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Abstract Pear psyllid (Cacopsylla pyri) is a per-
sistent pest to the pear industry; with an estimated
cost of £5 million per annum in the UK alone. This
phloem feeding insect is resistant to a large propor-
tion of approved pesticides, necessitating the use of
alternative control strategies. Many pear growers
practice integrated pest management (IPM) of pear
psyllid, focusing on maximizing natural enemy pop-
ulations, whilst minimizing the use of agrochemical
sprays. The anthocorid Anthocoris nemoralis and the
European earwig Forficula auricularia are particu-
larly effective at controlling pear psyllid populations
during the summer months. Despite the effectiveness
of both natural enemies, there is a lack of understand-
ing on whether both species should be promoted
together or separately, due to the risk of intraguild
predation (IGP) or interference competition. Fur-
thermore, abiotic factors including temperature
may influence both behaviors, altering activity level
and niche overlap. Although IGP and interference

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10905-024-09863-w.

L. A. Reeves (D<) - M. P. D. Garratt - D. Senapathi
School of Agriculture, Policy and Development, Centre
for Agri-Environmental Research, University of Reading,
Reading, Berkshire RG6 6AR, UK

e-mail: l.reeves @pgr.reading.ac.uk

M. T. Fountain
NIAB, New Road, East Malling, Kent ME19 6BJ, UK

Published online: 18 September 2024

competition have been documented between multiple
species of natural enemies neither have been studied
between these two specific predators. Using micro-
cosm experiments, olfactometer assays and survival
analyses this study demonstrated whether A. nemor-
alis and F. auricularia can be used in synchrony to
control pear psyllid. Results indicated that IGP is pre-
sent; F. auricularia will consume A. nemoralis when
predators are not spatially separate and in absence of
psyllid prey. There was no evidence for interference
competition, although both predators consumed more
prey at higher temperatures. This confirms that pear
growers can encourage both predators for the control
of pear psyllid without losing predation efficacy.

Keywords Pear psyllid - Cacopsylla pyri - Natural
enemies - Interference competition - Temperature -
Survival analysis - Olfactometry - Intraguild
predation - Anthocorids - Earwigs

Introduction

Pear psyllid (Cacopsylla pyri), is the dominant pest
of UK pears, with an estimated cost of £5 million
per annum (AHDB 2012). These phloem feeding
pests are resistant to a number of commonly avail-
able pesticides (Erler 2004; Sek Kocourek and Stara
2006); furthermore multiple insecticides used in
psyllid control have been withdrawn for UK usage
in the past decade (Hertfordshire University 2023;
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HSE 2023). Therefore, integrated pest management
(IPM) has become more widespread for controlling
psyllid in pear orchards (DuPont and John Strohm
2020; Nottingham et al. 2022), focusing on keeping
pest populations below economic threshold, whilst
minimizing chemical input and disruption to agro-
ecosystems (Moorthy and Kumar 2004). Biological
control is a common technique used in pear psyl-
lid IPM (Civolani 2012; DuPont and John Strohm
2020). Biocontrol can be augmentative; where
a predator or parasitoid is usually commercially
reared and mass released in order to manage pest
populations (Collier and Van Steenwyk 2004; Van
Lenteren 2012). The anthocorid Anthocoris nemor-
alis is a key biocontrol agent reared and available
for mass release (Bioplanet 2023; Koppert 2023),
helping to control C. pyri populations when wild
populations are slow to build up in orchards. By
contrast conservation biocontrol promotes the pres-
ervation and enhancement of wild populations of
natural enemies (Naranjo 2001). The enhancement
of natural enemies such as the European earwig
(Forficula auricularia), has been recommended to
improve pest control in orchards (Belien et al. 2012;
Fountain et al. 2013; Hanel et al. 2023; Solomon
et al. 2000), with Wignests (wooden shelters for
earwigs) commercially available to growers within
the UK, which encourage earwigs to forage in the
tree canopy where pear psyllids are present (Shaw
et al. 2021).

Increased predator diversity has been shown to
enhance prey suppression in several agroecosystem
studies (Snyder et al. 2008, 2006; Tylianakis and
Romo 2010), especially if predators show spatial or
temporal niche separation or respond differently to
abiotic factors (Snyder et al. 2008); as the pest pop-
ulation can be controlled throughout the year, with
other predator guilds continuing to control pests when
some species are less abundant. However, high natu-
ral enemy diversity is not always beneficial (Snyder
and Wise 2001); if species occupy similar niches then
interference competition (when one predatory species
reduces prey capture for a second predator species)
(Stiling and Cornelissen 2005) or intraguild predation
(IGP, where different predators consume each other,
in addition to their target prey) is more likely (Jon-
sson et al. 2017). Furthermore, abiotic factors such
as temperature can increase the likelihood of IGP
or interference competition due to increased niche
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overlap (Barton and Schmitz 2009; Schmitz and Bar-
ton 2014).

With summer temperatures predicted to increase
by as much as 5.1 °C under the high emissions sce-
nario by 2070 (MetOffice 2022) climate change is
likely to impact insect behavior, activity and prey
consumption (Karuppaiah and Sujayanad 2012). Prey
consumption may increase under higher temperatures
due to an elevated metabolism (Yuan et al. 2009);
increasing demand for energy and nutrients (Frances
and McCauley 2018; Schmitz and Barton 2014), this
could also increase the risk of IGP if alternative prey
sources aren’t available. Climate change can also
alter predator behavior; Barton and Schmitz (2009)
investigated the niche overlap of two predatory spi-
ders Phidippus rimator, and Pisaurina mira and their
grasshopper prey (Melanoplus femurrubrum). Under
ambient temperatures spiders filled spatially separate
niches but under elevated temperatures (+3 °C) P.
mira, moved downwards in the plant canopy, whereas
P. rimator did not shift spatially, leading to niche
overlap and IGP. Phidippus rimator was consumed
by P. mira in all elevated temperature replicates. This
led to a higher grasshopper density and reduced bio-
mass of herbs in the+3 °C treatment compared to the
control. Thus, it is important to consider how preda-
tor interactions may change with respect to climatic
warming, helping us to predict whether current bio-
logical control agents will still be effective predators
under future temperature scenarios.

