University of
< Reading

Functional and behavioral responses of
the natural enemy Anthocoris nemoralis to
Cacopsylla pyri, at different temperatures

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open Access

Reeves, L. A., Garratt, M. P. D., Fountain, M. T. and
Senapathi, D. ORCID: https://orcid.org/0000-0002-8883-1583
(2023) Functional and behavioral responses of the natural
enemy Anthocoris nemoralis to Cacopsylla pyri, at different
temperatures. Journal of Insect Behavior, 36 (3). pp. 222-238.
ISSN 0892-7553 doi: https://doi.org/10.1007/s10905-023-
09836-5 Available at https://centaur.reading.ac.uk/112430/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1007/s10905-023-09836-5

Publisher: Springer

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.

www.reading.ac.uk/centaur



http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence

University of
< Reading
CentAUR

Central Archive at the University of Reading

Reading’s research outputs online



J Insect Behav
https://doi.org/10.1007/s10905-023-09836-5

RESEARCH

®

Check for
updates

Functional and Behavioral Responses of the Natural
Enemy Anthocoris nemoralis to Cacopsylla pyri, at Different

Temperatures

Laura A. Reeves® - Michael P. D. Garratt
Michelle T. Fountain® - Deepa Senapathi

Received: 17 January 2023 / Revised: 20 June 2023 / Accepted: 30 June 2023

© The Author(s) 2023

Abstract Anthocoris nemoralis is the dominant
predator of pear sucker (Cacopsylla pyri) in the
UK. Anthocoris nemoralis migrates into orchards in
spring or is introduced as a biocontrol agent, reaching
peak population levels in July-August, contributing
to effective control of summer pear sucker popula-
tions. However, due to temperature dependent devel-
opment and metabolism there are concerns that C.
pyri populations or feeding rates may increase due to
changing climatic conditions. Thus, how A. nemora-
lis responds to temperature, impacts its ability as a
biocontrol agent. Functional response assays, moni-
toring attack rate and handling time of A. nemora-
lis and behavioral assays, using Ethovision tracking
software occurred, to assess the impact of tempera-
ture on predation. Experiments were conducted at
current and future July-August mean temperatures,
predicted using RCP4.5 and RCP8.5 (medium and
high, representative concentration pathway) emis-
sions scenarios, using 2018 UK Climate Projections
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(UKCP18). All treatments demonstrated a Type II
functional response, with female anthocorids demon-
strating shorter handling times and higher attack rates
than males. Males showed longer prey handling times
at 18 °C compared to 23 °C and more time was spent
active at lower temperatures for both sexes. Females
did not show significant differences in attack rate or
handling time in response to temperature. Overall
prey consumption was also not significantly affected
by temperature for either sex. This study suggests that
anthocorids are likely to remain effective natural ene-
mies under future predicted temperatures, due to non-
significant differences in prey consumption.

Keywords Anthocoris nemoralis - anthocorids -
pear sucker - temperature - functional response -
behavioral assays.

Introduction

The anthocorid, Anthocoris nemoralis (Fabricius), is
the main natural enemy of pear sucker (Cacopsylla
pyri L.) in the UK and Europe (Solomon et al. 2000;
Nagy et al. 2008; Sigsgaard 2010). The estimated
cost of pear sucker to the UK pear industry is £5 mil-
lion per annum in damage and control costs (AHDB
2012). These phloem feeding insects damage pear
trees in three main ways: nymphs produce honey-
dew, a sugary secretion that encourages the growth of
black sooty mold (Daniel et al. 2005; Salvianti et al.
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2008; Montanari et al. 2015), adult C. pyri are a vec-
tor of pear decline disease (Candidatus Phytoplasma
pyri); which reduces shoot and fruit growth in pear
and can lead to tree death (Carraro et al. 2001; Kuc-
erova et al. 2007; Siile et al. 2007) and high numbers
of C. pyri can cause ‘psylla shock’; toxic saliva is
injected into pear leaves, resulting in defoliation and
fruit drop (Erler 2004; Saour et al. 2010; Oz and Erler
2021). With a high resistance to commonly avail-
able pesticides (Erler 2004; Sek Kocourek and Stara
2006) many growers currently practice integrated
pest management (IPM) of pear sucker, focusing on
maximizing natural enemy populations, to control
pear sucker (Shaw et al. 2021). Natural migrations of
anthocorids can reduce pear sucker populations dur-
ing the summer (Nagy et al. 2008). Adult A. nemora-
lis often overwinter in hedgerows or on unmanaged
vegetation, migrating into orchards in April-May to
lay eggs, when pear sucker populations are increasing
(Shaltiel and Coll 2004; Nagy et al. 2008). Anthoco-
ris nemoralis populations usually peak during July-
August, helping to control C. pyri numbers (Fields
and Beirne 1973; Scutareanu et al. 1999). However,
anthocorids can also be released artificially into
orchards as a biocontrol agent, to reduce pear sucker
populations more rapidly (Beninato and Morella
2000; Gajski and Pekar 2021). Nymphs and adult A.
nemoralis predate upon pear sucker eggs and nymphs
(Sigsgaard 2010) and have a pierce-sucking stylet to
feed (Bulgarini et al. 2021). A single anthocorid is
estimated to consume almost 5000 eggs during its
lifetime (Yanik and Ugur 2004), with no significant
preference shown between eggs and nymphs based on
biomass (Sigsgaard 2010).

