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Abstract

BACKGROUND: The unintentional introduction of Drosophila suzukii (Matsumura) from
Asia has caused global economic losses in soft and stone fruit industries. Pesticide use can
have unintended negative impacts on natural enemies, disrupting attempts to incorporate
integrated pest management (IPM) programmes. Generalist predators could potentially act as
biocontrol agents of D. suzukii. In this context, the predatory capabilities of the European earwig

(Forficula auricularia) were investigated.

RESULTS: In semi-field conditions, F. auricularia were effective at reducing the
reproductive rate of D. suzukii in more densely populated enclosures. In controlled laboratory
conditions, significant negative effects of earwigs were observed for both low (3 breeding pairs)
and high (6 breeding pairs) D. suzukii densities. Both semi-field and laboratory experiments
revealed that F. auricularia predation on adult D. suzukii could not account for the subsequent

reductions in population density.

CONCLUSIONS: Reductions in both larval and adult offspring in the presence of
earwigs indicate an impact on D. suzukii via predation prior to metamorphosis or disruption of
oviposition. Although F. auricularia may predate D. suzukii populations, its capacity to act as a
biocontrol agent may be limited. However, results suggest that F. auricularia may be a more

effective biocontrol agent earlier in the growing season.
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1. Introduction

The spotted-wing Drosophila (SWD), Drosophila suzukii Matsumura, has proven to be
highly invasive since its initial detection in new territories across the USA and Europe.”?3%?°
The success of SWD predominantly stems from their ability to oviposit in healthy, ripening fruit
rather than over-ripe or rotting fruit.%” Subsequently, through fruit imports, this has led to
considerable economic losses in soft and stone fruit industries across Asia, the Americas and
Europe since 2008.% %" The cherry industry has been one of the most severely impacted due
to this pest, accredited to its early ripening period and the lack of alternative hosts during this
time.> " '2 Early oviposition also ensures SWD are often the only Drosophila species in foreign
territories developing so early in the growing season, thus creating a situation where larval
interspecific competition is reduced." The presence of D. suzukii in a crop results in economic
losses not only via fruit damage, but also via additional costs to fruit growers that are

unavoidable to ensure a commercially viable harvest. The deployment and maintenance of

monitoring traps, higher labour costs due to increased hygiene requirements and the up-front

This article is protected by copyright. All rights reserved.



expense of netting orchards are some of the examples Swizz cherry growers are incurring to

manage SWD."'®

In favourable climatic conditions, up to 13 generations of SWD can develop on fruitin a
single growing season.” Moreover, mature females can lay in excess of 25 eggs per day."® Such
short generation times and high reproductive rates not only lead to high pest pressure, resulting
in greater economic damage, but could result in the development of insecticide resistance. '* '’
Although effective neonicotinoid, pyrethroid, spinosyn and organophosphate chemical controls
are currently available for SWD management, resistance to the latter three chemical classes
has been observed in D. melanogaster, engendering uncertainty regarding their future
efficacy.’ '® %20 |n |aboratory studies, malathion resistance has been demonstrated in SWD,

underscoring the importance of IPM for long-term control.'

Parasitic wasps are the primary natural-enemy of SWD in Japan.?? Host-specificity,
common in parasitic wasps, may explain why parasitoids in recently colonized regions are
adapted to target native species which develop far later into the growing season than SWD.?
Therefore, early oviposition may afford SWD a reduced threat from parasitic wasps. European
parasitoids have had difficulty switching hosts to SWD since their introduction and have been
unable to suppress SWD populations.?* Natural parasitism rates on D. melanogaster and D.
simulans can reach 90% by Leptopilina parasitoids in southern France, revealing the magnitude
of the benefit conferred to SWD through avoidance of parasitic wasps in foreign regions.?

6

Additionally, some studies have shown that SWD larvae produce large numbers of hemocytes.?

