sequence using Geneious v.
2019.2.1 (Auckland, New Zealand), after being visually inspected and trimmed (L. Farwell, pers.
comm.). The consensus sequences were then searched in NCBI BLAST® (National Library of

Medicine, Bethesda, USA; Basic Local Alignment Search Tool), using the core nucleotide



database and megablast program. The closest matching genome was identified by the highest

percentage identity with an e-value of < 0.0001.

Due to the results of the BLAST search, a follow-up experiment was performed by testing the 35F
and 300R primers on Rhopalosiphum padi (L.) which were provided from a culture kept at Harper
Adams University (T. Pope, pers. comm.). Five samples, each consisting of four individual R. padi
adults (20 aphids used in total), were processed for DNA extraction using the same method as the
earwig guts, with the same thermocycler settings and PCR reagents as before. The DNA extraction
was carried out on 2024.11.08 and the PCR on 2024.11.13.

3.1.8. Soil type

The soil type for each orchard’s location was taken from the Soilscapes for England and Wales
interactive map provided by the UK Soil Observatory and developed by the National Soil
Resources Institute at Cranfield University. This dataset classifies areas as 1 of 27 possible soll
types (Soil Image © Cranfield University and for the Controller of HMSO, 2025 used with
permission). Each orchard was located on the interactive map, and the soil type at that location
recorded. This information was treated as a categorical variable (see below) with no consideration
for the description of the soil type. For example, “freely draining slightly acid loamy soils” was
treated as no more or less similar to “freely draining slightly acid but base-rich loamy soils” than

“loamy soils with naturally high groundwater”.

3.1.9. Statistical analysis

Statistical analyses of the 2023 survey data were conducted in R studio (v. 2012.12.1) using R (v.
4.4.2) and the following packages: openxlsx (Schauberger & Walker, 2025), Ime4 (Bates et al.,
2015), ImerTest (Kuznetsova, Brockhoff & Christensen, 2017), visreg (Breheny & Burchett, 2017),
emmeans (Lenth, 2025), gimmTMB (Brooks et al., 2017), car (Fox & Weisberg, 2019), ggfortify
(Tang, Horikoshi & Li, 2016) and bindata (Leisch, Weingessel & Hornik, 2024). Generalised linear
modelling was used to create mixed-effect models for WAA and earwigs. To provide a point of
comparison for the importance of the factors measured in the study, a ‘baseline’ model was
created for each species each year. To fit the baseline models, the experimental design structure
was included as random intercepts, which consisted of tree within orchard within grower. Survey,
as a fixed effect, was then included if significant. No other fixed effects were considered for the
baseline models. Each baseline model was then compared to the relevant ‘assembled’ model
using Akaike’s Information Criterion (AIC). The assembled models included tree as the only
random intercept, to avoid pseudoreplication. All other factors were then considered as fixed

effects, with fixed effects included or excluded from the model based on any improvement



(lowering) of the AIC and significance of the effect. For all random effects, random intercepts were
used but not random slopes. This was due to random slopes requiring larger datasets.
Measurements were treated in the following ways for modelling. The grower, orchard, and tree
were considered categorical. The number of the survey within a year (referred to simply as survey,
and roughly corresponding to different months) was treated as categorical years. Whether an
orchard was managed organically or conventionally (referred to as management style) was treated
as categorical. The uncapped earwig counts from 2023, were converted to binary presence or
absence variables due to the high number of zeros. The WAA estimated percentage infestations
from 2023 were converted into binary presence or absence variables due to the high number of
zeros. In 2023, GAA and RLCA were discarded, but RAA shoot count was converted to a binary
presence or absence variable due to the high number of zeros. In 2023, the percentage ground
cover of plants and bare earth was converted to a ‘high’-low’ binary variable, with low being given
to any value < 50%, and high given to any value = 50%. The percentage ground cover of moss and
mulch were converted to a binary presence or absence variable, due to the high number of zeros
for both measurements. In 2023, the soil type was treated as a categorical variable. In 2023, apple
variety was tested in models using a subset of the data which excluded the single Spartan orchard,
and was thus treated as a binary variable of Gala or Braeburn. Note that all modelling which did
not include variety as a factor was completed on the full dataset, including the final models
presented here.

The accepted models were:

e 2023 WAA Baseline had tree within orchard within grower as nested random effects with
the month of survey as a fixed effect

e 2023 WAA Assembled had tree as a random effect; management style, month of survey,
earwig presence, RAA presence, and moss presence as fixed effects; with interaction
effects between management style and the month of survey, and management style and
earwig presence

e 2023 Earwig Baseline had tree within orchard within grower as nested random effects and
the month of survey as a fixed effect

o 2023 Earwig Assembled had tree as a random effect, the month of survey, RAA presence,
and bare earth abundance as fixed effects

These are discussed further in section 4.1.

3.2. Impact of artificial shelters on the numbers of earwigs and Eriosoma

lanigerum in an experimental apple orchard
3.2.1. Experimental design

An experimental apple orchard at Niab, East Malling, UK (coordinates: 51.286527, 0.465566) was
used for the study. The orchard contained nine 12 x 12 (144 trees) blocks of fully-grown apple

trees (planted in 2000), with Italian alder hedgerows separating the blocks. The study was limited



to a single variety of apple, Royal Gala, to avoid variability in susceptibility to WAA between
varieties. Royal Gala trees were present in four of these blocks (Blocks 3, 5, 6, and 7) in each case
consisting of three rows of 12 trees. Twenty-two Royal Gala trees from each block were selected
for sampling (88 trees in total), by including the central 7, then 8, then 7, trees, from each set of 3
rows. This was done to limit edge effect on trees at the end of the rows, by excluding 2 or 3 trees

from either end of each row.

All four blocks containing Royal Gala apple trees were treated with the same spray programme for
the years 2015 to 2021, although no insecticides were applied during the years 2015, 2017, and
2018. The spray records for the years 2012, 2013, and 2014 were not available. Older records
were available for the years 2007 to 2011, and during these years the blocks used in this study
were treated differently. Table 3-2 gives the names, active ingredients, and frequencies of the

insecticide sprays applied to the Royal Gala trees.

The trees in Block 7 had been provisioned with corrugated cardboard bands (10 cm wide and 40
cm long) around the trunks to collect codling moth larvae for another unrelated experiment
(Mateos-Fierro, pers. comm.). Bands were tied around the trunk of the trees at 40 cm above the

ground, fixed in place using electrical tape, and were in place for three months before the first WAA

assessment took place.



Table 3-2. Active ingredients of insecticide sprays applied to the Niab, East Malling, UK,
experimental orchard blocks including the number of applications. The estimated IOBC toxicity
rating of each chemical is given for earwigs (Forficula auricularia) and woolly apple aphid
(Eriosoma lanigerum; WAA). These data are from spray records for the years 2007 to 2011, and
2015 to 2021. Toxicity ratings are on a scale from 1 to 4, with 1 being the least harmful and 4 being
the most harmful.

I0BC Toxicity

Number of Sprays per Block Rating
Active Ingredient Block 3 5 6 7 Earwigs WAA
pirimicarb 1 1 1 1 1 4
spirotetramat 1 1 1 1 1 4
thiacloprid 6 6 7 10 2 1
chlorantraniliprole 4 2 2 2 1 1
acetamiprid 1 1 1 1 2 3
pyriproxyfen 1 1 1 1 2 3
fenoxycarb 2 2 1 4 1 1
flonicamid 1 1 1 2 1 4
chlorpyrifos 5 5 8 7 4 4
methoxyfenozide 6 6 4 7 1 1
indoxacarb 5 4 4 4 3 1
Total 33 30 31 40
3.2.2. Woolly apple aphid assessment

Woolly apple aphid colony counts were carried out on the labelled trees once each. Blocks 3 and 6
were surveyed on 2021.07.27, Block 5 on 2021.07.29, and Block 7 on 2021.08.01. Assessments
were visual inspections of the trees from both sides of the row, looking for the distinctive white wax
produced by the aphids. Each distinct mass of WAA was considered a separate colony, with no
consideration of size. Initially colonies were divided into three categories, depending on if the
colony appeared on the rootstock, trunk, or branches of the tree; however, these were combined

into a total count from each tree for analysis due to most colonies occurring on the branches.