In pear orchards both A. nemoralis and F. auricu-
laria are key biological control agents; F. auricularia
has a maximal consumption rate of approximately
10 mg of psyllid eggs or nymphs per day (Lenfant
et al. 1994), whilst an average A. nemoralis female
has a maximum consumption rate of 14.5 nymphs per
day (Reeves et al. 2023) or 5000 C. pyri eggs in its
lifetime (Yanik and Ugur 2004). However, a key ques-
tion is whether both A. nemoralis and F. auricularia
can be used in combination within an agroecosystem,
or if IGP or interference competition will reduce their
efficacy as natural enemies. This will allow grow-
ers to decide whether to release A. nemoralis and
enhance F. auricularia populations, or if only one
species should be encouraged, to optimize pest man-
agement. Both A. nemoralis and F. auricularia show
temporal overlap; adult anthocorids migrate into
orchards in April-May from surrounding hedgerows
(Nagy et al. 2008; Reeves et al. 2023), eggs are laid
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and anthocorid populations peak mid-summer (Nagy
et al. 2008; Scutareanu et al. 1999). European earwigs
start to appear in pear trees in May; stage three and
four earwig nymphs are arboreal and show population
peaks in June, whilst adults peak in mid-July (Gobin
et al. 2008; Moerkens et al. 2009, 2011). Thus, there
is the potential for niche overlap in late spring and
throughout the summer when effective pear psyllid
control is most importance.

IGP is likely to be unidirectional (only one preda-
tor consumes the other) rather than bidirectional
between these two species, as larger natural enemies
often predate on those with smaller body sizes (Yano
2006). Adult earwigs (length 13-14 mm) and all
arboreal nymph stages (9—-11 mm) are significantly
larger than adult A. nemoralis (3.5-4 mm) (Capin-
era 2008; Reeves et al. 2023). Forficula auricularia,
has a varied diet of insect, animal and plant material
(Helsen et al. 1998), thus there is potential for ear-
wigs to consume other natural enemies. Weak IGP
has been documented between F. auricularia and
young ladybird larvae (H. axyridis) when pest density
was low (Dib et al. 2020), and between A. nemoralis
and several coccinellid species (Batuecas et al. 2022).
IGP has yet to be studied between F. auricularia and
A. nemoralis. However, earwigs are nocturnal forag-
ers (Kolliker 2007; Suckling et al. 2006), demonstrat-
ing diurnal sheltering behavior when other natural
enemies are active (Lame 1974), so it may be less
likely that earwigs and anthocorids interact directly,
due to differences in activity period.

Natural enemies often rely on “infochemicals”;
chemical compounds which carry information and
can be used to help locate prey (Hatano et al. 2008;
Vet and Dicke 1992). These chemical signals can be
HIPVs (herbivore-induced plant volatiles) emitted
from herbivorized plants (Allison and Daniel Hare
2009; Valle et al. 2023) or kairomones emitted by
pests themselves, on which natural enemies eaves-
drop (Ayelo et al. 2021). Infochemicals may also play
a role in IGP and interference competition; they may
allow predators to actively avoid areas with hetero-
specific predators or be attracted to them if alterna-
tive prey sources are scarce (Gnanvossou et al. 2003;
Tapia et al. 2010). Moreover, temperature can alter
signal composition, transmission and perception
(Becker et al. 2015; Yuan et al. 2009), as the vola-
tility and diffusion rates of VOCs (Volatile organic
compounds) are temperature dependent (Niinemets

et al. 2004; Yuan et al. 2009). Earwigs are depend-
ent on olfactory cues and signals; F. auricularia relies
on chemical signals in offspring care (Mas 2011) and
also release an aggregation pheromone (Hehar et al.
2008; Walker et al. 1993). Whilst the earwig species
Doru luteipes Scudder, responds to HIPVs released
by herbivorized maize plants (Naranjo-Guevara et al.
2017). However, the use of infochemicals in the loca-
tion of psyllid prey by F. auricularia has not been
investigated.

Combining microcosm experiments, olfactometry
assays and survival analyses, this study aims to assess
whether F. auricularia and A. nemoralis in combina-
tion could deliver better control of pear psyllid, or if
IGP or interference competition is likely to disrupt
biological control, all experiments took place at two
temperature regimes based on current summer tem-
peratures and those predicted under the high emis-
sions scenario (RCP8.5) for 2080. Our study tested
four hypotheses: (1) F. auricularia demonstrates
unidirectional IGP for A. nemoralis when alternative
prey is absent, (2) F. auricularia and A. nemoralis
show similar rates of psyllid consumption in the same
microcosm, compared to total prey consumption of F.
auricularia and A. nemoralis in separate microcosms
(additive), demonstrating the absence of interference
competition, (3) the likelihood of IGP is dependent
on sex and stage of F. auricularia, and (4) F. auricu-
laria shows a positive olfactory response to C. pyri
prey but not to A. nemoralis, highlighting a prefer-
ence for psyllid prey.

Materials and methods
Pear psyllid, earwig and anthocorid husbandry

Pear psyllid hardshell nymphs (L4-L5, the fourth
or fifth nymph stage in a pear psyllid’s life his-
tory) were collected from cv. Conference pear trees
(Pyrus communis) at NIAB East Malling (51.2885°
N, 0.4383° E). Nymphs were removed from trees
daily, using a soft, fine tipped paintbrush, to mini-
mize damage. Prior to nymph collection the orchard
was sampled for psyllid adults for several weeks via
beat tray sampling of 30 trees; to check whether the
majority of pear psyllids were C. pyri. Adult psyl-
lids were identified, based on genitalia using a light
microscope. A large proportion of individuals were
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C. pyri (95.92%) but C. pyricola were also present
but in small numbers. Hence, the majority of the
nymphs used within experiments were likely C.
pyri, but it is difficult to distinguish between the two
species at juvenile stage. For beat tray sampling a
pear tree branch was tapped with a foam-covered
stick, with a white tray (260 mm by 460 mm) held
underneath. Adult C. pyri were kept in ventilated
Tupperware pots (diameter 105 mm, height 75 mm)
containing pear shoots (70 mm in length) in water
tubes (40 mm height, 15 mm diameter) to keep
moist. Individuals were kept in a controlled tem-
perature (CT) cabinet at 12.1 °C during dark and
22.0 °C during light conditions. Semi-mature pear
psyllid eggs (yellow-white in color) were collected
from the Tupperware pots daily, these were used
for feeding anthocorids. Earwigs were fed dry cat
food and mealworms; water was available in a small
plastic dish. Cacopsylla pyri adults and nymphs
were identified to species level using the Psyllid key
from RLP Agroscience (Agroscience 2022).