There is increasing concern that rising tempera-
tures may impact pest populations (Barford 2013;
Sable and Rana 2016; Zidon et al. 2016). Insects are
poikilothermic, this means they have a body tem-
perature that fluctuates with their environment (May
1979; Sable and Rana 2016; Wojda 2017). There-
fore, rising temperatures could impact pest develop-
ment (Ratte 1984; Campolo et al. 2014), fecundity
(Kindlmann et al. 2001; Boggs 2016), number of
generations per year (Tobin et al. 2008), overwinter-
ing times (Lad4nyi and Horvith 2010) and behav-
ior (Mellanby 1939). Pear sucker have temperature
dependent development (Kapatos and Stratopoulou
1999; Schaub et al. 2005); faster development rates at
warmer temperatures could lead to shorter generation
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times, potentially increasing pest populations. There
is concern that warmer temperatures could alter the
feeding behavior, activity and fecundity of phloem
feeders (McMullen and Jong 1972; Liu et al. 2021).
One explanation for increased feeding rate under
high temperatures is due to altered metabolism (Yuan
et al. 2009), as metabolic rate increases exponentially
with temperature up to a certain threshold, increasing
demand for energy and nutrients (Schmitz and Barton
2014; Frances and McCauley 2018). Furthermore,
the scale of metabolic increase is largely depend-
ent on body size, with smaller species having higher
increases in metabolism than larger species (Frances
and McCauley 2018). Thus, as prey species are often
smaller than their predators, their metabolism may
increase at a faster rate with respect to warming,
leading to an enhanced feeding rate. For example, C.
pyri adults are less than 3 mm and nymphs in their
5th instar are 1.9 mm in length (Chireceanu 1998),
compared to A. nemoralis adults which have a body
length of 3.5-4 mm (BPDB 2022). Therefore, feeding
rates of pear sucker prey may increase more than their
anthocorid predators due to body size.

It is important, therefore, to establish whether the
feeding rate of A. nemoralis increases with tempera-
ture, to understand if it will be an efficient natural
enemy of C. pyri under future predicted temperature
conditions. One of the most effective ways of moni-
toring predator-prey interactions is by fitting func-
tional responses; a functional response can be defined
as the change in the consumption rate for a predator
depending on prey density, therefore whether it is
density dependent (Holling 1965; Real 1977). The
functional response of a predator is determined by
different parameters including: attack rate (a); rate
of discovery of a prey item and handling time (h);
the time period when the predator consumes its prey
(including killing, capturing, eating and sometimes
digesting) (Real 1977; Juliano 2020). There are three
main “Types” of functional responses, which all have
different shapes and can be defined as follows: a
Type I response shows a linear increase in consump-
tion rate depending on prey density (up to a certain
threshold), as the time needed to consume or process
prey is negligible (Real 1977; Jeschke et al. 2004;
DeLong 2021). A Type II functional response dif-
fers from a Type I functional response as it includes
handling time (4); a time period when the predator
consumes its prey (including killing, capturing, eating
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and digesting), therefore to begin with consumption
rate of prey increases as prey density increases, but
eventually levels off and remains constant at high
densities (Real 1977; Juliano 2020). Type III func-
tional response resembles Type II at high prey densi-
ties; however at low densities the consumption rate of
a predator increases slowly, due to learning time or
prey switching, giving the response curve a sigmoidal
shape (Real 1977; DeLong 2021).

In biological control, Type I functional responses
are scarce as they are almost exclusive to filter feed-
ers, as handling time is rarely negligible in other spe-
cies (Real 1977; Jeschke et al. 2004). Having a Type
IT functional response is more optimal than a Type
IIT for a biological control agent, as natural enemies
are still able to detect and attack pests at low densi-
ties (Lopes et al. 2009). However, Type III responses
allow a negative density-dependent response of the
prey survival with prey population density, compared
to type II which may help stabilize prey populations,
making them less likely to fluctuate (Cuthbert et al.
2021). Functional responses are also influenced by
multiple biotic and abiotic factors including; life-
stage of predator or prey (Farhadi et al. 2010), sex
of predator (Emami et al. 2014a), species of prey
(Milonas et al. 2011), temperature (Englund et al.
2011) and arena size (Uiterwaal and DeLong 2018).
Although functional responses can be largely influ-
enced by temperature (Englund et al. 2011), there are
no studies to date on the natural enemy A. nemora-
lis, using the prey species C. pyri, at multiple tem-
perature regimes. Although, other functional response
experiments have occurred on other anthocorid spe-
cies (Kheradmand et al. 2017; Hassanzadeh-Avval
et al. 2019)d nemoralis (Emami et al. 2014b) at a sin-
gle temperature (27 °C), allowing comparison.

Changes in behavioral responses are important
when monitoring trophic interactions between preda-
tor and prey (Chen et al. 2015; Duffy et al. 2015;
Boege et al. 2019). For example, changes in walk-
ing velocity or distance travelled by a natural enemy
could alter the probably of encountering a prey item
or host (Milton 2004). Whilst changes in cleaning/
grooming behavior may increase risk of disease; as
grooming is an important sanitary behavior, involved
in the removal of pathogens (Zhukovskaya et al.
2013).

This study aims to monitor the behavior and func-
tional response of the natural enemy, A. nemoralis, to

determine whether it would be an efficient biological
control agent under future UK predicted tempera-
tures. Behavioral and functional responses were mon-
itored at three temperature regimes (18 °C, 21 and
23 °C) selected based on current mean July-August
temperatures and mean temperatures predicted for
July-August by RCP 4.5 and RCP 8.5 emissions sce-
narios for 2080. Our study tested four hypotheses:
(1) Anthocorids demonstrate a Type II functional
response, (2) Handling time is shortened and attack
rates are increased at higher temperatures, (3) Behav-
iors including movement, feeding and cleaning of
anthocorids increase under elevated temperatures
and (4) The sex of anthocorid impacts the functional
response, with shorter handling times and higher
attack rates for females, due to a larger body size.

