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Abstract

When prey encounter predators, they exhibit antipredator responses to reduce their risk of predation. Delayed responses can
be fatal. Because prey can assess the risk of predation using predation-related cues, previous exposures to these cues could
affect subsequent antipredator responses. We tested this possibility using the pea aphid Acyrthosiphon pisum Harris (Hemip-
tera: Aphididae) and its predator the Asian ladybird beetle, Harmonia axyridis Pallas (Coleoptera: Coccinellidae). Aphids
disperse from their host plants after sensing predators. We investigated whether previous exposures to cues from conspecifics
and ladybird beetles affected the dispersal rates of aphids encountering predators. The cues contained visual, chemical, and
vibrational information from aphids and ladybird beetles. Aphids that had previously been exposed to these cues increased
dispersal rates and, consequently, suffered less predation than unexposed aphids. To clarify how aphids increased their dis-
persal rate, we examined their feeding times. Aphids that had been exposed to cues reduced feeding times compared with
unexposed conspecifics. Therefore, we further tested whether the predator-induced dispersal of non-feeding aphids was
greater than that of feeding conspecifics and found correlated differences. Previous exposures to cues from conspecifics and

predators may allow prey to tune their antipredator responses to predation risk prior to further predator encounters.
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Introduction

When prey encounter predators, their antipredator responses
include changes in their morphology (Relyea 2003; Toll-
rian 1995; Weisser et al. 1999) and behavior (Gross 1993;
Lima 1998; Witz 1990). However, prey do not always exhibit
antipredator responses immediately after the detection of
predators, and these delayed responses can be fatal (Barbour
and Clark 2012; Schmitt et al. 2016). Before encountering
predators, prey are likely to recognize the presence of preda-
tors using cues from conspecifics (Leavesley and Magrath
2005; Pestana et al. 2013) and heterospecifics (Goodale and
Kotagama 2008; Hughes et al. 2010) that are being attacked
by predators, as well as cues derived from the predators
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(Dielenberg and McGregor 2001; Luca and Gerlai 2012). In
fact, prey exhibit antipredator responses to these cues even
if they do not encounter a live predator (Kunert et al. 2005;
Pestana et al. 2013; Suraci et al. 2016). The presence of pre-
dation cues does not mean that prey will have a subsequent
encounter with a predator. In the absence of predators, the
prey cease their antipredator responses and restart feeding
and reproduction. Prey that have been exposed to predation
risks will likely encounter predators at a later point.

The antipredator responses of prey are affected by pre-
vious experiences with predators and cues associated with
predation (Ayon et al. 2017; Choh et al. 2014; Stephenson
2016). For example, larvae of the western flower thrips,
Frankliniella occidentalis Pergande (Thysanoptera: Thripi-
dae), that have previously been exposed to alarm phero-
mones produce droplets of these pheromones in response to
simulated predator attacks faster than conspecific larvae that
have no prior exposure (De Brujin et al. 2006). Thus, when
prey have previously recognized the risk of predation, the
antipredator responses to subsequent encounters with preda-
tors may be enhanced. Although studies have suggested that
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learning plays a role in enhancing antipredator responses
in previously exposed prey (Kelley and Magurran 2003;
Wisenden et al. 1997), little is known about how this previ-
ous exposure affects their responses to subsequent predator
attacks.

The pea aphid, Acyrthosiphon pisum Harris (Hemip-
tera: Aphididae), is a model species for testing antipredator
responses in prey (Braendle and Weisser 2001; Losey and
Denno 1998; Mondor and Roitberg 2004; Tamai and Choh
2018). When pea aphids encounter predators, they respond
by dispersing from their host plants by walking and dropping
(Dill et al. 1990; Nelson 2007), releasing alarm pheromones
(Nault et al. 1973; Vandermoten et al. 2012), and increas-
ing the proportion of winged morphs in the colony (Dixon
and Agarwala 1999; Kunert et al. 2005). In nature, aphids
live in groups on a host plant, so predators cannot kill all
the individuals simultaneously. Therefore, it is possible that
aphids could perceive cues from conspecifics being attacked
by predators and that some of those aphids that have been
exposed to the cues only encounter actual predators later.
The cues would contain visual information and volatile sub-
stances from ladybird beetles and conspecifics attacked by
the predators, such as alarm pheromones and vibration of the
aphids and the predators, respectively. To test the effects of
previous exposures to such cues on the subsequent predator-
induced dispersal of pea aphids, and to elucidate the mecha-
nism by which this occurs, we studied the predator—prey
system of pea aphids and larvae of the Asian ladybird beetle
Harmonia axyridis Pallas (Coleoptera: Coccinellidae).

We first examined the effects of previous exposures to
cues from conspecifics and ladybird beetles on the dispersal
of aphids from host shoots when predators were released
onto the shoots. We then investigated how long the effects
were retained after exposure had ceased. Feeding aphids
must pull their stylets out from the host plants to change
feeding sites or to migrate. Hence, whether aphids are feed-
ing or not is likely a crucial factor affecting their ability to
quickly escape from predators. To test whether aphid feeding
was interrupted by exposure to cues from conspecifics and
ladybird beetles, we measured the feeding times of aphids
with and without exposure to cues from conspecifics and
predators. Then, we investigated whether the interruption in
feeding resulted in the quick dispersal of aphids in response
to predators.

Materials and methods
Plants and insects
Broad bean plants, Vicia faba L. cv. ‘Nintokuissun’ (Fabales:

Fabaceae), were reared in plastic pots (70 mm height, 75 mm
diameter) filled with soil in an incubator at 25+ 1 °C and
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60+ 10% relative humidity, with a 16-h:8-h (light:dark) pho-
toperiod. We used plants at 8—12 days after germination for
the experiments.