A batch of 500 A. nemoralis adults were ordered
from the biocontrol company Koppert each week
(Anthobug) of the study. These were approximately
4-10 days after their final molt, when used in all
experiments. Anthocorids were kept in a venti-
lated plastic container, with the carrier material
they arrived in and fed C. pyri eggs daily. These
were kept in a CT cabinet at 12.1 °C during dark
and 22.0 °C during light conditions. Five batches
of anthocorids were used for survival analyses and
microcosm experiments, 4 were used for olfactome-
ter assays. Female anthocorids were identified using
a light microscope based on differences in genitalia.
Third and fourth instar F. auricularia nymphs and
adults were collected from NIAB East Malling at
the beginning of each week from orchard Wignests
(Russel-IPM 2023) and using beat trays. Third and
fourth instar nymphs and adults were chosen as
these are the arboreal stages (Moerkens et al. 2009),
thus are more important for C. pyri predation in
pear orchards. Earwigs were housed in Tupperware
containers (diameter 105 mm, height 75 mm) at
12.1 °C during dark and 22.0 °C during light condi-
tions in CT cabinets, which also contained a pear
shoot in a water tube to keep moist, a small water
dish and a wooden wignest (59 mm, length 48 mm
width, 14 mm height) for shelter.
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Microcosm experiments

Microcosms consisted of a ventilated Tupperware pot
(diameter 105 mm, height 75 mm), containing a pear
shoot with four leaves collected from cv. Conference
pear trees (Pyrus communis), kept moist in a plant
holder (20 mm diameter, 57 mm height), with a small
stick attached so that natural enemies could crawl to
the top of the holder, a wignest for earwigs to shel-
ter in (59 mm, length 48 mm width, 14 mm height)
and a small dish of distilled water (20 mm diameter,
10 mm height) (Fig. 1). For the purposes of recording
whether there was spatial overlap between earwigs
and anthocorids, the microcosm was divided into four
different zones: top (T), middle (M), bottom (B) and
wignest shelter (S).

Adult anthocorid females and earwigs were starved
for 24 h at one of the two temperature regimes, cur-
rent (12.1 °C during dark and 22.0 °C during light
conditions) or RCP8.5 (15.9 °C during dark and
26.4 °C during light conditions) in a microcosm,
within a controlled temperature cabinet. There were
seven treatments: 1. earwig, anthocorid and C. pyri
nymphs, 2. earwig and C. pyri nymphs, 3. anthocorid
and C. pyri nymphs, 4. earwig, anthocorid no prey,
5. earwig no prey, 6. anthocorid no prey and 7. con-
trol with no predators, each treatment only contained
one individual of the species to avoid the impacts of

Fig.1 A ventilated microcosm containing a wignest (brown
box) and a pear tree shoot with four leaves collected from cv.
Conference pear trees (Pyrus communis), kept moist in a plant
holder (blue tube), with a small stick attached so that natural
enemies can crawl to the top of the holder. The white dish con-
tained distilled water. Four different areas were labelled within
the microcosm; top (T), middle (M), bottom (B) and wignest
shelter (S)
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intraspecific competition. After 24 h, 100 L4-5 stage
C. pyri nymphs and anthocorids were added to the
required treatments. The prey density was above the
combined natural enemies’ saturation points for max-
imal prey intake, so prey consumption could be com-
pared between treatments. Microcosms were moni-
tored after 2 h dark and 2 h light for two minutes to
check the position of the earwig or anthocorid (top,
middle, bottom or shelter) and the behavior demon-
strated (Antennating, Cleaning, Feeding, Interacting,
Moving and Stationary). A red-light torch was used
during behavioral observations to minimize distur-
bance. After 24 h natural enemies were removed and
whether they were alive was recorded. The number
of live C. pyri nymphs was also recorded. Each treat-
ment was replicated ten times.

Survival analyses

For survival analyses, F. auricularia and adult A.
nemoralis were starved for approximately 24 h at
either Current (12.1 °C during dark and 22.0 °C dur-
ing light conditions) or RCP8.5 (15.9 °C during dark
and 26.4 °C during light conditions) temperature
regimes in controlled temperature (CT) cabinets, in
separate triple vented Petri dishes (55 mm in diam-
eter) containing a leaf disk of P. communis ‘Confer-
ence’ (20 mm in diameter) and moist kitchen towel.
The Petri dish was sealed with plastic paraffin film to
prevent insects escaping and returned to the CT cabi-
net. After 24 h the earwig was added to the Petri dish
containing the anthocorid and resealed, each treat-
ment only contained one individual of each predator
species to avoid the impacts of intraspecific compe-
tition. There were five different treatments (stage
3 nymph, stage 4 nymph, adult female, adult male
F. auricularia and a control where no earwig was
added). The Petri dish was checked after 6 h, 12 h and
then at 12 h intervals, to see if anthocorid and earwig
were still alive or had been consumed, over a period
of 10 days. The petri dish was sprayed with distilled
water every 24 h, to keep the leaf disc moist. There
was a total of 10 replicates for each treatment and
temperature, giving a total of 100 observations.

Olfactometer assays

For olfactometer assays, female earwigs were starved
for 24 h in CT cabinets at Current and RCP 8.5

temperature treatments. Glass chambers at the end
of each arm contained either C. pyri nymphs and
adult A. nemoralis, C. pyri nymphs and nothing and
adult A. nemoralis and nothing, as control treatments.
Experimental set-up of the glass Y-tube olfactom-
eter (main arm, 15 cm long; side arms: 10 cm long;
0.9 cm internal diameter) is as shown in Fig. 2. Air
was pumped through for 10 min prior to releasing
the earwig, using a Dymax 8 vacuum pump, average
air flow was 1.6 L/min. Each arm had an activated
carbon filter to remove other odors and VOCs from
the air. The earwig was then added to the base of the
olfactometer, whilst air was still being circulated.
This was videoed in darkness with a red-light torch
over the equipment, in the CT cabinet to minimize
disturbance. After 10 min video footage was viewed
and the time taken for the earwig to reach the end of
one of the arms was recorded, as well as the choice
made (Left or Right arm). Any individuals that did

Air pump

Fig. 2 Experimental set-up for the Y-tube olfactometer assays,
earwigs were placed at the start of the tube and given a binary
choice between two prey types (Cacopsylla pyri nymphs and
adult Anthocoris nemoralis, Cacopsylla pyri nymphs and noth-
ing and adult Anthocoris nemoralis and nothing). Arrows rep-
resent the direction of air flow, black dots are activated carbon
filters and dashed circles are mesh to stop prey escaping
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not make a choice after 10 min were disregarded; 2
individuals were disregarded during the experiment.
After each replicate, the equipment was washed using
70% ethanol and distilled water, then dried. The posi-
tion of prey on the left or right arm was randomized.
There were 20 replicates for each treatment and tem-
perature giving a total of 120 observations.