Materials and Methods
Pear Sucker and Anthocorid Husbandry

Pear sucker nymphs hardshell nymphs (L4-L5, the
fourth or fifth nymph stage in a pear sucker’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 minimize
damage to insects. These nymphs were used for func-
tional response experiments and behavioral assays.
Adult C. pyri were collected using 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 94.7 mm, height 115 mm)
containing 3 pear shoots (110 mm in length) in damp
tissue. Individuals were kept in a controlled tempera-
ture (CT) cabinet at 21 °C. Semi-mature pear sucker
eggs (yellow-white in color) were collected from the
Tupperware pots daily, these were used for the egg
treatment within behavioral assays. C. 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
of the study. This product was called Anthobug and
ordered from Koppert UK Ltd, Suffolk, CB9 8PJ.
These were approximately 4-10 days after their

@ Springer



J Insect Behav

final molt, when used in behavioral and functional
response experiments. Anthocorids were kept in a
ventilated plastic container, with the carrier mate-
rial they arrived in and fed C. pyri eggs daily. Indi-
viduals were allowed to mate, with males and females
kept in the same container in a CT cabinet at 21 °C.
Five batches of anthocorids were used for behavio-
ral response assays and seven batches for functional
response experiments. Following a Kruskal Wal-
lis test no significant difference was found between
batches depending on velocity, distance travelled,
number of C. pyri eggs or nymphs eaten or time
spent exhibiting a behavior, apart from cleaning,
where there was a significant difference in the time
spent cleaning between batch 3 and 5 (Table S1).
Therefore, batch number was not included within
models. Male and female anthocorids were identi-
fied using a light microscope based on differences in
genitalia. If there was some uncertainty in the sex of
the anthocorid, individuals were dissected after the
experiment to find parameres, if male (Hassanzadeh-
Avval et al. 2020), or copulatory tubes if female (Ke
and Bu 2007).

Functional Response Experiments

For functional response experiments, adult A. nemor-
alis were starved for approximately 24 h at either
18 °C, 21 or 23 °C in controlled temperature (CT)
cabinets. Then, a male or female individual was added
to a triple-vented Petri dish (55 mm in diameter). The
floor of the dish was covered with 1% set agar to pro-
vide moisture and support for leaf disks as used in
the functional response experiments of Hassanzadeh-
Avval et al. (2019). The Petri dish contained a leaf
disk of P. communis ‘Conference’ (20 mm in diam-
eter) and C. pyri nymphs (4th — 5th instar), at one of
five densities (5, 10, 15, 30 and 50 nymphs).

After the anthocorid was added, the Petri dish
was sealed with plastic paraffin film to prevent C.
pyri nymphs escaping (similar to Emami et al.
(2014a)) and returned to the same temperature treat-
ment for 24 h. Nymphs were not replaced during the
experiment. After 24 h the anthocorid and numbers
of C. pyri nymphs were recorded as alive or dead.
There were 10 replicates for A. nemoralis male and
female tests at each temperature treatment, for the
5 prey densities, giving a total of 300 observations.
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Five control treatment replicates of C. pyri nymphs
were set up for each temperature, to quantify natural
mortality.

Behavioral Assays

Similar to the functional response experiments, adult
A. nemoralis were starved for 24 h, in one of the three
temperature treatments (18 °C, 21 and 23 °C) in CT
cabinets. After this the anthocorid was moved to a CT
room with insect behavior tracking software; Ethovi-
sion (Noldus et al. 2001, 2002). The anthocorid was
then added to a triple-vented Petri dish (55 mm in
diameter). The Petri dish contained a 5 mm piece of
leaf with either, 2 C. pyri nymphs (4-5th instar), 15
semi-mature C. pyri eggs, or no prey (as a control).
The numbers of eggs and nymphs were chosen as they
were approximately equivalent to each other in size.
The leaf containing the food was placed in the center
of the Petri dish (marked with a cross), the anthocorid
was then placed in the 20 mm center circle (not on
the leaf) and given 10 min to acclimatize. After this
period the Ethovision camera was set to record for
20 min, then the anthocorid was removed and the
number of nymphs/eggs consumed were counted.
Movement and behaviors of anthocorids were
recorded using Ethovision XT tracking software
(Noldus et al. 2001, 2002); the velocity, distance
travelled, time spent in the center (20 mm diameter
center circle) and edge (up to 10 mm from the edge)
zones and time spent displaying certain behaviors
were recorded. These measurements were tracked
from the center-point of the anthocorid’s body.
The 6 recorded behaviors were, feeding (when the
anthocorid was stationary and had its stylet in an egg
or nymph), moving (when the anthocorid was walk-
ing or flying), moving leaf (when the anthocorid was
moving the leaf around the arena), antennating (when
the anthocorid was stationary and repeatedly touch-
ing a surface with its antennae), cleaning (when an
anthocorid was grooming its legs or antennae) and
stationary (when an anthocorid was completely still
and not feeding). All behaviors were independent of
each other, for example an anthocorid that was sta-
tionary could not also be cleaning. There were ten
replicates each of the three food treatments, three
temperature treatments and if the anthocorid was
male or female, giving a total of 180 observations.
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Temperature Regimes and Controlled Temperature
Cabinets

The three temperature treatments (18, 21 or 23 °C)
were determined based on the current mean July-
August temperature (1990-2020) and mean July-
August temperatures predicted in 2080, based on
the RCP4.5 (medium emissions) and RCP8.5 (high
emissions) scenarios. A 2080 time frame was chosen
as this year is commonly used in studies predicting
future trophic interactions (Duffy 2014; South et al.
2018; Aartsma et al. 2019), thus the results of this
paper can be compared to others. July-August tem-
peratures were chosen as this is when anthocorids are
most abundant in pear orchards (Fields and Beirne
1973; Scutareanu et al. 1999). The current tempera-
ture was calculated using mean July-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 in mean air temperature at 1.5 m for 2080
was calculated for July to August (baseline scenario
1981-2000) for a 25 km x 25 km region in Kent, sur-
rounding East Malling (562500.00, 162500.00), these
temperatures were calculated for each of the RCP4.5
and RCP8.5 scenarios and added to the average
1981-2000 July-August temperature (17.41 °C). The
predicted temperatures were rounded up to the near-
est degree (Table S2), as many functional response
experiments use temperatures to the nearest degree
(Ding-Xu et al. 2007; Hassanzadeh-Avval et al. 2019;
Hassanpour et al. 2020), allowing comparison.