3.2.3. Earwig assessment

Earwig counts were carried out on the same trees used for the WAA colony counts. Blocks 3 and 6
were searched on 2021.08.13 and Blocks 5 and 7 were searched on 2021.08.15. On each night,
two searches were performed per tree, one along each side of the row. Each search lasted one
minute and thirty seconds, for a total of three minutes per tree, and was conducted using a

handheld torch. Light was passed over the branches and foliage of the trees at various angles from



approximately 30 cm. Earwigs were categorised as male, female, or immature (no immature
earwigs were recorded), based on the shape of the cerci. Adult male earwigs have strongly curved
cerci, while female cerci are much straighter with only a slight curve at the tip. Immature earwigs
have cerci which in shape resemble that of females, but their cerci are thinner and smaller in
proportion to their bodies and their elytra are underdeveloped. All earwig searches were completed

after sunset (earliest search started at 22:15, latest search started at 02:20).

3.2.4. Statistics

As the earwig count data were not normally distributed, they were analysed using a Wilcoxon test
to test for an impact of artificial shelters. A Kruskal-Wallis test was conducted to compare the
earwig counts between the different orchard blocks, excluding Block 7 which contained the artificial
shelters.

The impact of artificial shelters (used by earwigs) on WAA colony counts was similarly analysed
using a Wilcoxon test. The WAA colony counts of the different blocks were compared using
Kruskal-Wallis tests, with tests conducted both including and excluding Block 7. Post-hoc analysis
of these tests was carried out using Dunn tests with Bonferroni correction.

All analyses were conducted in R studio (v. 2012.12.1) using R (v. 4.2.2), and employing the
openxlsx (Schauberger & Walker, 2025), Ime4 (Bates et al., 2015), ImerTest (Kuznetsova,
Brockhoff & Christensen, 2017), Imtest (Zeileis & Hothorn, 2002), FSA (Ogle et al., 2025), and
visreg (Breheny & Burchett, 2017) packages.

The cumulative toxicity rating for each orchard block was calculated using similar methods to
Thomson & Hoffmann (2006), using ratings in accordance with the International Organisation for
Biological and Integrated Control's (IOBC) toxicity ratings, but estimated using information from
primary sources and/or product labels due the IOBC side effects database being unavailable (at

time of writing; Table 3-3). These ratings correspond to the following scale: 1 = low toxicity

(harmless, < 25 % mortality), 2 = slightly harmful (25-50 % mortality), 3 = moderately harmful (50—
75 %), and 4 = very harmful (> 75 % mortality) (McKerchar et al., 2020).



Table 3-3. The cumulative toxicity score for each orchard block used in this study, calculated using
methods from Thomson & Hoffmann (2006), with IOBC toxicity ratings estimated for earwigs
(Forficula auricularia) and woolly apple aphid (Eriosoma lanigerum; WAA) from available studies.
The higher score represents a higher toxicity to the insects.

Cumulative Toxicity Score
Block
Earwigs WAA
3 33 28
5 31 28
6 41 37
7 41 37
3.3. Radio frequency identification mesocosm designs for the study of earwig

behaviour

Earwigs were collected from an experimental apple orchard at Niab, East Malling, UK (coordinates:
51.286527, 0.465566), on the 2024.08.26, using refuge trapping with Wignests® (Russell IPM Ltd.,
Flintshire, UK). The collected earwigs were kept at room temperature for up to 12 days prior to the
experiment, in two Perspex boxes (210 x 105 mm at base, 227 x 120 mm at top, 85 mm vertical
height, lid attached). The Wignests the earwigs were captured in were placed directly into these
boxes. The Wignests contained an artificial diet as bait; this food source was supplemented with
ground dried cat food (Nestle Purina UK Manufacturing Operations Ltd., York, England). Distilled

water was provided once a day on weekdays.

3.3.1. Glue testing

Six glues were tested (Table 3-4), either with or without passive RFID tags, giving 12 experimental
treatments and one control treatment. Ten earwigs (five males and five females) were haphazardly
selected for inclusion. Where tags were applied, these were mic3® Q1.6 RFID tags (Microsensys
GmbH, Erfurt, Germany). The tags weighed = 2 mg and were 1.6 x 1.6 x 1.3 mm in size. Three
earwigs escaped during the experiment; data from them was discarded. Each earwig was placed
individually in a tube and CO; applied to the tube using a lance until the earwigs became
motionless. The earwigs were left in the CO.-filled tube for an additional minute. After this, each
earwig was weighed, placed in a bee marking cage (Serlium Bee Queen Bottle Marker,
Guangdongsheng, China), and the treatment (glue) was applied to the centre of their elytra.
Depending on the texture of the glue, each glue was either applied directly from the container to

the elytra of the earwigs, or applied first to a piece of waxed paper, and then transferred to the



elytra of the earwigs using a cotton bud. For glue-with-tag treatments, tags were then pressed into
the glue on the elytra using a set of forceps. Each earwig was left in the bee marking cage either
until they recovered and began moving (this was usually first indicated by antennal movements), or
until 20 minutes had elapsed. The bee marking cages had a grid with an aperture size of 4 mm,
attached to a hollow plastic cylinder weighing 15.4 + 0.1 g (+ standard deviation). The platform the
earwigs were placed on was covered in foam. The stem of the platform the earwigs were placed on
extended beyond the end of this cylinder. To hold the earwigs in place, the end of this stem was
placed in a tray of ice to hold the bee marking cage upright without the cylinder contacting the ice
(Figure 3-1). This meant the weight of the cylinder was supported by the earwigs and surrounding
platform. Ice was used as a substrate due to the flexibility it allowed in placement of the bee

marking cages, but it was not expected to have a significant cooling effect on the earwigs.

Table 3-4. The six glues used in this experiment, their binding agents, and the addresses of the

manufacturers.

Glue Name (B|f"::1(|iil"2a ?,:1%;3 nt Manufacturer

Araldite Epoxy Huntsman Advanced Materials (Switzerland) GmbH,
Klybeckstrasse 200, CH-4057 Basel

Thermoplastic Bostik Limited, Common Road, Stafford, England, ST16

Glue 3EH
Harlington Group Limited, C/O Apex Accountancy, Office

Eyelash glue Latex Suite 134 First Floor, 4 Longwalk Road, Stockley Park,
Uxbridge, England, UB11 1FE

Shellac Libéron Limited, Mountfield Industrial Estate, Learoyd
Road, New Romney, Kent, TN28 8XU

Gorilla glue Cyanoacrylate Gorilla Glue Europe Limited, 26 Eaton Avenue, Buckshaw
Village, Chorley, England, PR7 7NA

Gorilla gel Cyanoacrylate Gorilla Glue Europe Limited, 26 Eaton Avenue, Buckshaw
Village, Chorley, England, PR7 7NA
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Figure 3-1. Two images showing anesthetised Forficula auricularia which have been placed into a
bee marking cage for the application of glue (with or without a tag) onto their elytra. The bee
marking cages were placed in ice to keep them upright while allowing the weight of the mesh and
attached plastic cylinder to rest on the F. auricularia. Individuals remained in these cages for up to
20 minutes, or until they showed signs of recovery from anesthetisation.