Hemocyte cells play a key role in ‘encapsulation’, the primary Drosophila immune response.
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Encapsulation is effective at killing developing parasitoids, furthering the argument that native

parasitoids may not be effective in suppressing SWD populations.?” %

The limited potential of native parasitoids to control SWD populations in regions where
they have been introduced necessitates investigation into predators as biocontrol agents.
Considerable research has been undertaken in this area using a variety of species targeting
SWD at larval, pupal, and adult life-stages. However, many studies utilize controlled laboratory
conditions, where SWD are fed directly to predators.?® 2° % Although significant predation was
observed, these conditions do not accurately represent the complex ecosystem structure of a

fruit orchard, where such predators are often ineffective.®’

The role of earwigs, particularly the European earwig (Forficula auricularia Linnaeus),
has largely been neglected when considering the potential of predators as biocontrol agents of
SWD. Being well established in North America and native to Europe and Asia,** F. auricularia
could be an effective biocontrol agent across much of the newly established SWD territory and
play a contributory role in SWD control. Although omnivorous, F. auricularia have been
documented as accomplished predators of aphids in both northern European apple orchards
and Mediterranean clementine orchards, demonstrating their versatility across ecosystems and
crops.®®3* Recently, a newly-developed DNA analysis technique revealed that 48.7% of F.
auricularia collected from the wild had recently consumed SWD, more than twice as prolific as
spiders and heteropterans.® These studies strongly suggest F. auricularia should be considered

as an effective biocontrol agent within cherry orchards, with considerable potential to be
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implanted to defend crops against SWD. However, due to their omnivorous nature, F.
auricularia can feed as generalist predators or by creating small holes in soft and stone fruit,
meaning that in certain cases they have been unsuccessful in reducing overall damage to fruit
crops.®® %" To fully establish the true efficacy of F. auricularia as a biocontrol agent of SWD, we
investigated the capability of F. auricularia as a predator of SWD in cherry in both laboratory

and semi-field experiments.

2. Materials and methods

2.1 Field trials

The field site was located at NIAB EMR in Kent, England (51°17°37” N, 0°26’46” E). Field
trials were conducted in an unsprayed cherry orchard (with cvs, Penny and Sweetheart). D.
suzukii cultures used for the experiment were established at NIAB EMR from an Italian strain
collected in 2013. Cultures were held at 25°C in a 16h:8h light/dark cycle and fed on a standard
cornmeal diet (100% dH,0, 1% Fisher agar, 9% table sugar, 9% precooked ground maize, 2%
baker’s yeast, 0.2% methylparaben, dissolved in 10 ml 70% ethanol). Undamaged cherries
were harvested from the aforementioned cherry orchard and used as the breeding substrate
within the field trials. Ripe cherries, a random mix of both cultivars, were picked 24 hours before
each assay. The field experiment consisted of two tests: the first was completed without
earwigs, the second with earwigs. This allowed for a comparison to be made between
reproduction rates of D. suzukii populations living with or without the threat of a potential

predator.
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2.2 First field trial without earwigs

Cherries were placed in Perspex boxes (230 x 125 x 85 mm) lined with paper towel to
absorb excess moisture. A cigarette filter (Swan, UK) was placed in a Sterlin 8 ml plastic tube
filled with water and covered using Parafilm (Bemis NA, USA) to create a water-tight seal.
Forceps were used to pull the filter through the Parafilm seal to create a ‘wick’, providing water
for SWD adults during the experimental period. The water source was taped to the inside of
each box, and 8 cherries were also placed inside. A cold table was used to immobilise flies so
individual flies could be sexed; breeding pairs were placed into boxes at densities of 0 (control),
1, 3, 7 and 10 pairs, creating 5 treatment densities in total. Control samples were used to
ensure fruit was free from prior inoculation of SWD eggs, which could disrupt results. Each
treatment density was replicated 6 times, creating a set of 30 boxes. A ventilated lid was taped
onto each box to prevent flies escaping. Before boxes were moved to the field all SWD

individuals were mobile and fully active.