Temperature regimes

The two temperature treatments were determined
based on the current average minimum and maximum
June—August temperature (1990-2020) and the aver-
age minimum and maximum June-August tempera-
tures predicted in 2080, based on the RCP8.5 (high
emissions) scenario (Table. S1). A 2080 timeframe
was chosen as this year is commonly used in studies
predicting future trophic interactions (Aartsma et al.
2019; Duffy 2014; South et al. 2018), thus the results
of this paper can be compared to others. June—August
temperatures were chosen as this is when anthocorids
and earwigs are most abundant in pear orchards
(Fields and Beirne 1973; Scutareanu et al. 1999). The
current temperature was calculated using the aver-
age minimum and maximum June-August tempera-
tures (1990-2020) from East Malling weather station
(51.288° N, 0.448° E) in Kent. To calculate future
temperatures for 2080, data was extracted using the
UK Climate Projections User Interface, based on
UKCPI18 projections (UKCP 2021). The predicted
increase for minimum and maximum air temperature
at 1.5 m for 2080 was calculated for June to August
(baseline scenario 1981-2000) for a 25 kmXx25 km
region in Kent, surrounding East Malling, this tem-
perature was calculated for the RCP8.5 scenario
and added to the average minimum and maximum
1981-2000 June—August temperature.

The first CT cabinet was set at 12.1 °C during dark
and 22.0 °C during light conditions (Current tempera-
ture treatment) and the second was set at 15.9 °C dur-
ing dark and 26.4 °C during light conditions (RCP8.5
temperature treatment). The CT cabinets had two
containers half-filled with water to keep humidity
constant. Temperature and humidity were monitored
using OM EL USB 2 dataloggers (OMEGA 2023).
The daylight cycle within the cabinets was 8 h dark
followed by 16 h light, based on average summer day
length in the UK.

Data analyses.
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Intraguild predation and prey consumption

To compare prey consumption between natural enemy
treatments the total prey eaten for single earwigs and
anthocorids in the same batch were added together
(additive), then compared to the corresponding treat-
ment containing both earwigs and anthocorids (com-
bination) in the same batch. To account for natural
mortality in each treatment, average mortality from
the control treatment (for each temperature) was sub-
tracted from all other treatments. Any microcosms
where a predator had died during the experiment were
removed from the analysis. As data was normally dis-
tributed a Two-way ANOVA was carried out to test
if there was a significant difference in prey mortal-
ity depending on treatment, temperature and interac-
tion between temperature and treatment. For pairwise
comparisons between treatments a Tukey HSD test
was done, all statistical analysis were done using base
R version 4.3.0 (R 2023), plots were generated using
the package ‘ggplot2’ (Wickham et al. 2016).

Behavioral observations, activity and position within
the microcosm

For behavioral observations, stacked bar charts were
created using the ‘ggplot2’ package in R. These show
the percentage of time A. nemoralis and F. auricu-
laria spent exhibiting certain behaviors (feeding,
moving, interacting, cleaning, stationary and anten-
nating) over the 2-min time period, for both light
and dark observations. Stacked bar charts also show
time spent at different heights within the microcosm
(top, middle, bottom or shelter). For statistical analy-
sis a Linear discriminant analysis occurred (LDA)
to define the positional and behavioral profiles of
earwigs and anthocorids during the night and day.
Discriminant function analyses are commonly used
in behavioral studies to demonstrate whether spe-
cies show different behavioral profiles or niches, or
whether there is overlap between groups (Kramer
et al. 2009; Martha and Jones 2002). In an LDA the
probability of individuals belonging to the different
groups is calculated; individuals are then assigned to
groups with the highest probability score. The LDA
was performed using the “MASS” package (Rip-
ley et al. 2013) and biplots were created using the
“ggord” package (Beck 2017). The predictor varia-
bles for the analysis were the behaviors “Antennating,
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Cleaning, Feeding, Moving and Stationary” and
positions in the microcosm ‘“Shelter, Bottom, Mid-
dle and Top”, with time of day and predator species
as dependent variables. The interacting behavior was
excluded due to the low frequency of observations.
The data were split and 80% of it were used for train-
ing the model and 20% were used to test the model,
the preProcess() function was used to center and scale
the data, in order to standardize it. The 1da() function
was used to perform the analysis, producing coeffi-
cients of linear discriminants. The predict() function
was used to predict classes for observations within
the training dataset, so that model accuracy could
be calculated. Activity of each predator was calcu-
lated by adding the total time spent (s) “Antennating,
Cleaning, Feeding, Interacting, Moving and Station-
ary”. As variables were normally distributed, a multi-
way ANOVA was carried out to observe if there was
a significant difference in predator activity depending
on treatment, temperature and time of day (after 2 h
dark or after 2 h light), or an interaction between the
variables. For pairwise comparisons between treat-
ments a Tukey HSD test was done.

Olfactometry assays and survival analysis

Differences in choice number by F. auricularia
between 1) the control odor source and A. nemora-
lis, control odor source and 2) C. pyri nymphs and 3)
A. nemoralis and C. pyri nymphs were tested using
a two-sided binomial exact test with H0=0.5, using
the binom.test() function (R 2023), as this analysis is
commonly used on binary count data from two-arm
olfactometers (Meza et al. 2020; Roberts et al. 2023).
Differences in choice number depending on tempera-
ture was analyzed using a x2 goodness of fit test.
Differences in time taken to make a decision depend-
ing on temperature and odor source were analyzed
using a Two-way ANOVA, as data were normally
distributed.

Survival analyses were performed using the “sur-
vival” and “surviminer” packages (Kassambara et al.
2017; Therneau and Lumley 2013). This method of
analysis is common in insect survival studies (Boff
et al. 2021; Hiiftlein et al. 2023; Pal et al. 2022). By
means of the survfit() function a survival analysis was
conducted, using the Kaplan—-Meier estimate of sur-
vival probability at a given time (hrs), depending on
temperature (current or RCP8.5) and stage of earwig

(stage 3, stage 4, adult female, adult male or control).
Significant between-group differences were tested
using a log-rank test, using the survdiff() function to
highlight whether there was a significant difference in
survival time depending on temperature or stage of
earwig. For pairwise comparisons the function pair-
wise_survdiff() was used, with the Benjamini—Hoch-
berg correction to account for multiple testing. For
plotting survival curves the function ggsurvplot()
from the “surviminer” package was used.

Results
Prey consumption and Interference competition

The number of nymphs consumed significantly
differed depending on treatment (F ;4 =71.61,
p<0.001), a Tukey HSD test demonstrated that ear-
wigs consumed significantly more C. pyri nymphs
than anthocorids (p<0.001), that earwigs and
anthocorids combined consumed more a than single
Earwig (p<0.001) or Anthocorid (p<0.001, Fig. 3).
However, the number of C. pyri nymphs consumed
in the combined treatment (earwig and anthocorids
in the same microcosm) did not significantly differ
from earwig+ anthocorid in separate microcosms
(additive), p=0.171, suggesting that interference
competition is unlikely at high prey density. The
interaction between temperature and treatment was
non-significant (F, ;9)=0.581, p=0.677). For natu-
ral mortality without predators present there was an
average of 3.20+0.84 (SD) dead C. pyri nymphs
per sample at Current temperatures and 5.40+2.61
(SD) at RCP8.5 temperatures. These averages were
subtracted from all treatments to account for natural
mortality. One anthocorid died during the course of
this experiment, therefore these data were removed
from the analysis. Significant differences between
treatments and temperatures were found using a Two-
way ANOVA; results indicated that there was a sig-
nificant difference in prey consumption depending on
temperature (F, ;9)=5.12, p=0.0264), with an aver-
age of 43.70+13.15 (SD) nymphs consumed by ear-
wigs at the higher temperature (RCP8.5) compared
to the lower temperature (Current) with an average
of 36.0+11.67 (SD) nymphs consumed (Fig. 3).
Higher numbers of nymphs were also consumed by
anthocorids at the high temperature (14.4+9.33,
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Current
RCP8.5