After 20 minutes or once active, earwigs were placed in individual Perspex containers (136 x 76 x
60 mm (length x width x height, lid attached)), with ventilation provided through holes covered in a
fine mesh. Ground dried cat food (Nestle Purina UK Manufacturing Operations Ltd., York, England)
was provided in sample tube lids. Distilled water was provided in plastic pipette bulbs sealed with a
piece of sponge cloth (Specialist sponge cloths, Mapa Spontex UK Ltd., Staffordshire, England).
On the second day of the experiment, earwigs were provided with one half of a prototype
Wignest™ (Russell IPM Ltd., Flintshire, UK). This was to avoid providing earwigs with any heavy
objects to scrape tags off against for the first night while slower setting glues might still not have
dried fully. This behaviour was previously observed in pilot tests for this experiment (Video A-1).
The first set of treatment was applied on 2024.08.28 and the last on 2024.09.06. Including the day
of tag/glue application, the earwigs were observed for 14 days, or until they died, or the tag

detached. Once an individual exited the experiment for one of these three reasons, it was



reweighed, and if necessary anesthetised with CO., as before, to remove the tag. Starting at 17:00
each day (typically requiring 40 minutes), and 2 hours after treatment, each earwig was provoked
to move by manual handling and categorised as either alive, moribund, or dead. An earwig was
considered moribund if it showed antennal or leg movements but was incapable of co-ordinated
locomotion. In addition, on every second day, earwigs were placed in a small sample tube (22 mm
square base, 32 mm diameter rounded top, 54 mm height) within their container (approximately 5
mm clearance between top of tube and lid of container) and left overnight. The next morning,
starting at 09:00 (typically taking 20 minutes) it was recorded if the earwig had escaped the sample
tube by successfully climbing the vertical surface. Any earwig still within the sample tube were
released before removing all the tubes. If during observations at the end of the day an individual
displayed the ability to climb vertically on the sides of their box, this was instead recorded as an

immediate success and that individual was not placed in the sample tube overnight.

3.3.2. Glue testing statistical analyses

To analyse the effects of treatment on mortality and tag retention, generalized linear models were
fitted. For mortality (status as ‘alive’ or ‘dead’ by the end of the experiment) a binomial model was
fitted, which had only treatment as a fixed effect. This model had an Akiake Information Criterion
(AIC) of 58.327, which was better (lower) than the AIC of models of mortality including earwig sex,
weight, or time spent in the bee marking cage as fixed effects. A Fisher test, and pairwise Fisher
test, were completed to compare the mortality for each treatment, with the pairwise Fisher test
using Bonferroni correction for multiple comparisons.

For tag retention (the number of days a tag remained attached), a negative binomial model was
fitted, which included treatment, the time spent in the bee marking cage, and the interaction
between these two factors, as fixed effects. This model had an AIC of 299.620, which was better
than models of tag retention which included sex or weight as fixed effects. The model for tag
retention was fitted to a subset of the data containing only data from the treatments which included
tags, and only from earwigs which survived the experiment. A Kruskal-Wallis test, and pairwise
Wilcoxon test, were conducted to compare the median days tagged for each treatment (using the
same subset of data as the model), with the Wilcoxon test using Bonferroni correction for multiple
comparisons. All analyses were conducted in R studio (v. 2024.12.0) using R (v. 4.4.2) and
employing the openxlsx (Schauberger & Walker, 2025), car (Fox & Weisberg, 2019), dplyr
(Wickham et al., 2023), MASS (Venables & Ripley, 2011), ggplot2 (Wickham, 2009), rstatix
(Kassambara, 2023), and onewaytests (Dag, Dolgun & Konar, 2018) packages.



4. Results

4.1. The presence of earwigs and Eriosoma lanigerum in orchards in Kent

The 2023 WAA Baseline model (Table 4-1) consisted of tree within orchard within grower as
nested random intercepts, with survey as a fixed effect. This model had an AIC of 510.2, with
orchard as the most powerful random effect. The 2023 WAA Assembled model (Table 4-2) had
tree as the only random effect. Survey, management style, earwig presence, RAA presence, and
moss presence were included as fixed effects, as well as interactions between earwig presence
and management style, and survey and management style. This model had an AIC of 538.7.
Variety, soil type, mulch presence, plant abundance, and bare earth abundance were all excluded
from the model. There was the highest number of WAA-occupied trees in July, the fewest in
August, and an intermediate number in September (Figure 4-1). Woolly apple aphid was less likely
to be found on trees where moss cover was present in the row bed (Figure 4-2). Figures 4-3 and 4-
4 show the individual effects of management style and earwig presence on WAA presence. More
trees were occupied by WAA in organic orchards, and fewer trees were occupied by WAA when
earwigs were present. However, Figure 4-5 shows the interaction between these two factors.
When earwigs were absent, trees in conventionally managed orchards had a slightly lower
probability of containing WAA than organic trees. But, when earwigs were present, the probability
of finding WAA in a conventional tree was greatly reduced, while the probability of finding WAA in
an organic tree was very similar regardless of the presence of earwigs. Figure 4-6 shows the
interaction between management style and survey. While organic trees had a consistently higher
probability of containing WAA than conventional trees in July and August, the number of trees

occupied by WAA in conventional orchards continued to decline in September, but in organic

orchards began to increase again. Trees had a higher probability of containing WAA if they
contained RAA (Figure 4-7).



Table 4-1. A model for the presence or absence of WAA from 600 pseudo-trees (n = 200 trees, 3

surveys). AlIC = Akaike Information Criterion. DF = Degrees of Freedom. Std. = Standard.

2023 WAA Baseline
AIC 510.2
Deviance 498.2
DF residuals 594
Random Effects
Name Type Variance Std. deviation
Tree Intercept 0.4247 0.6517
Orchard Intercept 3.2228 1.7952
Grower Intercept 1.4746 1.2144
Fixed Effects
Name Estimate Std. error p value
Intercept -1.2435 0.635 0.0502
Survey 2 -1.3448 0.3221 < 0.001
Survey 3 -0.5743 0.2906 <0.05




Table 4-2. A model for the presence or absence of WAA from 600 pseudo-trees (n = 200 trees, 3

surveys). AlIC = Akaike Information Criterion. DF = Degrees of Freedom. Std. = Standard.

2023 WAA Assembled
AIC 538.7
Deviance 516.7
DF residuals 589
Random Effects
Name Type Variance Std. deviation
Tree Intercept 4.661 2.159
Fixed Effects
Name Estimate Std. error p value
Intercept 1.1347 0.7958 0.154
Organic -2.2195 0.9105 <0.05
Survey 2 -2.1412 0.6355 < 0.001
Survey 3 -2.9908 0.7247 < 0.001
F. auricularia present -2.636 0.7185 < 0.001
RAA present 1.5821 0.5159 <0.01
Moss present -1.6337 0.5996 <0.01
Organic * Survey 2 1.1574 0.7386 0.117
Organic * Survey 3 3.5279 0.8401 < 0.001
Organic * F. auricularia present 3.0682 0.8611 < 0.001
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Figure 4-1. The proportion of 200 trees containing WAA during three surveys conducted in 2023.
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Figure 4-2. The proportion of pseudo-trees containing WAA where moss was either absent (n =
290 pseudo-trees) or present (n = 310 pseudo-trees) from the row bed. Data were collected in
2023.
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Figure 4-3. The proportion of pseudo-trees which contained WAA which were managed
conventionally (n = 100 trees, 300 pseudo-trees) or organically (n = 100 trees, 300 pseudo-trees).

Data were collected in 2023.
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Figure 4-4. The proportion of pseudo-trees which contained WAA where F. auricularia was absent
(n =172 pseudo-trees) or present (n = 428 pseudo-trees). Data were collected in 2023.
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Figure 4-5. The estimated effects of F. auricularia (earwig) presence (0 = Absent, 1 = Present) and
management style on the probability of finding WAA in a tree. n conventional F. auricularia absent
= 80 pseudo-trees. n conventional F. auricularia present = 220 pseudo-trees. n organic F.
auricularia absent = 92 pseudo-trees. n organic F. auricularia present = 208 pseudo-trees. Data
were collected in 2023.
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Figure 4-6. The estimated effects of the month a survey was conducted and management style on

the probability of finding WAA in a tree. N = 100 trees for all 6 datapoints. Data were collected in
2023.
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Figure 4-7. The proportion of pseudo-trees which contained WAA where RAA was absent (n = 508
pseudo-trees) or present (n = 92 pseudo-trees). Data were collected in 2023.