The three controlled temperature (CT) cabinets (set
at 18, 21 and 23 °C) had two containers half-filled
with water to keep humidity constant (Table S2).
Temperature and humidity were monitored using
EasyLog USB dataloggers (Table S2). The daylight
cycle within the cabinets was 16 h light, 8§ h dark,
based on average summer day length in the UK.

Data Analyses
Functional Response Experiments
The type of functional response for each of the treat-

ments (sex and temperature) was selected and fitted
using the R package FRAIR (Pritchard et al. 2017).

This method involved three different steps: model
selection, model fitting and model comparison.
Firstly, polynomial logistic functions were fitted to
the data to identify the “Type’ of functional response
(Type I, Type II or Type III), as outlined by Juliano
et al. (2001). Within a logistic regression a Type II
functional response can be identified by a negative
first-order term (where prey consumption is nega-
tively proportional to prey density), whereas a Type
IIT functional response has a positive first-order term.
The frair-test function within the ‘FRAIR’ package in
R was used for model selection; classifying the type
of functional response, based on the sign and signifi-
cance of first-order and second-order terms within
logistic regressions (Pritchard et al. 2017). For model
fitting the frair-fit function was used. This function
undertakes optimization by maximum likelihood
estimation (MLE), giving information on the model
fit, maximum likelihood estimators and a regression
output.

Due to the fact resources were being depleted
throughout the experiment (nymphs were not replaced
when eaten), the Rogers Random predator equation
was used (Rogers 1972), as this equation is appli-
cable to non-replacement experiments and is solved
via the ‘lambertW’ function (Bolker 2008; Pritchard
et al. 2017; DeLong 2021). For all Type II functional
responses within this experiment the following equa-
tion was used:

N, = Ny[1 —exp(a(T,N, - T))] (1)

N, is the number of prey (pear sucker nymphs) con-
sumed by the predator (anthocorid), N, is the number
of prey initially offered to the predator, a is the attack
rate, T, is the handling time and T'is the time in hours
that the prey are exposed to the predator (24 h).
Finally, the functions frair-compare and frair-boot
within the FRAIR package were used to compare dif-
ferences between temperature treatments and sex of
anthocorid. The frair-compare function used a differ-
ence test, with the null hypothesis that fitted parame-
ters D, (difference in attack rate) and D, (difference in
handling time) do not differ, depending on treatment
(temperature and sex). The frair-boot function uses
nonparametric bootstrapping, generating 95% confi-
dence intervals (CI) for attack rate (a) and handling
time (h), to see if ClIs overlap between treatments.
These bootstrap outputs for 95% ClIs were plotted
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using the function drawpoly. The difference between
number of prey eaten depending on density at the 3
different temperatures was tested using a Kruskal-
Wallis test, as data were non-normally distributed.

Behavioral Assays

For behavioral response assays, stacked bar charts
were created using the ‘ggplot2’ package in R.
Stacked barcharts displayed the percentage of time
A. nemoralis spent demonstrating certain behaviours
(feeding, moving, moving leaf, cleaning, stationary
and antennating) over the 20-minute time period,
for three different temperatures and three food treat-
ments. Heatmaps were created to show the propor-
tion of time A. nemoralis spent in the center zone
(containing food/leaf), middle and edge of the arena.
Heatmaps were created using Ethovision XT tracking
software (Noldus et al. 2001). For statistical analysis
a Kruskal-Wallis H test, followed by pairwise com-
parisons using a Wilcoxon rank sum test, as data
were non-normally distributed. These tests were used
to compare differences in behavior, time spent in
zones, velocity and distance travelled, depending on
treatment.

Results
Functional Response Experiments

For the control experiments, without an anthocorid
present, there was an average of 0.43 dead nymphs
per sample. This ranged from 0 deaths in the 5-nymph
density, to 1.27+1.62 deaths in the 50 nymph density.
The number of dead nymphs in the control experiment
was significantly lower compared to the corresponding
treatments containing anthocorids (X2= 174.01, df=5,
p<0.001), based on a Kruskal-Wallis test with pair-
wise comparisons using the Wilcoxon rank sum test.
Therefore, it was likely that the anthocorids were caus-
ing nymph deaths rather than other factors. The num-
ber of nymphs eaten significantly differed depending on
density; Kruskal Wallis: X2= 126.97, df=4, p<0.001.
With an average of 3.82+ 1.14 nymphs eaten over 24 h
at the lowest density and an average of 10.02+3.57
nymphs eaten at the highest density. However, the
Wilcoxon rank sum test indicated that the number of
nymphs eaten at the density 30 did not significantly
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differ from the density of 50 (p=0.285), suggest-
ing that the saturation point for prey consumption had
been reached. This non-significant difference between
30 and 50 nymphs occurred for both male and female
anthocorids. There was a significant difference in num-
ber of nymphs eaten depending on sex of anthocorid,;
Kruskal Wallis: X2=66.51, df=1, p<0.001, with an
average of 11.97+3.41 nymphs eaten by females at the
highest density and an average of 8.07+2.45 eaten by
males. However, the number of nymphs eaten depend-
ing on temperature did not significantly differ for
females (Kruskal Wallis: X2:2.44, df=2, p=0.296)
or males (Kruskal Wallis: XZ: 1.70, df=2, p=0.427),
with an average of 9.85+4.13 nymphs killed at 18 °C,
9.90+2.99 nymphs at 21 °C and 10.30+3.66 nymphs
at 23 °C, for the highest prey densities.