Additive Combination Earwig
Treatment

Fig. 3 The mean (+SE) number of Cacopsylla pyri nymphs
consumed by natural enemies in Earwig, Anthocorid and Com-
bination (an earwig and anthocorid in the same microcosm)
treatments, as well as the average prey consumption of ear-
wig +anthocorid in separate microcosms (Additive) and a con-

SD) compared to the lower temperature treatment
(10.2+3.37, SD).

Intraguild predation and survival analysis

After 8.5 days all anthocorids were dead at all tem-
peratures and treatments. For treatments containing
earwigs, 45.0% of the anthocorids were eaten, no ear-
wigs were consumed or injured by anthocorids dur-
ing this timeframe. The survival rate of anthocorids
differed depending on treatment and temperature
(x2=25.06, d.f.=5, p<0.001), in all treatments
anthocorids in combination with earwigs had a
significantly lower survival rate than those alone
(p=0.0448, Table 1) and anthocorid survival rate
significantly differed depending on temperature
(p=0.001), with higher temperatures leading to lower
average survival rates, however this was dependent
on stage (Table 1, Fig. 4). Pairwise comparison tests
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Anthocorid Control

trol treatment representing average natural mortality. Error bars
represent the+SE for each treatment. The control treatment
for each temperature was subtracted from each of the predator
treatments to account for natural mortality, n= 80

with the BH correction applied found that Current
and RCP8.5 control treatments significantly differed
from all other treatments containing both anthocorids
and earwigs. Mortality rates of anthocorids did not
significantly differ depending on sex of earwig at
Current (p=0.952) or RCP8.5 (p=0.909) tempera-
ture treatments, based on pairwise comparison tests.

Activity, behavior and position within the microcosm

Predator activity significantly differed depending
on the interaction between treatment and time of
day (Two-way ANOVA: F 144)=29.97, p<0.001,
Fig. 5); a Tukey HSD test demonstrated that earwigs
were significantly more active at night compared to
during the day (p<0.001); conversely, anthocorids
were significantly more active during the day com-
pared to at night (p=0.030). However, no signifi-
cant differences were found between time spent
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Table 1 Average and

. X . Stage Temperature Mean survival SE Median LCL UCL
median survival times (hrs) survival
for anthocorids Anthocoris
nemoralis depegdmg on Control Current 1224 16.78 114 72 168
temperature and stage RCP8.5 88.8 869 96 72 108
of earwig Forficula
auricularia (control with Stage 3 Current 99.6 9.90 108 72 120
no earwig present, stage 3, RCPS8.5 54.0 9.33 48 24 84
Staé%e C‘l‘ JIUermlT adsult fgalz Stage 4 Current 83.4 11.01 90 72 108
and adult female). Standar RCP8.5 54.0 745 48 48 7
error (SE) and upper and
lower 95% confidence Adult F Current 57.6 12.76 66 12 96
intervals are also provided RCP8.5 45.6 9.98 36 24 72
Adult M Current 58.8 11.06 54 24 84
RCP8.5 44 4 9.57 48 12 60
Strata Current RCP8.5
Stage: 3 I I Stage: 4 I | Stage: Control I
1.001
0.751
0501
2025" p =0.0036 p=0.022 p=0.079
o)
8 000 .
a Stage: F | I Stage: M 0 50 100 150 200
S 1.001
<
3
D 0.751
0.501
0251 o-034 p=0.36
0001 i i i i . i i i i
0 50 100 150 200 0 50 100 150 200
Time

Fig. 4 Probability of survival over time (hrs) depending on
temperature (Current or RCP8.5) and stage of earwig Forfic-
ula auricularia (stage 3, stage 4, adult female, adult male and
control with no earwig). Red (RCPS8.5) and blue lines (Cur-

active for earwigs alone or in combination during
the night (p=1.000) or for anthocorids alone or in
combination during the day (p=0.955), indicating
that the presence of another predator is unlikely
to interfere with their activity level. Furthermore,
temperature (Two-way ANOVA: F 144,=2.417,
p=0.122) or the interaction between treatment and
temperature (Two-way ANOVA: F 144,=2.417,
p=0.152) did not significantly impact time spent
active.

rent) represent the mean proportion of surviving anthocorids
Anthocoris nemoralis, with shaded areas representing the con-
fidence intervals

The time spent stationary significantly differed
depending on predator and time of day (Fig. 6,
Kruskal Wallis: x2=52.70, p<0.001); earwigs spent
more time stationary during the day than at night
(Pairwise Wilcox: p<0.001), and more time sta-
tionary than anthocorids during the day (p<0.001).
However, time spent stationary did not significantly
differ depending on temperature (Kruskal Wallis:
x2=1.45, p=0.229) or whether the predator was
alone or in combination (Kruskal Wallis: x¥2=0.872,
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RCP 8.5
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Alone_Antho Alone_Earwig Combination_Antho Combination_Earwig

Treatment

Fig. 5 The mean activity levels (total time spent feeding,
cleaning, interacting, moving and antennating in seconds)
of anthocorid (Anthocoris nermoralis) and earwig (Forfic-
ula auricularia) predators in combination (both earwig and

Alone_Antho Alone_Earwig Combination_Antho Combination_Earwig

anthocorid in the same microcosm) and alone (a microcosm
containing only one predator), for predators provided with
Cacopsylla pyri nymphs (food treatment), n=80. Error bars
represent the + SE for each treatment

Current I
Night |
100%
75%
50%
§ 25%
by Behaviour
é Antennating
5 0%
& P I . Cleaning
8 - . Feeding
g Night | |
&'00% . Moving
§ . Stationary
= 75%
50%
25%
0%