The 2023 Earwig Baseline model (Table 4-3) had the same structure as the WAA Baseline model,
with survey as a fixed effect and tree within orchard within grower as nested random effects. This
model had an AIC of 407.5; orchard was again the most powerful random effect. The 2023 Earwig
Assembled model (Table 4-4) had survey, RAA presence and the abundance of bare earth as fixed
effects, and tree as a random effect. The AIC of this model was 558.7. Management style, WAA
presence, variety, moss presence, mulch presence, soil type, and plant abundance were all
excluded from the model. Changes in the proportion of trees occupied by earwigs during the three
months of surveys were observed (Figure 4-8), with the fewest occupied trees in July, the most in
August and with September having a similar number of occupied trees to August (although

marginally lower). There was a higher likelihood for trees to contain earwigs when the row bed was

> 50% bare earth (Figure 4-9). A tree was less likely to contain RAA if earwigs were present
(Figure 4-10).




Table 4-3. A model for the presence or absence of F. auricularia from 600 pseudo-trees (n = 200
trees, 3 surveys). AIC = Akaike Information Criterion. DF = Degrees of Freedom. Std. = Standard.

2023 Earwig Baseline

AIC 407.5
Deviance 395.5
DF residuals 594

Random Effects
Name Type Variance Std. deviation
Tree Intercept 0.6723 0.8199
Orchard Intercept 10.0218 3.1657
Grower Intercept 8.6694 2.9444

Fixed Effects

Name Estimate Std. error p value
Intercept 2.9229 1.6456 0.076
Survey 2 1.0226 0.3619 <0.01
Survey 3 0.7138 0.3523 <0.05




Table 4-4. A model for the presence or absence of F. auricularia from 600 pseudo-trees (n = 200
trees, 3 surveys). AIC = Akaike Information Criterion. DF = Degrees of Freedom. Std. = Standard.

2023 Earwig Assembled
AIC 558.7
Deviance 546.7
DF residuals 594
Random Effects
Name Type Variance Std. deviation
Tree Intercept 15.84 3.98
Fixed Effects

Name Estimate Std. error p value
Intercept 3.4984 0.8263 < 0.001
Survey 2 1.123 0.3814 <0.01
Survey 3 0.6849 0.3651 0.061
RAA present -2.0278 0.7624 <0.01
Bare earth low -1.4855 0.4817 < 0.01
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Figure 4-8. The proportion of 200 trees containing F. auricularia during three surveys conducted in
2023.
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Figure 4-9. The proportion of pseudo-trees which contained F. auricularia where the row bed was
> 50% bare earth (High; n = 282 pseudo-trees, 94 trees) or < 50% bare earth (Low; n = 318
pseudo-trees, 106 trees). Data were collected in 2023.
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Figure 4-10. The proportion of pseudo-trees which contained F. auricularia where RAA was absent
(n =508 pseudo-trees) or present (n = 92 pseudo-trees). Data were collected in 2023.




Of the 870 earwigs sampled for molecular gut content analysis, 44 (5%) had a positive PCR result.
However, when three PCR samples were sent for sequencing, only two returned with close
similarity for WAA, while the third was a closer match to R. padi. The subsequent PCR test shows
that the primer used was not specific to WAA DNA and amplified R. padi DNA. All five R. padi DNA
samples were amplified by the primers during PCR. It is therefore impossible without further

sequencing to say how many of the 44 positive samples were from earwig consumption of WAA.

4.2. Impact of artificial shelters on the numbers of earwigs and Eriosoma

lanigerum in an experimental apple orchard
42.1. Earwig assessment

There was no significant difference in the number of earwigs in the apple tree canopies at night
between the blocks (3, 5, and 6) with no artificial shelters (Kruskal-Wallis test: df =2, H=3.47, p =
0.18; Figure 4-11).

o
(\i - L ]
v ]
E -
=5
3
9 ‘D_ — -ee e - L ]
2
m
Wow
i
o | —
e I I |
3 5 6
Block

Figure 4-11. Earwig (Forficula auricularia) counts from Royal Gala apple (Malus domestica) trees
in different orchard blocks which did not contain artificial F. auricularia shelters (n = 22 in all cases).
Datapoints are superimposed in red.

When the effect of artificial shelters was tested, significantly more earwigs were recorded on apple
trees with shelters (Wilcoxon test: n without shelter = 22, n with shelter = 22, W = 59, p < 0.001;
Figure 4-12). This test was completed by comparing Block 6 to Block 7, due to the similarity in their
history of insecticide treatment (Table 3-3). However, given that the different untreated blocks did

not have significantly different numbers of earwigs (see above), a second analysis was done

comparing Block 7 to all other blocks.
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Figure 4-12. Earwig (Forficula auricularia) counts from Royal Gala apple (Malus domestica) trees
in orchard blocks which either did (n = 22) or did not (n = 22) have artificial shelters for F.
auricularia. Data come from blocks with similar histories of insecticide use. The datapoints are

superimposed in red. Groups which do not share a letter are significantly different (p < 0.05).

Artificial shelters were associated with significantly higher numbers of earwigs in apple trees at
night (Wilcoxon test: n without shelters = 66, n with shelters = 22, W = 214.5, p < 0.001; Figure 4-
13).
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Figure 4-13. Earwig (Forficula auricularia) counts from Royal Gala apple (Malus domestica) trees
in orchard blocks which either did (n = 22) or did not (n = 66) have artificial shelters for F.
auricularia. These data come from orchard blocks with various histories of insecticide use.
Datapoints are superimposed in red. Groups which do not share a letter are significantly different
(p <0.05).

4.2.2. Woolly apple aphid assessment

When comparing the WAA colony count of Block 7 (artificial shelters) with Block 6 (no artificial
shelters), the addition of artificial shelters appeared to have no significant effect (Wilcoxon test: n
without shelters = 22, n with shelters = 22, W = 254.5, p = 0.78; Figure 4-14). These blocks were

selected for comparison due to their similar histories of insecticide treatment (Table 3-3).
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Figure 4-14. Woolly apple aphid (Eriosoma lanigerum) colony counts from Royal Gala apple

(Malus domestica) trees in orchard blocks which either did (n = 22) or did not (n = 22) have artificial




shelters for F. auricularia. These data come from blocks with similar histories of insecticide use.

The datapoints are superimposed in red.

When comparing orchard blocks without artificial shelters, there were significant differences
between blocks (Kruskal-Wallis test: df = 2, H = 24.65, p < 0.001; Figure 4-15). Post-hoc testing
showed that Block 3 had significantly higher numbers of WAA colonies than Block 5 (p = 0.025)
and Block 6 (p < 0.001) but Blocks 5 and 6 were not significantly different (p = 0.061). Block 7 was

excluded from this analysis.
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Figure 4-15. Woolly apple aphid (Eriosoma lanigerum) colony counts from Royal Gala apple
(Malus domestica) trees in orchard blocks with different histories of insecticide use. These data
include only blocks without artificial shelters. The datapoints are superimposed in red. Groups
which do not share a letter are significantly different (p < 0.05).