During model selection a Type II functional response
was chosen for both male and female anthocorids, for
all three temperature regimes, due to the fact the first
order term (density) from logistic regressions was nega-
tive and significant for all treatments (Table 1; Fig. 1).

Attack rates (a) generated from the maximum like-
lihood optimisation output ranged from 0.049 (23 M)
to 0.156 (21 F). Whilst handling time (%) ranged from
3.27 (18 M) to 1.65 (23 F) (Table 2). The maximum
number of nymphs that were attacked per day (T/ Th)
was 14.54 (23 F) and the minimum number was 7.34
(18 M).

For model comparison there was a significant dif-
ference between male and female anthocorids for all
temperature treatments (Table 3). The difference in
attack rate (D, ) and handling time (D,,) was signifi-
cant for the 23 F~23 M and 21 F~21 M comparisons,
however for the 18 F~18 M comparison only D,was
significant. For comparisons between temperatures,
23 M had a significantly lower handling time than
18 M (Table 4). However, there were no significant
differences for any of the other temperatures. For the
bootstrapping method, Cls for a and % overlapped for
all different temperature treatments (Table S3). How-
ever, the CIs for a did not overlap between male and
female anthocorids, at higher temperature treatments.

Behavioral Assays
Velocity and Distance Travelled

There was a significant difference in the average velocity
of A. nemoralis depending on food treatment (Kruskal
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Fig. 1 The number of prey 20 -
eaten (Cacopsylla pyri A
nymphs) by the preda-

tor Anthocoris nemora-

lis, depending on prey 15

density. For both A female
and B male Anthocoris
nemoralis, at three different
temperature regimes (18 °C,
21 and 23 °C). Type II
functional response curves
based on bootstrapped

No. Prey Eaten
S
1

model fits for 95% confi- ]
dence intervals
0 —
T T T T T T
0 10 20 30 40 50
Prey Density
20
B
15
¢ 18°C
e 21°C
e 23°C

No. Prey Eaten
S
1

Prey Density

Table 1 Evidence for Type II or Type III functional responses using the frair-test function, for different temperature treatments
(18 °C, 21 and 23 °C) and male or female Anthocoris nemoralis

Temperature (°C) Sex Estimate (density) SE Z value P value Evidence
for Type 11
response

18 M -0.038 0.0045 -8.28 <0.0001 Yes

21 M -0.039 0.0045 -8.82 <0.0001 Yes

23 M -0.037 0.0044 -8.38 <0.0001 Yes

18 F -0.048 0.0042 -11.39 <0.0001 Yes

21 F -0.059 0.0044 -13.43 <0.0001 Yes

23 F -0.056 0.0043 -13.01 <0.0001 Yes

This method uses forward selection based on the sign and significance of first (density) and second-order terms within logistic regres-
sions. A significant negative estimate of density provides evidence for Type Il response. Entries in bold show significant p values
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Table 2 Maximum
likelihood estimates
(MLE) of attack rate (a)
and handling time (/) and
their standard errors (SE),
for male and female A.
nemoralis at three different
temperature treatments

(18 °C, 21 and 23 °C)

Temp (°C) Sex Coeff Estimate SE Z value P value Response LogL

18 a 0.069 0.020 351 <0.0001 Rogers TypeII  200.28
h 3.27 0361  9.06 <0.0001

21 a 0.069 0.018  3.77 <0.0001 Rogers Type Il  190.74
h 2.95 0.325  9.08 <0.0001

23 a 0.049 0.010 5.12 <0.0001 Rogers Type Il 205.57
h 2.33 0266  8.78 <0.0001

18 a 0.108 0.019 5.82 <0.0001 Rogers Type Il  199.85
h 1.85 0.146 12.64 <0.0001

21 a 0.156 0.025  6.26 <0.0001 Rogers Type Il 191.61
h 1.78 0.116 15.41 <0.0001

23 a 0.135 0.021 6.50 <0.0001 Rogers Type Il 218.78
h 1.65 0.114 1443 <0.0001

Logistic regressions use a Rogers Type II response, as prey is not replaced during the
experiment. Entries in bold show significant p values

Table 3 Comparisons of male and female Anthocoris nemoralis at three different temperature treatments (18 °C, 21 and 23 °C)

Comparison Coefficients Estimate SE Z value P value Response

18F~18 M D, 0.039 0.027 1.43 0.152 Rogers Type IT
D, -1.43 0.390 -3.66 0.0003

21F~21M D, 0.087 0.031 2.83 0.0047 Rogers Type 11
D, -1.17 0.345 -3.40 0.0007

23 F~23M D, 0.086 0.023 3.76 0.0002 Rogers Type 11
D, -0.68 0.289 -2.37 0.0179

Using the difference method, with difference in attack rate (Du) and difference in handling time (Dh), p values in bold show a signifi-

cant difference

Table 4 Comparisons of
three different temperature
treatments (18 °C, 21 and
23 °C), for male and female
Anthocoris nemoralis

@ Springer

Temperature Coefficients Estimate SE Z value P value Response

18M~21M D, 0.0003 0.027 0.013 0.990 Rogers Type 11
D, 0.317 0.487 0.652 0.515

18M~23 M D, 0.020 0.022 0.907 0.365 Rogers Type 11
D, 0.946 0.449 2.11 0.035

21 M~23M D, 0.020 0.021 0.957 0.339 Rogers Type 11
D, 0.631 0.420 1.50 0.133

18 F~21F D, -0.048 0.031 -1.54 0.124 Rogers Type 11
D, 0.066 0.186 0.353 0.724

18 F~23 F D, -0.028 0.028 -0.987 0.324 Rogers Type 11
D, 0.203 0.185 1.10 0.273

21 F~23F D, 0.020 0.032 0.619 0.536 Rogers Type 11
D, 0.138 0.162 0.847 0.397

Using the difference method, with difference in attack rate (Da) and difference in handling time
(Dh), p values in bold show a significant difference
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Fig. 2 The proportion of time spent by the anthocorid preda-
tor Anthocoris nemoralis in different areas within the arena
(55 mm in diameter), depending on temperature treatment (A-
C.18 °C, D-F. 21 °C and G-I. 23 °C) and food type (A, D, G.