Alone_Antho Alone_Earwig Combination_Antho  Combination_Earwig

Treatment

Fig. 6 Mean percentage of time spent feeding, cleaning, inter-
acting, moving and antennating for anthocorid (Anthocoris
nermoralis) and earwig (Forficula auricularia) predators in
combination (both earwig and anthocorid in the same micro-
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cosm) and alone (a microcosm containing only one predator),
depending on temperature, for predators provided with Cacop-
sylla pyri nymphs (food treatment), n=_80
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p=0.350). Interactions between predators were very
uncommon with only two brief interactions observed
between earwigs and anthocorids across the entire
experiment. Feeding behavior also differed depend-
ing on treatment (Fig. 6, Kruskal Wallis: x2=20.33,
p<0.001), earwigs spent significantly more time
feeding at night compared to daytime (Pairwise
Wilcox: p<0.001). Time spent feeding did not sig-
nificantly differ depending on temperature (Kruskal
Wallis: x2=0.0030, p=0.956), or a significant dif-
ference in feeding depending on whether the preda-
tor was alone or in combination (Kruskal Wallis:
x2=3.94, p=0.051). Time spent antennating also
differed depending on treatment (Fig. 6, Kruskal
Wallis: x2=66.64, p<0.001), earwigs spent sig-
nificantly more time antennating at night compared
to daytime (Pairwise Wilcox: p=0.038), whereas
anthocorids spent more time antennating in the day
than at night. Time spent antennating did not sig-
nificantly differ depending on temperature (Kruskal
Wallis: x2=0.268, p=0.605), or a significant differ-
ence in antennating depending on whether the preda-
tor was alone or in combination (Kruskal Wallis:
x2=0.0004, p=0.985). Findings were similar for no
food treatments (Fig S1), except no feeding behavior

was demonstrated by anthocorids or earwigs. Once
again temperature and whether the predator was alone
or in combination did not significantly affect time
spent demonstrating these behaviors.

The time spent in the shelter within the micro-
cosm differed significantly depending on predator
and time of day (Fig. 7, Kruskal Wallis: x2=129.58,
p<0.001), earwigs spent significantly more time in
the shelter than anthocorids during the night and day
(Pairwise Wilcox: p<0.001). Earwigs spent the most
time in the shelter during the day (Pairwise Wilcox:
p<0.001) compared to night-time. The temperature
regime (Kruskal Wallis: x2=0.107, p=0.743) and
whether the predators were alone or in combination
(Kruskal Wallis: x2=0.0441, p=0.834) did not sig-
nificantly impact the time spent within the shelter.
Time spent in different locations for anthocorids was
far more variable, on average anthocorids spent the
majority of time at the bottom of the microcosm dur-
ing the night and day (Fig. 7), this was significantly
higher than earwigs (Kruskal Wallis: x2=55.55,
p<0.001). Time spent at the bottom did not signifi-
cantly differ depending on temperature (Kruskal Wal-
lis: x2=1.05, p=0.306), time of day (Kruskal Wal-
lis: x2=55.55, p=1.00) or whether the predator was

Current

Current

Night

100%

75

X

o
S
B3

Day
%4
% 4
%4
%

I l I Position

B

RCP8.5 RCP8.5 . .
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Night . Bottom

Mean percentage of time (%)

0%

Day
%4
% 4
%4

I I l )

Alone_Antho Alone_Earwig Combination_Antho Combination_Earwig
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Fig.7 Average percentage of time spent in different loca-
tions within the microcosm (top, middle, bottom and shelter)
for anthocorid (Anthocoris nermoralis) and earwig (Forfic-
ula auricularia) predators in combination (both earwig and

Alone_Antho

Alone_Earwig Combination_Antho Combination_Earwig

anthocorid in the same microcosm) and alone (a microcosm
containing only one predator), depending on temperature, for
predators provided with Cacopsylla pyri nymphs (food treat-
ment), n= 80
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alone or in combination (Kruskal Wallis: x2=0.136,
p=0.712). Both predators spent a very low propor-
tion of time in the middle of the microcosm, ear-
wigs spent significantly more time in the middle
during the night compared to the day (Kruskal Wal-
lis: x2=10.31, p=0.0067). However, all other vari-
ables were non-significant. Time spent at the top of
the microcosm significantly differed depending on
predator and time of day (Fig. 7, Kruskal Wallis:
x2=13.39, p=0.004), earwigs spent significantly
more time at the top during the night than the day
(Pairwise Wilcox: p=0.019). Once again, tempera-
ture and predator combination did not significantly
impact behavior. Findings were similar for no food
treatments (Fig S2), earwigs spent a large proportion
of time in the shelter whilst anthocorids spent most
time in the bottom of the microcosm. Temperature
and whether the predator was alone or in combination
with another predator did not significantly affect time
spent in a position.

For the behavioral analysis a linear discrimi-
nant analysis was undertaken; groups were signifi-
cantly different from each other based on the behav-
ioral and positional predictor variables (Wilk’s
lambda=0.0665, F=24.52, df=3,156, p<0.001).
With respect to model accuracy 78.13% of the
observations within the test dataset were assigned
to the correct group when using the predict func-
tion. However, despite the high model accuracy the

95% confidence intervals overlapped between groups
(Fig. 8); there was overlap between earwigs at night
and earwigs during the day, as well as anthocorids
at night and anthocorids during the day. However,
confidence levels for earwigs and anthocorid groups
did not show any overlap with each other, suggesting
a distinct spatial and behavioral niche for each spe-
cies. The first linear discriminant (LD1) explained
a large proportion (91.60%) of all between-class
variance, whilst the second and third linear discri-
minants explained a much lower proportion of vari-
ance (Table 2). The predictor variables with the high-
est linear discriminant scores for LD1 were strong
positive scores for stationary, and feeding behavior
(Table 2).

Olfactometer assays.

For olfactometer assays there was a significant
preference by earwigs for arms containing C. pyri
nymphs compared to the control treatment (Bino-
mial exact test: p=0.038, N=40, Fig S3), 67.5% of
the choices were for C. pyri. However, the prefer-
ence for arms containing C. pyri nymphs compared
to A. nemoralis was not quite significant (Bino-
mial exact test: p=0.081, N=40), the preference
between arms containing A. nemoralis compared to
the control treatment was non-significant (Binomial
exact test: p=0.430, N=40). There was no signifi-
cant preference for left or right arms of the olfac-
tometer (Binomial exact test: p=0.235, N=120).