Given the presence of artificial shelters did not appear to have a significant effect on the WAA

colony count (Figure 4-14), it is also possible to conduct a Kruskal-Wallis test that includes Block 7,

thus comparing all blocks. This test showed there were significant differences between the blocks
in WAA counts (Kruskal-Wallis test: df = 3, H = 36.03, p < 0.001; Figure 4-16). Post-hoc analysis
showed that the trees in Block 3 had significantly higher WAA colony counts than Block 6 (p <
0.001) and Block 7 (p < 0.001), and Block 5 had significantly higher WAA colony counts than Block
7 (p < 0.05). Blocks 3 and 5 were not significantly different (p = 0.076), neither were Blocks 5 and 6
(p =0.090), or Blocks 6 and 7 (p = 1.00).
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Figure 4-16. Woolly apple aphid (Eriosoma lanigerum) colony counts from Royal Gala apple
(Malus domestica) trees in orchard blocks with different histories of insecticide use. These data
include a mix of blocks with and without artificial shelters. The datapoints are superimposed in red.
Groups which do not share a letter are significantly different (p < 0.05).

The highest numbers of WAA were found in descending order in Blocks 3>5>6>7 (Figure 3-7. The
respective insecticide toxicity scores for WAA were 28, 28, 37, 37 (Table 3-3) and hence WAA

colony count per tree did not seem to be related to past insecticide applications.

4.3. Radio frequency identification mesocosm designs for the study of earwig
behaviour
4.3.1. Mortality

The best generalized linear model for mortality included only treatment as a factor. Sex, the
duration spent in the bee marking cage, and the weight of an individual at the start of the
experiment (pre-treatment) were not significant factors for mortality. A Fisher test confirmed there
were significant differences in mortality between the treatments (p < 0.001). However, post-hoc
pairwise analyses of the different treatments showed no individually significant comparisons (p >
0.05 in all cases). This is likely due to the high number of treatments relative to the number of
individuals per treatment. Despite this lack of significant pairwise comparisons, there are very clear
effects on mortality by treatment (Figure 4-17). The only deaths which occurred during the
experiment were earwigs which were treated with one of the two cyanoacrylate glues. When
looking at the glues alone (without a tag being applied), four of the 10 earwigs treated with Gorilla
glue, and five of the nine earwigs treated with Gorilla gel, died, i.e. both cyanoacrylate glues

caused a close-to-50% mortality rate when applied alone. However, when applied with tags, a



single earwigs treated with Gorilla gel died (out of 10), and none of the 10 earwigs treated with
Gorilla glue (and a tag) died.
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Figure 4-17. The number of F. auricularia which either survived or died following a given treatment
during a fourteen-day experiment. The treatment codes stand for the following: AA = Araldite
alone, AT = Araldite with tag, Con = Control, CYA = Gorilla glue alone, CYT = Gorilla glue with tag,
EA = Eyelash glue alone, ET = Eyelash glue with tag, GelA = Gorilla gel alone, GelT = Gorilla gel
with tag, SA = Shellac alone, ST = Shellac with tag, TA = Thermoplastic glue alone, TT =

Thermoplastic glue with tag.

4.3.2. Tag retention

For tag retention, sex and the weight prior to the experiment were not significant. The best model
showed glue and the time spent in the bee marking cage as significant (p < 0.05), with an
interaction between these two factors. A pairwise Wilcoxon test on the number of days tagged for
each glue found that both cyanoacrylates had significantly higher median days tagged than
araldite, shellac, and the eyelash/latex (p < 0.05 in all cases). Thermoplastic glue had significantly
higher tag retention than the eyelash/latex (p < 0.01). All other pairwise comparisons were not
significantly different (p > 0.05 in all cases). This showed that in order from most to least effective
the glues were ranked Gorilla glue = Gorilla gel > thermoplastic glue > Araldite = shellac > eyelash
glue (Figure 4-18). Time spent in the bee marking cage was negatively correlated with the number
of days a tag remained attached, which had an interaction with glue type. Figure 4-19 shows that

the model predicted Araldite and shellac to perform better as time spent in the bee marking cage

trended towards 0.
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Figure 4-18. The number of days tags remained attached to F. auricularia using various glues. The
datapoints are superimposed in red. Treatments which do not share a letter are significantly
different (p < 0.05). N = 10 for all treatments apart from Gorilla gel where N = 9. The experiment

ended after fourteen days.
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Figure 4-19. The predicted relationship between the time spent immobilised in a bee marking cage
and the number of days a tag remained attached to a F. auricularia for different glues, based on a

negative binomial generalized linear model. N = 10 for all treatments apart from Gorilla gel where

N = 9. The experiment ended after fourteen days.




5. Discussion

5.1. Earwigs and Eriosoma lanigerum

This study demonstrated that earwigs were a contributor to the control of WAA. This is in
agreement with many other studies which have shown the efficacy of earwigs for control of WAA
(Stap et al., 1987; Mueller, Blommers & Mols, 1988; Nicholas, Spooner-Hart & Vickers, 2005;
Quarrell, Corkrey & Allen, 2017; Alins et al., 2023).

While the scope of this study was not as large as Happe et al. (2018) or Helsen et al. (2007), the
survey work included more orchards than other previous surveys on earwigs and WAA. This is
important given that the main concern with earwig control of WAA is its inconsistency. The results
of this study are supported by Helsen et al. (2007), but contrary to the findings of Happe et al.
(2018). The approach taken of using presence and absence rather than true abundance of each
species was important for allowing the comparison of so many orchards; orchards could be
included even when they had a very low abundance of WAA or earwigs. However, this also means
that only total elimination of detectable WAA from a (pseudo)tree was considered. This is a
stringent definition to use for control, so the presence of a detectable effect on WAA is a strong
indicator of the value being provided by earwigs. However, it may lead to an underestimation of the
value of earwigs, particularly in organic orchards, and thus bias the models towards the detection

of interaction effects.

The role of management type in the modelling was of key importance. The lack of an impact of
management type on earwig presence is important (discussed further below), as is the finding of
more WAA-infested trees in the organic orchards compared to conventional orchards. Woolly apple
aphid is sometimes considered most serious in orchards which have been sprayed with broad-
spectrum insecticides, the theory being that WAA is released from control by its natural enemies
(Alspach & Bus, 1999; Heunis & Pringle, 2003; Nicholas, Spooner-Hart & Vickers, 2005; Belién et
al., 2010; Wearing, Attfield & Colhoun, 2010; Goossens et al., 2011; Beers, Horton & Miliczky,
2016). The bias from using presence/absence must be considered; the presence of more WAA
infested trees in organic orchards does not actually mean WAA was economically damaging, as it

may have been at low enough abundance to not impact the tree or fruit.

The finding that earwigs appeared to be effective at eliminating WAA from trees only in
conventionally managed orchards is novel. This may be an indicator of the efficacy of spirotetramat

(or flonicamid) in controlling WAA in tandem with earwigs. These insecticides are also not directly



harmful to earwigs, so may be compatible with biological control of WAA (Shaw and Wallis, 2010;
Vogt, Just, and Grutzmacher, 2010). Gontijo, Beers and Snyder (2015) suggested supplementary
control from a second source was required to make earwigs effective at WAA control. This
highlights that earwigs’ lack of specificity to WAA allows it to be present before WAA is established

and therefore attack the most vulnerable stages of the lifecycle.

The evidence for earwig control of WAA in this study comes from populations of earwigs which had
not been experimentally manipulated to enhance contrasts. There was no removal or release of
earwigs (other than the replacement of individuals taken for molecular gut content analysis). Hence
this study may improve grower confidence in the efficacy of naturally-occurring earwigs and
indicate that with the correct management (e.g. minimal harmful insecticide sprays and no tillage
while earwigs are overwintering; Fountain & Harris, 2015), expensive augmentative releases to
control WAA might not be necessary. That being said, the earwig populations in the orchards were

monitored using refuge trapping (see below).