Wallis: X2 =61.10, df=2, p>0.001), the average veloc-
ity was significantly lower for the nymph treatment
(0.069 cm/s +0.14) compared to eggs (0.16 cm/s+0.14)
and no food (0.22 cm/s+0.26). Highlighting that the
velocity of the anthocorid is significantly higher when
no food is present. This was also similar for average dis-
tance travelled by A. nemoralis depending on food treat-
ment (Kruskal Wallis: X2=61.53, df=2, p>0.001), the
average distance travelled was significantly lower for the
nymph treatment (80.79 cm=+164.9) compared to eggs
(184.1 cm+163.1) and no food (308.0 cm+265.9).
There was no significant difference in velocity (Kruskal

eggs, B, E, H. no-food and C,F,I. nymphs) for Cacopsylla pyri
prey. The center zone is marked out by the grey circle (20 mm
in diameter)

Wallis: X2=().066, df=1, p=0.797) or distance trav-
elled (Kruskal Wallis: X2=0.075, df=1, p=0.784)
depending on the sex of anthocorid, nor velocity
(Kruskal Wallis: X2 =3.44, df=2, p=0.179) or distance
travelled (Kruskal Wallis: X2 =341, df=2, p=0.181)
depending on temperature.

Time Spent in Different Zones

There was a significant difference in the time A. nemor-
alis spent in the center zone depending on food source

@ Springer



J Insect Behav

(Kruskal Wallis: X2=58.04, df=2, p>0.001), the average
time spent was significantly higher for the nymph treat-
ment (945.2 s+439.9) compared to eggs (488.9 s +476.8)
and no food (159.0 s+303.4) (Figs. 2 and 4).

There was also a significant difference in time spent
in the edge zone depending on food source (Kruskal
Wallis: X2=45.32, df=2, p>0.001), the average time
spent was significantly higher for the no-food treatment
(452.1 s+327.1) compared to eggs (297.7 s+307.74)
and nymphs (132.0 s+273.9). There was no signifi-
cant difference between the amount of time spent in the
center (Kruskal Wallis: X2=O.735, df=2, p=0.391)
or edge (Kruskal Wallis: X2:O.OO3, df=2, p=0.956)
zones depending on sex of the anthocorid. For the egg
treatment, there was a significant difference in time spent
in the center zone depending on temperature (Kruskal
Wallis: X2= 1091, df=2, p=0.004), with significantly
more time spent in the center zone (Figs. 2 and 3) in the
23 °C (753.5 s+478.8) treatment compared to 21 °C
(422.4 s+442.5) and 18 °C (290.8 s+401.6). How-
ever, there was no significant difference for time spent
in center zone depending on temperature for the nymphs
(Kruskal Wallis: X2 =1.09, df=2, p=0.580) or no-food
treatment (Kruskal Wallis: X2 =1.58, df=2, p=0.455).

Behaviors Demonstrated and Prey Eaten

On average 3.90+4.70 eggs were eaten by A. nemor-
alis in the 18 °C treatment, compared to 5.70+5.80
eggs and 7.65 +5.49 for the 21 and 23 °C treatments.
However, the number of eggs eaten did not sig-
nificantly differ depending on temperature (Kruskal
Wallis: X2=5.19, df=2, p=0.075). Sex also did

Fig. 3 The amount of time 1250

(s) spent in the center of the
arena (20 mm in diameter)
containing the food source
or leaf, for the 20-min-

ute (1200s) time period,
depending on temperature
treatment (18 °C, 21 and

23 °C) and food type (eggs,
no-food and nymphs) for
the anthocorid predator
Anthocoris nemoralis for 250 1

1000

~
3
o

[
=}
o

Time spentin centre (s)

Cacopsylla pyri prey

not significantly impact the number of eggs eaten
(Kruskal Wallis: X2=0.498, df=2, p=0.481). The
average amount of time spent feeding in the egg treat-
ment was 252.5+361.6 s in the 18 °C treatment,
compared to 342.9+402.2 s and 543.0+468.1s for
the 21 and 23 °C treatments (Fig. 4), ranging from O
to 1200 s spent feeding. However, there was no signif-
icant difference in the amount of time spent feeding
depending on temperature in the egg (Kruskal Wal-
lis: X2=4.9O, df=2, p=0.086) or nymph (Kruskal
Wallis: X2:1.46, df=2, p=0.481) treatments. The
amount of time spent feeding by A. nemoralis sig-
nificantly differed depending on the food treatment
(Kruskal Wallis: X2=39.14, df=1, p>0.001), with
an average of 379.5+424.0s spent feeding in the egg
treatment and 934.1 +438.6s spent feeding in the
nymph treatment. There was no significant difference
in time spent feeding depending on sex (Kruskal Wal-
lis: x*=0.003, df=1, p=0.955).