LD2 (7.53%)
il

o
ooy

Groups
Antho_2D
®  Antho_2N
* Eawig_2D
Earwig_2N

Fig. 8 A linear discriminant analysis based on position and
behavior of predators; for anthocorids (Anthocoris nemoralis)
during the day (Antho_2D), anthocorids at night (Antho_2N),
earwigs (Forficula auricularia) during the day (Earwig_2D)
and earwigs at night (Earwig_2N). Axes represent the first

@ Springer

]
LD1 (91.6%)

(LD1) and second (LD2) linear discriminants, percent-
ages show the proportion of between-class variance that is
explained by the discriminant functions. Ellipses represent
95% confidence levels, n=80



J Insect Behav

Table 2 Results from the linear discriminant analysis, display-
ing the first 3 linear discriminants, based on five behavioral
variables and four positional variables measured for anthocorid
(Anthocoris nemoralis) and earwig (Forficula auricularia)
predators. Proportion of trace represents the proportion of
between-class variance explained by discriminant functions,
whilst the coefficients of linear discriminants is the linear com-
bination of predictor variables used within the LDA decision
rule

Linear discriminant LD1 LD2 LD3
Proportion of trace 0.916 0.0753 0.0087
Coefficients of linear discriminants

Antennating 2.83 -16.35 -11.49
Cleaning 2.70 -18.54 -13.99
Feeding 7.17 -45.51 -33.03
Moving 6.30 -39.67 -28.81
Stationary 10.60 -68.29 -48.23
Shelter 2.96 -0.360 -0.450
Bottom -0.240 0.0707 0.0358
Middle -0.0863 -0.103 0.158
Top -0.203 0.0736 -0.0821

There was no significant difference in arm choice
depending on temperature for A. nemoralis and con-
trol (x2=0.1023, d.f.=1, p=0.749), A. nemora-
lis and C. pyri (x2=0.440, d.f.=1, p=0.507) and
C. pyri and control (x2=0.114, d.f.=1, p=0.736).
Temperature did not have a significant effect on
time taken to choose an arm (Two-way ANOVA:
F(1.114y=0.182, p=0.671), neither did the odor source
within the arm (Two-way ANOVA: F, |;4,=0.546,
p=0.581), or the interaction between temperature
and odor source (Two-way ANOVA: F, ;,,=1.561,
p=0.214). On average, it took earwigs approximately
26.14 s+47.07 (SD) to make a decision at the low
temperature treatment and 22.81 s+38.06 (SD) at the
high temperature treatment.

Discussion

We found unidirectional intraguild predation (IGP)
between earwigs and anthocorids, as A. nemoralis
was eaten by F. auricularia during survival analy-
ses. IGP was exhibited by adult male and female F.
auricularia and stage 3 and 4 juveniles. This was
anticipated as larger generalist natural enemies usu-
ally predate on those with smaller body sizes (Yano
2006), and all earwig stages used were larger than

adult A. nemoralis. However, it is probable that IGP
is only likely to occur if both predators are in close
proximity, when alternative food sources are unavail-
able. This is evident in behavioral analyses, as there
were few interactions observed between A. nemoralis
and F. auricularia, within microcosms. Both preda-
tors occupy different behavioral niches with little
positional overlap, as highlighted in the LDA analy-
sis. Earwigs were more active at night and spent most
of the day stationary in the Wignest shelter, whilst
anthocorids were far more active during the day
spending a large proportion of time at the bottom of
the microcosm. This is supported by the scientific
literature that earwigs are nocturnal (Kolliker 2007;
Suckling et al. 2006), spending their free-foraging
phase active during the night, whilst during the day
they are inactive, hidden within shelters (Lame 1974).
However, it is important to note that these were lab-
oratory-based experiments containing a single indi-
vidual of each species and only one prey density (100
nymphs) within the microcosm. Thus, the interactions
between predator and prey species are likely to be far
more complex in field experiments, with the poten-
tial for intraspecific competition, increased search
times, increased habitat complexity, and variable prey
density.

Niche separation may explain the reason for IGP
within the petri dish but lack of predator-predator
interaction within the microcosm. Niche separation
is when species have a distinct niche due to using
the environment differently from others, this may be
temporal, spatial or behavioral so that coexistence
can occur (Hurlbert 1978; Lear et al. 2021; Schirmer
et al. 2020). Thus, in a simplified arena (Petri dish)
F. auricularia may exhibit IGP due to niche over-
lap, however when predators occupy different levels
within more complex plant canopy niche separation
occurs. This supports the experiment by Barton and
Schmitz (2009) where two spider species were spa-
tially segregated within the vegetation canopy, how-
ever as P. mira, shifted downwards in the plant can-
opy in response to temperature resulting in spatial
overlap IGP occurred. However, unlike Barton and
Schmitz (2009), there is no evidence for spatial shifts
with respect to temperature in our study.

Anthocorids and earwigs did respond differently
under the two temperature regimes; both predator
species consumed significantly more C. pyri prey
under the RCP8.5 scenario compared to the current
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temperature scenario. One explanation for differences
in feeding rate is due to altered metabolism (Yuan
et al. 2009); metabolic rate increases exponentially
with temperature up to a certain threshold, increasing
demand for both energy and nutrients (Frances and
McCauley 2018; Schmitz and Barton 2014). Further-
more, other studies on F. auricularia (Quach 2019)
and Anthocoris spp. (Simonsen et al. 2009; Yanik and
Unlu 2011), also found that temperature significantly
impacts prey consumption and functional response.
In our study prey consumption of earwigs was higher
than anthocorids, at the current temperature regime
compared to anthocorids. The number of nymphs
consumed by anthocorids are supported by Reeves
et al., (2023) who found that on average A. nemora-
lis consumed 9.90+2.99 C. pyri nymphs at 21 °C in
functional response experiments in 24 h. However, it
is more difficult to find studies confirming prey con-
sumption by F. auricularia, as few involve C. pyri
prey. Experiments by Quach (2019) found F. auricu-
laria had a maximum prey consumption rate of 46.0
rosy apple aphid Dysaphis plantaginea per day, in
similar temperatures to our regimes during the night.
As D. plantaginea is of similar size to C. pyri this
supports our findings.

There was little evidence for interference compe-
tition between predators, as additive and combina-
tion treatments showed no significant difference in
the number of C. pyri nymphs eaten, furthermore
few behavioral interactions were observed between
the two predators within the microcosm. A study on
F. auricularia and Episyrphus balteatus predators
consuming rosy apple aphid nymphs D. plantaginea,
also found no evidence for interference competition;
microcosms containing stage three F. auricularia and
E. balteatus had an additive effect on D. plantaginea
consumption rather than a negative one (Yanik and
Unlu 2011). Furthermore, no evidence for IGP was
observed between predators within these microcosms;
as both F. auricularia and E. balteatus are noctur-
nal predators, it is likely due to spatial or behavioral
niche separation rather than temporal.

Forficula auricularia did not show a significant
positive response to anthocorids olfactometry assays.
This suggests that earwigs do not show a preference
for A. nemoralis based on their volatile kairomones.
Earwigs do rely on olfactory cues and signals for prey
location and detection of conspecifics (Naranjo-Gue-
vara et al. 2017; Walker et al. 1993). F. auricularia
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relies on chemical signals in offspring care (Mas
2011) and also releases an aggregation pheromone
(Hehar et al. 2008; Walker et al. 1993). Whilst the
earwig species Doru luteipes Scudder, has been
shown to respond to HIPVs released by herbivorised
maize plants (Naranjo-Guevara et al. 2017). There-
fore, the fact that F. auricularia does have a prefer-
ence for C. pyri nymphs over a control treatment but
shows no preference for A. nemoralis, may suggest it
does not actively seek out anthocorids as prey. For C.
pyri nymphs, earwigs may potentially be responding
to kairomones on the insect or in its honeydew. Adult
pear psyllid females have been shown to produce
higher levels of a pheromone (13-Me C27) (Guédot
et al. 2009; Yuan et al. 2021), which attracts C. pyri
males (Ganassi et al. 2018). However, there is cur-
rently little research on infochemicals produced by C.
pyri nymphs or how predators respond to them.