The finding of this study suggests that artificial shelters can lead to increased earwig abundance.
This supports the findings of Moerkens et al. (2009), Jana et al. (2021) and Bischoff (pers. comm.).
The implications of this for earwig distribution are discussed below. This also has implications for
the interpretation of previous research conducted using refuge trapping. If the provisioning of
artificial shelters for earwigs enhances their abundance in trees, then studies relying on refuge
trapping will tend to overestimate earwig abundance in apple orchards, particularly later in the
season. This may also bias studies (such as our own) which use refuge trapping to investigate
earwig and WAA interactions towards overestimating the effect of earwig populations on WAA. In
orchards without artificial shelters, earwigs may not be as effective at controlling pests. While this
study did not find evidence for it, the provision of shelter alone may serve to enhance the control of

WAA by earwigs.

In this study the rate of earwig predation of WAA in apple trees was analysed using molecular gut
content analysis. In this study the rate of detectable WAA DNA was very low, only 5%, when
compared with that of previous studies (23 — 30%; Romeu-Dalmau, Pinol & Agusti, 2012; Orpet et
al., 2019a). This could either be the result of problems with the methodology reducing the
detectability of WAA DNA or reflect a real frequency of predation lower than those encountered in

other studies.

To address the methodology, aphid DNA will be most easily detectable in the guts of earwigs
immediately following predation. From this point onwards the probability of detecting WAA DNA will

exponentially decay (Greenstone et al., 2007). Because earwigs feed at night, but were captured



during the day, there is the potential for a lengthy period of DNA decay before the samples are
collected. The methodology used was updated between years to try and minimise this period, by
collecting samples for molecular gut content analysis early in the morning, and by placing earwigs
immediately onto ice. When placed onto ice, earwigs from a given tree were put into a plastic bag,
which was placed inside a plastic tube to prevent crushing, with the tube being pushed into the ice.
There would therefore be some degree of insulation from the cooling of the ice, which may have
reduced the effectiveness of this procedure for preserving DNA. Certainly the earwigs were not
cooled sufficiently to kill them until they were returned to the laboratory and placed into a -80 °C
freezer. However, even a small degree of cooling should substantially slow the earwigs’ digestion
process (Cossins, 1987; Schulte, 2015). There was also the potential for the dissection procedure
to contribute to low detection; 1) earwigs were dried but not washed after immersion in 5% bleach
giving the potential for bleach to degrade DNA, although it seems unlikely there was significant
penetration of bleach in the gut, 2) During dissection earwigs were thawed to room temperature,
for up to 8 hours. The periodic returning of dissected guts to the freezer, and collection of new
individuals for dissection closer to the time they were required, may have helped preserve
detectable WAA DNA, 3) There may have been a reduction in the detectability of DNA during the
tissue homogenisation and lysis steps of the DNA extraction. Manual grinding of earwigs using a
micropestle may have been more effective than the use of a Geno/Grinder (Erica Moretti, Rebecca
Schmidt-Jeffries, pers. comm.). The three-hour lysis step could be extended further to allow more
complete lysis. Improvements in these areas would release more DNA from tissue, allowing it to be

extracted and detected more effectively.

If the low level of detectable DNA in the molecular gut content analysis is assumed to reflect a true
low frequency of predation, it is unclear why it was lower in the present study than in those carried
out by Orpet et al. (2019a) and Romeu-Dalmau, Pifiol and Agusti (2012). Romeu-Dalmau, Pinol
and Agusti (2012) used non-species-specific aphid primers, and so the higher frequency of DNA
detection in their study might be explained by the broader range of detectable DNA. Orpet et al.
(2019a), however, used the same primers (ostensibly WAA specific, discussed further below). The
study location of Washington has a warmer climate than in this study; potentially this has
implications for the duration of active foraging by earwigs, or the speed of searching and predation.
The four orchards used by Orpet et al. (2019a) for their study were also all organic, so potentially
WAA was more abundant and therefore more likely to be encountered and predated by earwigs. It

is worth noting that across 2022 and 2023, 944 samples, or 1,237 earwig individuals, were

processed. By comparison, Orpet et al. (2019a) sampled 315 earwigs and Romeu-Dalmau, Pifol
and Agusti (2012) sampled 96.



During the molecular gut content analysis, the primer used was also found to be non-species-
specific, making the results of the molecular gut content analysis much less informative on earwig
and WAA interactions. We found the primer also amplified Rhopalosiphum padi DNA. Further
testing should be done for other aphid species. Orpet et al. (2019a) did not indicate how common
R. padi was in US apple orchards, so it is unclear if this would affect their results. It is also
important to note that primers have the potential to non-specifically bind across kingdoms, not just
species (Farwell, pers. comm.). Careful consideration must therefore be taken in their design.
Databases can be used to predict the specificity of primers; however, these databases are limited
by the information available at the time of using. As the R. padi genome was not submitted to the
National Center for Biotechnology Information database until 2021, it is entirely possible that Orpet

et al. (2019a) missed this potential off-target due to the lack of available data.

The negative effect of moss presence in the row bed of apple orchards on WAA presence in the
2023 modelling was unexpected. To the author’s knowledge, no similar interaction has been
recorded before. A direct interaction between moss and WAA seems unlikely, even for edaphic
WAA which would be closer to the surface of the row bed. As mosses tend to prefer shaded and
damper conditions, there is a potential that the presence of moss correlates with a microhabitat
variable such as shading, soil temperature, moisture, or the level of irrigation. These could in turn

have a significant impact on the rate of WAA reproduction and nymphal development.

5.2 Earwig association with orchard and tree factors

This study was unable to identify many factors strongly linked to the presence of earwigs in
orchard trees. Previous research has often found earwig populations are highly variable and
difficult to predict (Phillips, 1981; Burnip et al., 2002; Gobin et al., 2006, 2008b; Moerkens et al.,
2009). It seems likely that given the temperature-dependent nature of earwig development, this
variability will become more extreme with climate change. Although some previous researchers
have found a high degree of within-orchard variation in earwig abundance (Gobin et al., 2006), the
baseline models in this study suggested that inter-tree variation was less important than inter-
orchard variation. Variation between growers was similarly less important than inter-orchard
variation. In one of the orchards surveyed in 2023 there were 1,477 earwigs caught in the refuge
traps across all three surveys. The two other orchards owned by the same grower had 0 and 15

earwigs.

Earwigs were not significantly more abundant in the organic orchards compared to the
conventional orchards. This is contrary to some previous studies (Helsen et al., 2007; Logan,

Maher & Connolly, 2011; Malagnoux et al., 2015), but corroborated by others (Nicholas, Spooner-



Hart & Vickers, 2005; Happe et al., 2018). It has been speculated that increased tillage in organic
orchards might cancel out any benefit from reduced insecticide use in organic orchards (Happe et
al., 2018; Biscoff, pers. comm.). Alternatively, it may be that organic orchards support a greater
diversity and abundance of competitors to earwigs (other generalist predators), again cancelling
out the reduced insecticide pressure. This is beneficial for growers, as it implies that all growers

can benefit from earwigs as a natural enemy of WAA and other pests.

There were no strong correlations between earwig presence and any of the alternative food
sources tested in the study, such as moss and algae. This is perhaps unsurprising given the highly
polyphagous nature of earwigs (Crumb, Bonn & Eide, 1941; Lamb & Wellington, 1975; Phillips,
1981). It seems unlikely that earwig presence would be dictated by access to any one food source,
and indeed in all apple orchards the trees themselves will provide a plentiful alternative food
source for earwigs. This may mean that, in apple orchards, factors besides food availability are

more important in dictating the presence and abundance of earwigs.

This study did find a significant positive effect of a high proportion of bare earth in the row bed on
earwig presence. This was slightly unexpected, as flowering plants or moss cover should act as
alternative food sources for earwigs. However, as outlined above, this may not be a limiting factor
in apple orchards. Instead, bare earth might be correlated with higher soil temperatures when
earwigs are still sheltering in brood chambers, either during winter or spring (Yu et al., 2022).
Temperature has been shown to play an important role in the development of earwig eggs and
nymphs (Atwell, 1927; Lamb, 1974; Phillips, 1981). Previous research has shown the timing of
earwig emergence from underground nests can vary by up to a month depending on the
temperature (Moerkens et al., 2009). Roots from plant cover may also physically inhibit the
excavation of brood chambers (Tsiolis et al., 2022). This explanation does assume, however, that
earwigs are nesting in the row bed, something which may be contentious. Further investigation into

soil characteristics, in particular drainage, seems warranted.