The experiment was deployed in the cherry orchard on 20/07/17. Boxes were hung in
every other tree, in red delta traps to protect against rain and direct sunlight, 3 trees from the
perimeter of the orchard. Treatments were randomly distributed and each tree held one of each
treatment. A data logger was placed in a delta trap in trees at either end of the trial to record

temperature and humidity.

Boxes were removed from the orchard on 27/07/17. Of the 8 cherries in each box, 4

were removed and placed into small plastic bags (~100 x 70 mm flattened area) for larval
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extraction. A sugar solution of 70 g sugar in 1L distilled water was poured into each bag until
just covering the cherries. Cherries were then gently broken open using fingers and rested for
10 minutes, broken apart further, and left for a further 10 minutes. Larvae floated to the surface
and were then counted and recorded. To record the number of first-generation offspring
naturally emerging from cherries, remaining adult SWD were removed from boxes which were
then resealed containing the final 4 cherries. Boxes were maintained for 14 days at 24.5°C in a
16h:8h light/dark cycle for 14 days. Afterwards, boxes were frozen for 3 hours and newly

emerged adults counted.

2.3 Second field trial with earwigs

For the second experiment earwigs, F. auricularia, were introduced into arenas with
SWD adults. The earwigs were collected by tap sampling from blackcurrant bushes at NIAB
EMR. Earwigs were collected the morning of deployment in the field and were provisioned with

water until being transferred to the assay.

The experimental procedure remained the same as for the first experiment, except that
one earwig was added to each box after the SWD adults. Male and female earwigs were added
alternately so that treatment densities had an equal number of males and females. Earwigs
were not added until all flies had become fully active following immobilisation on the cold table.
Boxes for this experiment were placed in the orchard on 11/08/17. To maintain the same
randomisation, each box was placed in the same delta trap as its respective equivalent in the

first trial (same treatment density and replicate number). The data loggers were placed in the
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same positions as the previous trial. Boxes were removed from the orchard on 18/08/17. Unlike
the first trial, in the earwig trial the number of dead or alive SWD adults remaining was recorded
prior to incubation. This was to give an indication of the maximal level of inferred predation on
SWD adults by earwigs as indicated by the reduction in SWD flies relative to the original number

placed into each box.

2.4 Insectary trials

The second trial took place during August, when temperatures were higher than during
the first trial in July. To investigate the impact of climatic differences between the two field
experiments, a laboratory experiment, set up at the University of Southampton, was designed
where trials with and without earwigs were run simultaneously. SWD cultures used were
established on a cornmeal diet (for 42.5 L of food: 39 L water, 675 g yeast, 390 g soy flour,
2850 g yellow cornmeal, 225 g agar, 3 L light corn syrup, 188 ml propionic acid). Earwigs and
cherries (cvs Penny and Sweetheart) were collected from NIAB EMR and additional cherries

(Sweetheart) from a local cherry producer in Sittingbourne, Kent.

The same experimental set-up used in the field trials was repeated in the insectary,
however, SWD were anaesthetised with CO, injected into culture tubes to immobilise flies.
Treatment densities of flies were either 0 (control), 3 males+3 females or 6 males+6 females in
each arena. There were 6 replicates of each treatment. These treatments either had earwigs
added or no earwigs were introduced. Hence there were 18 boxes with earwigs and 18 boxes

without earwigs. Boxes both with and without earwigs were placed in an incubator set to a June
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cycle (11-21°C temperature cycle, 16h:8h light/dark cycle, peak temperature at 13:00, lowest at
05:00) on 03/10/17 for 7 days. A June cycle was selected as early summer is the optimal
season for F. auricularia activity, with daytime temperatures between 20-25°C.3% 3¢ 3% Upon
removal, the same method of sugar extraction for 4 of the 8 cherries was executed as
previously outlined. The remaining 4 cherries were placed in controlled chambers in the
insectary at 23°C in a 12h:12h light/dark cycle. After 14 days, boxes were removed and frozen

for 3 hours to enable counting of SWD adults.