Predators and parasitoids could also be attracted
to VOCs within nymphal honeydew. A study on
Vespula vulgaris wasps found that they responded
to kairomones from sooty scale insect honeydew
(Ultracoelostoma) (Brown et al. 2015). Wasps were
more attracted to baited traps containing 8 different
compounds found within Ultracoelostoma honeydew
compared to controls. Anthocorids show significant
responses to HIPVs produced from psyllid infested
trees (Drukker et al. 1995). Honeydew has the poten-
tial to act as a attractant and a defense mechanism for
pear psyllids; natural enemies can be attracted to hon-
eydew due to the VOCs emitted; however, predators
can be slowed down due to honeydew’s viscosity, so
they take longer to find prey items (Ge et al. 2020;
Tougeron et al. 2021). Furthermore, the parasitoid
Trechnites insidiosus, has been found to oviposit in
honeydew drops, in the absence of pear psyllid hosts
(Tougeron et al. 2021); this could reduce parasitoid
search time for other psyllid nymphs. Thus, other
natural enemies may be attracted to infested foliage
or nymphal honeydew containing similar compounds,
highlighting an area of further research.

These results have a significant implication on
biological control in pear orchards, as both F. auric-
ularia and A. nemoralis can be used in synchrony
without concerns about reduced efficiency due to IGP
or interference competition. Relying on more than
one predator may be more efficient due to efficacy
backup (Lawson et al. 2017); if one predator species
is less prevalent then there are others that can act as
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a back-up for effective biological control, reducing
variability of biological control (Snyder et al. 2008).
This is supported by Stiling and Cornelissena (2005),
in a meta-analysis comparing single species and
multi-species releases of biological control agents.
Results indicated that releasing multiple biocon-
trol agents was 27.2% more effective in decreasing
pest abundance than single species releases. Natural
enemy populations can be enhanced in a variety of
ways, including the use of natural refugia; these can
provide shelter and resources before migration into
nearby orchard trees (Nagy et al. 2008; Scutareanu
et al. 1999). Nagy et al. (2008), found high numbers
of adult A. nemoralis on hawthorn, goat willow and
stinging nettle surrounding orchards during spring.
Artificial refuges can also be especially beneficial
for earwig populations (Solomon et al. 1999), this
includes corrugated cardboard in a bottle (Hansen
et al. 2005; Solomon et al. 1999) or commercially
available wooden Wignests (Russel-IPM 2023; Shaw
et al. 2021).

Anthocorids are also commercially available for
mass release (Sigsgaard et al. 2006; Bioplanet 2023;
Koppert 2023), when wild populations are slow to
build up in orchards. Sigsgaard et al. (2006), suggest
between 1000-1500 adult A. nemoralis should be
released hectare at 5-6 points within a pear orchard
during the spring. F. auricularia is currently not
available commercially for mass release; however,
Hanel et al. (2023) recommends sourcing earwigs
from stone fruit crops (where they are a notable pest)
and mass releasing them into pear orchards as a bio-
control agent. The study found that mass release of
500 earwigs annually, significantly decreases pear
psyllid populations, for 5 replicates within each of
the two pear orchards, with a plot size of 9 trees (in a
3% 3 square). It should also be noted that earwigs are
particularly sensitive to pesticide usage and soil till-
age (Le Navenant et al. 2021; Moerkens et al. 2012),
therefore avoiding tilling soil to>5 cm depth during
the underground nesting period and not applying cer-
tain insecticides during the earwig’s arboreal phase is
advised (Orpet et al. 2019).

The response of both natural enemy species to
temperature is also notable within our study. The fact
that earwigs and anthocorids ate a significantly higher
number of C. pyri nymphs, without changing other
behaviors or position within the mesocosm under the
high temperature regime, suggests they will still be

effective pear psyllid predators under future climate
scenarios. However, experiments were undertaken in
a small microcosm, so there is unlikely to be signifi-
cant differences in temperature depending on height.
In a tree canopy this is very different; the micro-
climate can vary significantly depending on posi-
tion within the canopy with differences in humidity,
temperature and exposure to solar radiation (Pangga
et al. 2011, 2013). Thus, if studies were undertaken
in a plant canopy with height dependent tempera-
ture differences, there may be more distinct changes
in predator position. Moreover, we did not look at
pear psyllid position; the spatial distribution of pear
psyllid varies within the canopy throughout the year
(Horton 1994; Stratopoulou and Kapatos 1992). Stra-
topoulou and Kapatos (1992a) monitored the spatial
distribution of C. pyri (eggs and nymphs); during the
spring psyllid density was higher in the upper canopy,
however later in the year, numbers increased in the
lower canopy. This could suggest areas exposed to
more sunlight were actively chosen to meet tempera-
ture requirements for development earlier in the year,
however later in the year it may be more optimal to
oviposit lower down in the canopy to reduce desicca-
tion of eggs. Therefore, predators may move to match
the spatial distribution of their prey source, highlight-
ing the need to observe predator behavior in situ,
alongside their prey.

Conclusion

To conclude, F. auricularia and A. nemoralis are
likely to be suitable in combination for pear psyllid
management, both are effective predators of C. pyri
nymphs, with no evidence of interference competition
and little IGP when a habitat is spatially complex.
Furthermore, F. auricularia does not show a prefer-
ence for A. nemoralis based on olfaction. However,
there was a significant preference for psyllid prey in
olfactometry assays, highlighting an area of further
research. Temperature had a significant impact on
prey consumption for both earwigs and anthocorids,
with higher prey consumption at the RCP8.5 tempera-
ture regime compared to current climatic tempera-
tures. Behavior, position and activity were not signifi-
cantly influenced by temperature treatment, although
results were based on 2-min observations, perhaps
observations using EthoVision tracking software over
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longer time periods would be a more viable approach
to analyze this behavior. It is also worth noting that
these studies were laboratory based, in small micro-
cosms and petri dishes. Interactions in field-based
studies are likely to be far more complex with the
potential for intraspecific competition and increased
search-times, especially at low prey density. We rec-
ommend that future field studies compare single and
combined predator treatments in psyllid infested
orchards, alongside DNA analysis of F. auricularia
gut contents to determine whether IGP or interference
competition is prevalent at a larger spatial scale.
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