It has been proposed that earwigs overwinter outside orchards in Mediterranean citrus orchards
(Romeu-Dalmau, Espadaler & Pifiol, 2016). This would imply a seasonal migration of earwigs into
and out of orchards each year, something which has not been observed. Other studies have
shown that earwigs appear to be fairly sedentary within an orchard, moving less than 30 meters
over the span of a month (Phillips, 1981; Moerkens et al., 2010). It seems unclear to what degree
earwigs in tree fruit orchards are influenced by the surrounding landscape. Traditionally, it has
been thought that earwigs have poor dispersal under their own power (Crumb, Bonn & Eide, 1941).
Part of this is that flight has been largely dismissed as an important factor in earwig dispersal.

However, it seems clear that under certain (uncharacterised) conditions, earwigs will fly in large



numbers (Buzzetti et al., 2003; Pavén-Gozalo et al., 2011). To the author’s knowledge, this has
never been observed in an agricultural landscape, but even in the absence of flight, dispersal
between orchards and the surrounding landscape may be more important than has generally been
accepted. Studies investigating the influence of landscape factors on earwig abundance have
broadly shown a lack of significant relationships; however, interactions with nearby woodland or
hedgerow (both positive and negative) are sometimes significant (Debras et al., 2007; Malagnoux
et al., 2015; Happe et al., 2018). Similarly, several studies demonstrate earwigs have a strong
ability to recolonise orchards sprayed with broad-spectrum insecticides (Nicholas, Thwaite &
Spooner-Hart, 1999; Malagnoux et al., 2015; Simon et al., 2024). This implies dispersal of earwigs
into the orchards from surrounding areas. There is a lack of information on the status of earwig
populations within more natural environments. There are reports that it prefers grassland and
shrubs to woodland, that it has been found in coniferous forests, and that it prefers human-
disturbed habitats; which is to say that there appears to be mixed information on the habitat
preferences of earwigs (Kocarek, 1998; Pavon-Gozalo et al., 2011; Hill et al., 2019). It may be that
an understanding of earwig population dynamics within apple orchards is incomplete without an

understanding of populations in the surrounding environment.

Subspecies of earwigs have been infrequently distinguished in the literature by the number of
broods produced (Lamb & Wellington, 1975; Phillips, 1981; Wirth et al., 1998; Guillet et al., 2000;
Hill et al., 2019). However, studies have shown subspecies-specific differences in dispersal and
cold tolerance, implying that the subspecies of earwig may differ in other important aspects of their
biology (Moerkens et al., 2010, 2012). It may be important to begin contextualising the results of
earwig research with the subspecies the research was completed on. This likely has not been
carried out thus far because firstly, the subspecies cannot be visually differentiated, and secondly,
multiple subspecies often occur sympatrically within orchards (Guillet et al., 2000; Moerkens et al.,
2009; Quarrell et al., 2018; Gonzalez Miguéns et al., 2020).

This study adds to the small but growing body of evidence that the availability of shelter may be an
important population-limiting factor for earwigs in apple orchards (Moerkens et al., 2009; Jana et
al., 2021; Bischoff, pers. comm.). The addition of artificial shelters cannot lead to increased
reproduction within the year of introduction, due to the length of the earwig lifecycle. Artificial
shelters may either reduce mortality, leading to a true increase in earwig abundance, or
concentrate earwigs into trees where shelters have been added, leading to a change in distribution
without increasing abundance. In the latter, there should be a concurrent decrease in earwig
abundance in the surrounding area, as earwigs aggregate in trees with artificial shelters provided.
This would have implications for the as-yet unexplained population crash upon moulting from 5%

instar into adults (Moerkens et al., 2009). While Moerkens et al. (2009) were unable to identify a



causal mechanism, they showed that the degree of mortality from 5™ instar to adulthood is density-
dependent, with increased mortality at higher densities. As stated, this study and others have
shown an apparent increase in earwig abundance thanks to shelters (Moerkens et al., 2009; Jana
et al., 2021; Bischoff, pers. comm.); however, these studies have been conducted over a single
year. If artificial shelters merely concentrate earwig populations (see above), then they may lead to
a long-term decline in earwig abundance by increasing density-dependent mortality. Studies

investigating the impact of artificial shelters over multiple years should be conducted.

If, instead, mortality is being reduced by artificial shelters, then this could be due to protection from
hazardous environmental conditions (e.g. protection from desiccation), or protection from predation
(Crumb, Bonn & Eide, 1941; Lamb, 1975). Lamb (1975) believed the key benefit of artificial
shelters to earwigs was a reduction in predation by birds. However, Peusens et al. (2009) found no
clear effect of bird exclusion on earwigs, and while the effect of bird exclusion was not a research
question in Marshall and Beers (2021, 2022) experiments, their exclusion netting presumably
excluded birds, and they did not find a significant increase in earwig abundance inside of netted
blocks. Older literature has mentioned starlings (Sturnus vulgaris; L.) as a potentially important
predator of earwigs, but this appears to be based mainly on observation rather than empirical
testing (Crumb, Bonn & Eide, 1941; Phillips, 1981). Predation by birds was one of the mechanisms
put forward to explain the density-dependent population crash (Moerkens et al. 2009). If this is the
case (and artificial shelters protect from birds) then rather than a long-term decline (see above),
artificial shelters should lead to a long-term increase in earwig abundance. The role of predation in

earwig population ecology should be investigated further.

The presence of density-dependent mortality in a species which actively aggregates is a challenge
to explain, and calls into question what benefits earwigs derive from aggregating. Another of the
mechanisms proposed for density-dependent mortality by Moerkens et al. (2009) was cannibalism,
but this seems even more contradictory to the benefits of aggregation than factors such as
predation, disease, or attack by parasites/parasitoids. Almost all study of cannibalism in earwigs
have been conducted on populations held in the laboratory while they are in the ‘family’-living stage
of their lifecycle (Dobler & Koélliker, 2010, 2011; Wong & Kolliker, 2013; Wong, Lucas & Kadlliker,
2014; Van Meyel & Meunier, 2020). The importance of cannibalism once earwigs have begun to
occupy tree canopies and have dispersed from their family units is unknown. If conspecifics did
pose a significant risk to earwigs then the tendency to seek out occupied shelters would appear to
be maladaptive. While a high degree of mortality because of moulting failures seems likely

(Fountain, pers. comm.), this and weather conditions would be expected to cause a flat rate of

mortality independent from the population density of earwigs.



5.3. Radio frequency identification

Given the many unknowns about earwig biology in the field, a remote monitoring system that could
help track individuals and determine their fate would be desirable. Current RFID technology means
that tags small enough to attach to earwigs will likely need to be paired with static RFID antennas.
Passive RFID tags for use with mobile antennas tend to be heavier (up to 50% of earwig adult
body mass; Pope et al., 2015; own data). Artificial shelters with RFID readers at the entrance/exit
might be capable of repeatedly detecting earwigs in the field; as they will return to the same refuge
on multiple nights if food is nearby (Lamb, 1975). However, given the apparent lack of fidelity for a
refuge (Lamb, 1975), large numbers of tagged individuals (or RFID antennas) might need to be
released in order to generate sufficient data. This may make RFID monitoring of earwigs in the
field prohibitively expensive, but this has not been explored. Compounding this is the difficulty of

attaching tags to earwigs; they appear naturally suited to removing tags.