2.5 Statistical analyses

Field and insectary trials were analysed as two separate experiments. To analyse the
effects earwigs had on reproductive rate in each SWD treatment density, a two-tailed Mann-
Whitney U-test was used to compare the number of larvae produced per parental pair at each
SWD treatment density in the presence of an earwig with the number of larvae produced per
parental pair at the corresponding treatment density in earwig-free boxes. The same test was
used to compare the overall impact of earwigs on larval production in the field or the insectary.
SWD reproductive success in the presence versus the absence of earwigs was determined
across SWD densities by conducting the Mann-Whitney test on the full set of normalized larval

counts. Emerged adult counts per parental SWD pair were analysed in an identical way.

3. Results

The mean number of larvae or subsequently emerged adult SWD was lower in the

presence of earwigs for almost all treatments across both the laboratory and field experiments
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(e.g. Figure 1). In field trials, a significant reduction in larvae per parental pair was observed
when ten SWD pairs were present (U = 2, P = 0.009). Moreover, when pooling across treatment
densities earwigs were successful in significantly reducing the number of SWD larvae per
parental SWD pair (U = 111, P < 0.0005), on average reducing by 41.45%. In the presence of
earwigs, SWD adult emergence was reduced in treatments of both seven and ten SWD pairs (U
=0, P =0.002 and U =0, P = 0.002, respectively). The treatment of three SWD pairs in the field
condition represents the only occasion in which the average number of emerged adults was
higher — though not significantly so — in boxes containing earwigs as opposed to those that were
earwig-free. Regardless, the effect of earwigs on reducing adult emergence was significant
when pooling all treatment levels (U = 112.5, P < 0.0005). It must be mentioned that all earwigs
were alive and active at the end of each assay, so no treatments were exposed to earwigs for

longer than others through earwig mortality.

Figure 1c illustrates that in the insectary, earwig presence not only led to reductions in
larval numbers in the higher treatment density of six SWD breeding pairs, but also in the lower
treatment density of three pairs (U =4.5, P = 0.026 and U = 3, P = 0.015, respectively). This
resulted in a highly significant pooled effect (U = 17, P = 0.001). Similarly, the effect of earwig
presence on natural SWD adult emergence in the laboratory was significant at treatment
densities of three and six SWD pairs (U =3, P =0.015and U = 1, P = 0.004, respectively).
Figure 1d shows the extent of the negative effect of earwig presence. The pooled effect of
earwigs on natural emergence was again significant (U = 10, P < 0.0005). No larvae or emerged

adults were found in any of the control boxes containing 0 SWD pairs (Figure 1).
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The presence of an earwig resulted in the reduction of larval and adult offspring
emergence by an average of 45.65%, in comparison to those without earwigs. To ascertain the
level of adult predation by F. auricularia and whether a reduction in offspring was the result of a
reduction in parent SWD, the percentage of SWD recovered from each box, both alive and dead
(i.e. not eaten by earwigs), was recorded (Table 1). If predation on adult SWD was accountable
for SWD population decline, a low recovery rate would be expected. However, on average
82.37% of parent SWD were recovered, after incubation with earwigs, even in a confined space
after 1 week. This suggests that parent predation was not the sole factor in reducing offspring

numbers.

4. Discussion
4.1. F. auricularia biocontrol of SWD
Across all trials, the mean percentage of recovered SWD in the presence of earwigs was

82.37%, suggesting limited predation by F. auricularia on adult flies within these assays. If high
levels of adult predation were occurring, a lower recovery rate would have been expected.
Although previous work, using DNA extraction techniques, have revealed that F. auricularia are
active in predation of SWD, it is likely that they consume more eggs, larvae and pupa than
adults.*® Additionally, high levels of larval predation have been observed in other earwig species

and a variety of different prey insects.?® %44 Limited levels of SWD adult predation contrasted
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with significant corresponding reductions in SWD larval and emerged adult densities imply that
adult predation accounted for little of the population suppression even though SWD were caged
with the earwigs within this assay. Hence, F. auricularia may more easily predate immature

stages of SWD, which are not capable of flight and so easier to target.