Anthocoris nemoralis spent significantly more
time moving in the 18 °C treatment, compared to the
21 and 23 °C treatments, for no-food (Kruskal Wal-
lis: X2=9.57, df=2, p=0.008) and eggs (Kruskal
Wallis: X2:9.62, df=2, p=0.008) but not nymphs
(Fig. 4). Anthocorids spent significantly more time
cleaning at 18 and 21 °C compared to 23 °C the
egg treatment (Kruskal Wallis: X2=7.38, df=2,
p=0.025). There was also a significant difference in
the time spent antennating depending on temperature
for the egg treatment (Kruskal Wallis: X2=10.95,
df=2, p=0.004), with more time spent antennating
at 18 °C compared to 23 °C. For the no-food treat-
ment, significantly more time was spent stationary

Food

B3 Eggs
$ None
$ Nymphs
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Fig. 4 The percentage of
time spent demonstrating o
six different behavior types
(F- feeding, M- moving,
ML- moving leaf, C-
cleaning, S- stationary and
A- antennating), depending
on temperature treatment
(18 °C, 21 and 23 °C) and
food type (eggs, no-food
and nymphs) for Anthocoris
nemoralis for Cacopsylla
pyri prey

7

o
2

5
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2
2

N
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0%

Eggs None Nymphs

(Kruskal Wallis: y?=11.39, df=2, p=0.003) at 21
and 23 °C compared to 18 °C. However, there was
no significant difference in the time spent on moving
the leaf depending on temperature (Kruskal Wallis:
X2 =5.06, df =2, p 0.080), or time spent on any of the
behaviors depending on sex.

Discussion
Functional Response of A. nemoralis to C. pyri Prey

For this study both male and female A. nemoralis
exhibited Type II functional responses for all three
temperature treatments tested, when feeding on hard-
shell (4th and 5th instar) C. pyri nymphs (Fig. 1).
Thus, confirming the first hypothesis. A Type II
functional response demonstrates that at lower prey
densities the consumption rate of prey increases as
prey density increases, but eventually levels off and
remains constant at high densities (Real 1977; Juliano
2020). This corresponds to multiple other studies,
where a Type II functional response was reported
for adult anthocorid species of feeding on psyllid
nymphs; including A. minki predating on Psyllopsis
repens (Hassanzadeh-Avval et al. 2019), A. nemora-
lis on C. pyricola (Emami et al. 2014a), A. minki
pistaciae on Agonoscena pistaciae (Kheradmand
et al. 2017) and Orius vicinus on Bactericera cocker-
elli (Tran et al. 2012). A Type II functional response
may be more optimal than a Type III response (where
consumption rates are lower than Type II responses
at low prey densities) for anthocorids, as biological

18 21 23

-
N
B

% - . F
[ I
| &
[ B

-1

Behaviour

Eggs None Nymphs Eggs None Nymphs
Food

control agents are able to detect and attack prey
more effectively at low densities (Lopes et al. 2009).
Although, Type II functional responses can be desta-
bilizing in comparison to Type III; high consumption
rates of prey at low prey densities can lead to prey
population destabilization (Dick et al. 2014; Cuthbert
et al. 2021). However, Type III responses allow a neg-
ative density-dependent response of the prey survival
with prey population density, stabilizing prey popula-
tions and making them less likely to fluctuate (Cuth-
bert et al. 2021).

Functional Response and Temperature

All three temperature treatments exhibited a Type II
functional response. Although males within the 23 °C
treatment had a shorter handling time than those at
18 °C, female handling time was not significantly
impacted by temperatures tested in this study. Han-
dling times may have decreased with temperature,
due to reduced time required for digestion as a result
of an increased metabolic rate (Sentis et al. 2013;
Robertson and Hammill 2021). Furthermore, male
A. nemoralis have a smaller body size than females
(Coblentz et al. 2022), thus may be more sensi-
tive to changes in temperature, resulting in a higher
increase in metabolic rate (Frances and McCauley
2018). Other studies found decreases in handling
time with temperature (Knutsen and Salvanes 1999;
Sentis et al. 2013; Robertson and Hammill 2021), for
example the spined soldier bug (Podisus nigrispinus)
handling time for the prey species Spodoptera exigua
decreased at higher temperatures (Clercq 2001).
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However, there was not a significant difference in
A. nemoralis attack rate depending on temperature for
males or females within this study. Attack rates have
been indicated to increase with rising temperature in
other studies, demonstrating a hump-shaped response,
with highest attack rates at intermediate temperatures
(Uiterwaal and DeLong 2020; Robertson and Ham-
mill 2021). The non-significant difference in tempera-
ture dependent attack rates, may be due to the small
intervals between testing at different temperatures,
therefore larger intervals between treatments may be
required to detect differences. Many other functional
response experiments use temperatures with higher
intervals between them; for example, Hassanzadeh-
Avval et al. (2019) used 15, 24 and 30 °C with the
anthocorid A. minki and significant differences in
attack rate were only seen between the 15 and 30 °C
treatments. Whilst 20, 25 and 30 °C were tempera-
ture treatments used for functional responses of
Orius laevigatus (Hassanpour et al. 2020), with a sig-
nificantly higher attack rate of female anthocorids at
30 °C compared to 20 °C. Therefore, UK mean tem-
peratures predicted for 2080, are unlikely to impact
the feeding rates of anthocorids compared to current
temperatures. However, C. pyri population growth
and feeding rates have not been observed under these
temperatures. Therefore, if pests respond differently
compared to anthocorids, summer pear sucker popu-
lations could be difficult to control, highlighting an
area of future research. In addition, maximum UK
temperatures and future predicted temperatures for
other pear growing regions have not been studied,
thus future climate could still impact predator-pest
dynamics at larger temperature intervals.

Functional Response and Sex of Anthocorid

This study found that female anthocorids had a sig-
nificantly higher attack rate and shorter handling time
than males, supporting the fourth hypothesis, that sex
of anthocorid influences functional response. This is
similar to the findings of Emami et al. (2014a), where
A. nemoralis females had higher attack rates, maxi-
mal consumption rates and shorter handling times for
C. pyricola nymphs than males. Hassanzadeh-Avval
et al. (2019) also found the maximal consumption
rate for ash psyllid, P. repens, L4 nymphs (a similar
sized prey type to C. pyri) was higher for females than
males, for the anthocorid A. minki. Therefore, female
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A. nemoralis may be a more effective biological con-
trol agent of C. pyri nymphs than males, although sex
ratios of A. nemoralis are both 1:1 in summer (in pear
orchards) and overwintering populations (McMullen
and Jong 1967), so it is unlikely that this will have
implications for pest control as numbers of females
and males found in orchards are approximately equal.