Remote monitoring using mesocosmes, in the laboratory or field, may provide a way to compensate
for the shortcomings of fixed antennas. Robust datasets could be generated from smaller numbers
of tagged individuals, and the rate of tag loss can be monitored. There are a number of interesting
avenues of enquiry for the study of earwig behaviour using mesocosms, and such studies would
be (to the author’s knowledge) the first of their kind conducted on a sub-social insect. Foraging
behaviour is still poorly understood, and mesocosm-based remote monitoring studies might be
able to answer questions such as:

e Do earwig individuals forage multiple times in a night?

e Do earwigs deliberately vary their diet, and if so, over what durations of time does this
occur?

¢ |s protein-rich insect prey preferred over vegetable food sources?

¢ Do earwigs learn to navigate their immediate surroundings with greater speed over time?

Another interesting area to explore is the social dynamics of earwigs after the brood-tending stage.
Pro-social behaviour has been reported while earwigs shelter, but anti-social behaviour has been
reported while feeding (Lamb, 1975). To the author’s knowledge, only Lamb (1975) has studied
dominance hierarchies of earwigs while feeding. A remote monitoring mesocosm study capable of
identifying individuals, such as RFID, might be able to shed more light on this topic, in particular in
relation to population density. A study which investigated the benefits and costs of aggregation at
variable densities might also provide useful information on the density-dependent mortality

discussed above.

This study provided some of the first information on the feasibility of tagging earwigs, which could
be useful both for RFID and video monitoring techniques. Cyanoacrylates, the most commonly

used glues when attaching tags to insects, appear to be toxic to earwigs, as has been found for



multiple other species (Boiteau et al., 2009, 2010; Pope et al., 2015; Kirkpatrick et al., 2019; Toppa
et al., 2020). Thermoplastic glue appears to be the best-performing alternative that did not induce
mortality during the experiment, although tag retention was lower for thermoplastic glue than for
cyanoacrylates. Further work could investigate sublethal effects of tagging on earwigs, such as
possible reductions in the speed of movement or vertical climbing ability (Kalab et al., 2021).
Evidence of tag-induced changes in behaviour, namely what appeared to be deliberate tag
scraping, was observed. This highlights that even when there are no observable changes in
mortality or mobility, tagged animals may still be affected behaviourally.

There did not appear to be an additive effect from the weight of tags and the toxicity of
cyanoacrylate glue on earwig mortality. This goes against other research on the topic, and may
thus be an artefact of the low replication in this study (Pope et al., 2015; Toppa et al., 2020).

Further investigation may be warranted to understand tag-glue interactions.

Given the weight of evidence, the author would strongly advise researchers glueing tags to insects
to consider avoiding cyanoacrylates altogether. Although many studies have used cyanoacrylates
and report no ill effects, these glues are consistently more harmful to insects than alternatives. In
particular, despite the results of Toppa et al. (2020) on the stingless bee Melipona quadrifasciata
(le Peletier), to the author’s knowledge there has been no proper test of the potential effect of
cyanoacrylates on honeybees (Apis mellifera, L.) or bumble bees (Bombus spp.). Koenig and
Petersen (2022) showed no significant effect of cyanoacrylates on the number of honeybees
observed in experimental hives when compared to bees tagged with wood glue. However, there is
no comparison of tagged bees to untagged bees or to glue-alone treatments, and the number of
bees was visually assessed on live colonies containing many untagged individuals. While not an
experimental paper, Scheiner et al. (2013) state that “super glue is not suitable because bees will
die quickly” (note that ‘super glue’ colloquially refers to cyanoacrylate based glues) while
discussing glueing honeybees to flight testing apparatus. Switzer and Combes (2016) found
differences in the sonification frequency of paint marked bumblebees and bees which had a tag
attached using cyanoacrylate. The author believes a more straightforward test of cyanoacrylates
on honeybees and bumblebees should be carried out as a follow up to the work of Koenig and
Petersen (2022), perhaps incorporating some of the techniques used by Toppa et al. (2020) to rule

out the possibility of muscular damage.

Neither the custom-built Earwig Immobilisation Rings, nor the commercially produced bee marking
cages could consistently immobilise earwigs. Given the variability in size and strength of
individuals, a weight-based solution may not be ideal. Pope et al. (2013, 2015) used Blue-tack®

putty (Bostik Ltd., Leicestershire, UK) to immobilise Otiorhynchus sulcatus (Fabricius; vine weevil).



The author believes Blue-tack® may be too firm to press earwigs into without harm, but a slightly
softer putty may be a better method of immobilising earwigs than bee marking cages.

As stated at the start of this section, the automated tracking of earwigs in the field would be highly
valuable. To date, no technology seems ideally suited to accomplishing this task. Passive RFID
tags using a mobile antenna would appear to be one of the more promising possibilities, although
currently the tags appropriate for such systems may be too large for use with earwigs. If a
mesocosm approach is taken, then video monitoring should be considered for its potential trade-
offs with RFID. Video monitoring under red light might be a suitable alternative, although the author
is unaware of how red light affects the performance of tracking software. The video monitoring
units created by Zantiks Ltd. (Cambridge, UK), or a similar technology, may be suitable. The use of
an infra-red camera allows the experimental arenas to use materials opaque to visible light that are
transparent to infra-red. In this way, areas of brightness and darkness can be created in the

experimental arena and monitored with equal effectiveness by the software.

5.4. Grower recommendations

Although earwigs can cause some secondary damage to apples, the weight of evidence shows
they are a net-beneficial in apple orchards. Unlike some beneficial insects, it may be difficult to tell
if earwigs are having an effect in an orchard from daytime observations. And, if you have a WAA
infestation, then releasing earwigs will not affect existing colonies a great deal. Instead, earwigs
are likely most useful to prevent WAA outbreaks in the first place. Having a large population of
earwigs in an orchard makes it more likely for WAA to be consumed before it becomes a
noticeable issue. When trying to achieve high numbers of earwigs in an orchard, providing artificial
shelters and bare earth in the row bed are advised. Tilling and spraying with harmful insecticides
such as spinosad, indoxacarb, and deltamethrin, should both be avoided. Tilling will be most
damaging from November to May, while insecticides will be most harmful from May to October. If
augmentative releases are carried out to supplement these management practices, commit to
carrying out releases for at least two years. Refuge traps are an effective way to gather earwigs for
augmentative releases, and can be left after release to act as artificial shelters. Consider capturing
earwigs from strawberries, raspberries, or cherries, where they can be damaging rather than

beneficial.

5.5. Conclusions

Overall, there is a great deal that is still unknown about earwig and WAA biology and interactions
in apple orchards. The variability in their abundance between different orchards needs further
exploration, although the availability of shelter, and soil characteristics may be important factors for

earwig populations. There was evidence for an effect of earwigs on WAA populations in the



orchards studied, without an augmentative release of earwigs. This effect appeared to be mediated

by management practices, with more effective control of WAA by earwigs in conventionally

compared to organically managed orchards. Radio frequency identification may not be an ideal for

the remote monitoring of earwigs in the field in its current state, but it could be made easily

applicable in mesocosm studies.

Key findings from this project are:

Earwigs may be more beneficial in conventionally managed orchards rather than organic
orchards

Bare earth in apple orchards may benefit earwigs

Moss and algae, known food sources for earwigs, were not associated with the presence of
earwigs

There was some direct molecular evidence for earwig consumption of WAA, but new
primers need to be designed that are WAA specific

Earwig presence did not differ between conventionally and organically managed orchards,
WAA was more often present in organic orchards

Artificial shelters in apple trees may lead to an increase in the abundance of earwigs in
those same trees

Cyanoacrylate based superglues appear toxic to earwigs, but less toxic alternatives are not
effective

Thermoplastic glue is likely the best compromise between toxicity and effectiveness when
attaching tags to earwigs

Data can be collected from RFID-tagged earwigs, but more work is needed to design
effective mesocosms for the study of their behaviour
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