Alternative mechanisms may also have accounted for reductions in SWD population
density. It seems plausible that the presence of earwigs in relatively close proximity to SWD
adults may have produced sensory cues or be directly disruptive to Drosophila courtship and
oviposition. Previous work has outlined olfactory avoidance of Leptopilina wasps by D.
melanogaster.*? Additionally, the presence of butyl athranilate (BA) significantly reduced SWD
oviposition in blueberries.** Although, further study would be required to establish the presence

of olfactory cues between earwigs and SWD which may limit reproductive rate.

4.2 Predation differences in the field and insectary

The insectary trial was designed to verify whether the field predation results could be
reproduced in an artificial ‘June’ temperature gradient and photocycle in the laboratory. The
presence of earwigs suppressed SWD larval and adult emergence both in the field and in the
insectary. However, the reductions in SWD reproduction were more readily detectable and
significant at lower SWD population densities in the laboratory. These differences in predation
could be explained by the increased variability under field conditions or by one or more
environmental differences between the field conditions in late July/early August and the

simulated ‘June’ conditions in the laboratory.
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One environmental difference of particular interest is the daily temperature cycle. In
August, temperatures during the day were regularly between 30-35°C; far higher than the 21°C
daytime temperature of the June conditions in the laboratory. F. auricularia are known to be
most active in temperatures between 20-24°C, akin to those of early summer, with large
fluctuations in temperature and high maximum temperatures discouraging activity.** 3 *° Thus,
it seems possible that predation may have been higher in the insectary trials as temperatures
were optimal for earwig activity. Additionally, optimum temperatures for oviposition are 19-25°C
and D. suzukii is also likely to exhibit behavioural rhythms in locomotor activity and reproductive
success that are sensitive to environmental temperature.** ** ¢ Therefore, follow-up studies are
required to more extensively pursue the possible impact of seasonal environmental changes on

earwig predation of SWD.

4.3 Potential for application of F. auricularia in orchards
In field trials, F. auricularia had no significant effect on SWD reproductive rate at the
lower population densities of one or three breeding SWD pairs, which may be suggestive of a

limited biocontrol impact in orchards.

Additionally, in the confines of the experimental set-up SWD eggs were laid in a more
clumped distribution than would occur naturally. In natural settings, SWD generally lay eggs in a
random distribution with one egg per clutch,*’ resulting in a greater reduction in proximity of

earwigs to SWD in the field. The resultant increase in energy costs to hunt more sparsely
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distributed SWD would likely reduce earwig predation.*® Alternatively, even though SWD are
more likely to be sparsely distributed in a natural setting, nocturnal foraging activity of earwigs
could still result in frequent encounters with SWD life stages as evidenced the Wolf et al. (2018)
paper.

Ecological conditions in boxes are very different to natural settings. In sealed boxes,
earwigs only had two food sources available: SWD and cherries. Yet, F. auricularia are known
to be highly omnivorous in the wild, eating a variety of plants and other arthropods.*® *°

Therefore, predation of SWD in natural settings is likely to be lower than witnessed in sealed

boxes because SWD will likely contribute only a small part to the varied diet of F. auricularia.