The differences in attack rate and handling time
depending on sex may be due to differences in body
size as male A. nemoralis are smaller than females,
with a lower body weight (Campbell 1977). Body size
has a significant effect on the feeding rate of a preda-
tor (Aljetlawi et al. 2004; DeLong 2021; Robertson
and Hammill 2021; Coblentz et al. 2022); handling
time may decrease as predator body size increases as
it may be easier to handle and subdue large prey items
(Hammill et al. 2015; Robertson and Hammill 2021).
Conversely, attack rate may increase with body size,
as larger predators may cover more distance, increas-
ing the chance of encountering prey (DeLong 2021),
although difference in distance travelled depending on
sex was not apparent in the behavioral assays. There
is also the possibly that females have higher nutri-
tional requirements than males (Coblentz et al. 2022),
in order to produce eggs, therefore need to consume
more prey, as females were likely mated within this
study. This emphasizes the need for further research,
exploring whether differences in prey consumption
between males and females is sex dependent or size
dependent.

Behavioral Assays

Changes in A. nemoralis Activity and Behavior
in Response to Temperature Results from the behav-
ioural assays found that anthocorids spent less time
moving at higher temperatures (Fig. 4). When no prey
or only eggs were available, anthocorids spent more
time moving at 18 °C, compared to 21 and 23 °C.
There was also less time spent antennating and clean-
ing at higher temperatures in the no-food or egg treat-
ments. For no-food treatment, significantly more time
was spent stationary at high temperatures compared to
low. This suggests that A. nemoralis may spend more
time active at current UK temperatures (18 °C) com-
pared to future temperature regimes, as 23 °C resulted
in the lowest activity levels.

However, despite less time spent active at higher
temperatures, there was no difference in velocity or
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distance travelled overall, suggesting that the speed
of the anthocorid when it was moving may be faster
at higher temperatures. Hence, anthocorids can travel
similar distances, suggesting they will be efficient
predators at high temperatures tested here; as a high
walking velocity is important for a biological control
agent (Milton 2004), allowing a predator to seek out
prey items effectively, especially if prey is sparse. Our
study also revealed a reduction in cleaning behavior
at the highest temperature treatment in the egg treat-
ment. A reduction in cleaning behavior may increase
the risk of disease; grooming is an important sanitary
behavior, involved in reducing the risk of pathogenic
infection, including parasites and fungal pathogens
(De Roode and Lefevre 2012; Zhukovskaya et al.
2013). However, more research is required to see if
reduced grooming in anthocorids increases disease
risk, as increased disease risk could reduce the effi-
ciency of a biological control agent.

Anthocorid Feeding Behavior and Prey Preference

There was no significant difference in the time spent
feeding at each of the three temperature treatments
(for eggs and nymph treatments) or number of eggs
eaten (Fig. 4). This suggests that temperature did not
significantly affect the rate of feeding for these tem-
perature intervals. Time spent feeding was higher for
nymphs compared to eggs, furthermore there was a
far higher number of replicates where 0 eggs were
eaten, compared to replicates where O nymphs were
eaten, suggesting a preference for C. pyri (L4 — L5
nymphs) compared to eggs. Conversely, the study
by Sigsgaard (2010), found no significant prefer-
ence between C. pyri eggs or nymphs depending on
biomass for A. nemoralis; however their study used
L1-L3 nymphs rather than L4-L5, perhaps larger
darker nymphs, are easier to find than eggs for A.
nemoralis. In addition, there could be a difference
in amount or type of volatiles given off by different
stages of C. pyri nymphs and eggs, making nymphs
easier to detect via olfactory cues. Although, there is
evidence for volatile emission in pear sucker adults
(Ganassi et al. 2018), no studies have occurred for
other stages of C. pyri, emphasizing the need for fur-
ther research. Despite the differences in attack rate
and handling time depending on sex of anthocorid,
there was no difference in time spent feeding, num-
ber of eggs eaten or any other variables monitored

in our behavioral assays, possibly due to the short,
20-minute, duration of our assays with few prey
items, whereas the functional response experiments
occurred over 24 h at larger prey densities. Therefore,
perhaps assays over a longer time period are required
to observe sex specific differences.

Conclusions

The anthocorid, A. nemoralis, is likely to be an effec-
tive predator of C. pyri nymphs under future predicted
temperatures, within the UK. Attack rates and overall
prey consumption by anthocorids did not significantly
differ depending on temperature, although males did
show significantly shorter handling times at 23 °C
compared to 18 °C. However, it is important to note
that only UK average summer temperatures (current
and predicted) were monitored under laboratory con-
ditions, therefore looking at functional responses for
a larger temperature range may be necessary for other
pear growing regions. Despite the likelihood that
anthocorid feeding rates will be similar for current
and future UK summer temperatures, there is still the
possibility that pear sucker feeding and growth rates
could change. The body size of pear sucker nymphs
and adults are smaller than anthocorids, making them
more sensitive to changes in temperature, which could
lead to increased feeding and growth rates. There-
fore, if there is a mismatch between pear sucker and
anthocorid population growth or feeding rates, it may
be more difficult to control summer pest populations.
This highlights the importance of monitoring multiple
trophic levels within an agricultural ecosystem (pri-
mary producer, pest and natural enemy), to observe
interactions and potential mismatches between them.
This study suggests that future research should focus
on these trophic interactions using mesocosm studies,
field or glasshouse experiments.
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