The higher predation by earwigs in the insectary, when a cooler temperature regime was
applied, suggests that it may be worthwhile exploring the impact of environmental temperature
profiles on earwig predation of SWD. It is possible that F. auricularia could be a more efficient
biocontrol agent of SWD at the start of the growing season before temperatures increase.
Coincidentally, at earlier times of the year SWD are often the only fruit fly species in newly

occupied regions which are actively laying eggs in ripening fruit."®

4.4 Methodology limitations and improvements
In the present study, cherries had been detached from plants. However, these fruits are
no longer economically viable and SWD preferentially oviposit in attached fruit.®" ° ** Therefore,

it is recommended that future work focuses on attached fruit.
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Similar studies using predators such as that by Gabarra et al. (2014)?® starved predators
for 24 hours prior to use in feeding trials to ensure each individual was similarly hungry. This
procedural detail was not included as part of the current methodology but could be incorporated
in future studies. In addition, we focused on adult earwigs. It is possible that growing larval
earwigs are more voracious and could be more effective than their adult counterparts in
predating SWD. Moreover, no work has looked at how the daily activity cycles of earwigs and

SWD interact, i.e. earwigs are night active and adult SWD are, generally, day active.

While the convenient sugar extraction technique for larval extraction used here was
predictive of infestation and subsequent emergence, it could be further refined to minimise the
level of human error when recording larvae. Some eggs were inevitably laid within 72 hours of
sugar extraction, and thus may have still been eggs or only first instars at the time of testing,
both of which >1mm and undetectable by the human eye in the cherry pulp.'® To negate this

problem, the technique outlined by Van Timmeren et al (2017)** is recommended.

5. Conclusions

F. auricularia significantly reduced the density of SWD larval and emerged adult
populations. In the field, these reductions were confined to conditions with higher SWD
densities, illustrating the limited effectiveness of F. auricularia as a biocontrol agent. The mean
recovery rate of SWD from boxes that contained earwigs was 82.37%, suggesting low adult
predation by F. auricularia. Conditions in orchards are very different to the design used in this

study where both pest and predator were housed in the same box: SWD are in lower densities
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in less clumped distributions, and they contribute only a small part to the varied diet of F.
auricularia. For these reasons it is concluded that the potential of F. auricularia as a biocontrol
agent of SWD has its limits and that further study on the interaction between earwigs and SWD
across additional environmental conditions is warranted to more fully establish the potential use

of F. auricularia in SWD integrated pest management.
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7. Tables

Table 1. Results from the Mann-Whitney U analysis describing the impact of earwig presence
on the number of offspring per parental SWD pair for each treatment density as well as the
pooled analysis across all treatment densities. The % difference illustrates the percentage

reduction in the normalised number of larvae or emerged adults for trials with earwigs compared
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to those without. The mean percentage of recovered flies, both alive and dead, at the end of the

earwig trials are also given below.

Mann-Whitney U % Difference (2.dp.) Recovered Flies (%)

result
Field Larval Density
0 (control) - - -
1 U=86, -62.50 91.67
P=ns
3 U=11, -22.22 83.33
P=ns
7 u=9, -30.30 76.19
P=ns
10 u=2, -50.79 76.33
P =0.009
Across treatments u=111, -41.45 82.38
P < 0.0005
Field Adult Density
0 (control) - - -
1 Uu=7.5, -62.50 91.67
P=ns
3 U = 20, +8.89 83.33
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7 u=0, -80.10 76.19
P =0.002
10 U=0, -76.54 76.33
P =0.002
Across treatments U=112.5, -52.56 82.38
P < 0.0005
Insectary larval
density
0 (control) - - -
3 U=3, -51.85 77.78
P =0.015
6 U=45, -28.95 88.89
P =0.026
Across treatments U=17, -40.40 83.33
P =0.001
Insectary adult
density
0 (control) - - -
3 u=3, -40.88 77.78
P =0.015
6 u=1, -50.00 88.89
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P =0.004
Across treatments U=10, -45.44 83.33

P < 0.0005

8. Figure Legends

Figure 1. Mean (x SEM) of (a) field larval counts from floatation extraction, (b) field natural adult
emergence counts, (c) insectary larval counts from floatation extraction, (d) insectary natural
adult emergence counts for each treatment density of SWD. For each treatment density both
counts with and without earwigs have been depicted together to illustrate the effect of the

presence of earwigs on SWD reproductive rate. C = control (nho SWD).
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