A single female pea aphid was collected from a field of
white clover, Trifolium repens L. (Fabales: Fabaceae), on the
campus of Chiba University, Matsudo, Japan in April 2012.
All the aphids in the experiments were descended from the
single female by parthenogenesis and maintained on broad
bean plants in a climate-controlled room at 25+ 1 °C and
60+ 10% relative humidity, with a 16-h:8-h (light:dark) pho-
toperiod. For experiments, we used apterous adult females
(8—12 days after birth) that had been selected randomly from
the culture.

Adult ladybird beetles were collected between April and
September 2012 from the same field as the aphids and main-
tained in a climate-controlled room under the same con-
ditions [25+ 1 °C and 60 + 10% relative humidity, with a
16-h:8-h (light:dark) photoperiod] (Tamai and Choh 2018).
Both adult and larval ladybird beetles were fed daily with
Mediterranean flour moth eggs, Ephestia kuehniella Zeller
(Lepidoptera: Pyralidae), which are commercially avail-
able (Entofood; Arysta Lifescience Corp., Tokyo, Japan).
We randomly selected 4th-instars from the culture to use in
the experiments. The larvae were starved for 24 h prior to
experiments by keeping individuals in 15 mL plastic tubes.
We conducted all the experiments in a climate-controlled
room at 25+ 1 °C and 60 + 10% relative humidity, with a
16-h:8-h (light:dark) photoperiod.

Experiment 1: effects of previous exposure to cues
from conspecifics and ladybird beetles on aphid
dispersal

We used a plastic container (165 mm height, 120 mm diam-
eter) to expose aphids to cues from conspecifics and ladybird
beetles (Tamai and Choh 2018). The container consisted of
two compartments: an upper compartment for the source of
the cues from conspecifics and predators (20 mm height,
120 mm diameter; the ‘cue chamber’) and a lower com-
partment for exposing aphids to the cues (145 mm height,
120 mm diameter; the ‘exposure chamber’). The two com-
partments were divided using nylon gauze to prevent the
migration of test insects between the two compartments.
They were separated before the start of the experiments.
We cut a broad bean shoot (approximately 80 mm high with
four leaves) with a razor blade and inserted it into a 10-mL
glass vial (46 mm height, 25 mm diameter) filled with water.
The vial was sealed with dry cotton wool to prevent test
insects from dropping into the water. The sides of the vials
were coated with Fluon® (Asahi Glass Co., Tokyo, Japan)
to prevent the relocation of insects that dispersed from the
shoots. We introduced 10 adult aphids onto the shoot and
placed it in the center at the bottom of the exposure chamber.
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Subsequently, 20 adult aphids and three ladybird beetle lar-
vae were released into the cue chamber. The cue chamber
was connected to the exposure chamber and kept there for
1 h to expose the aphids to cues from conspecifics and preda-
tors. As a control, we repeated the same experiments but
without putting any insects into the cue chamber. We did not
observe aphids dispersing from host shoots during exposure.

To exclude the possibility of cues from conspecifics and
predators remaining in the exposure chamber and to deter-
mine the predator-induced dispersal of aphids, we used
another clean plastic container that was of the same size
as the exposure chamber. Instead of covering this chamber
with nylon gauze, it was capped (the ‘experimental cham-
ber’). We coated the inside of the experimental chamber
with Fluon®. The aphids on shoots in the vials were moved
from the exposure chamber to the experimental chamber
immediately (i.e., 1 min) after exposure. A ladybird beetle
larva was released onto the shoot at 1, 15, 30, and 60 min
after the exposure using different test insects for each time
point. The experimental chambers were randomly assigned
to each treatment (1, 15, 30, and 60 min after exposure). We
repeated the experiments 18 times.

The numbers of aphids that dispersed and that survived
in the experimental chamber were measured 1 h after the
release of the predators. We assumed that aphids at the bot-
tom of the experimental chamber were individuals that dis-
persed from shoots.

Experiment 2: feeding times of aphids
after exposure to cues from conspecifics
and ladybird beetles

The effects of previous exposures to cues from conspe-
cifics and ladybird beetles on the subsequent feeding
times of aphids were examined using a plastic container
(303020 mm). The container consisted of two compart-
ments that were divided by nylon gauze and were separated
before the start of the experiments. An expanding broad
bean true leaf near a shoot apex was placed on water-sat-
urated cotton wool in the lower component. We placed an
adult aphid on the leaf in the lower compartment and then
released five adult aphids and a ladybird beetle larva into the
upper compartment. Subsequently, the two compartments
were connected for 1 h by placing the upper on the lower
compartment. Under these conditions, aphids in the lower
compartment were exposed to cues from conspecifics and
ladybird beetles from the upper compartment. As a con-
trol, we repeated the same experiments without putting any
insects into the upper compartment.

Feeding time was measured as an indicator of aphid for-
aging behavior in this experiment. To observe aphids in the
lower compartments, the upper compartments were removed
immediately (i.e., 1 min) after exposure. In the dispersal

experiments, we found effects of exposure to the cues on
predator-induced dispersal of aphids at 1, 15, and 30 min,
but not at 60 min, after the exposure (Fig. 1a). We focused
on two-time points (i.e., 1 min and 60 min after exposure)
as representatives. The lower compartments were randomly
assigned to each treatment (at 1 and 60 min after exposure).
The penetration of aphid stylets into plant tissue (feeding)
negatively correlates with the movement of aphid antennae
and bodies (Hardie et al. 1992). Consequently, we measured
the period when the aphids’ mouthparts were touching the
leaves without their antennae and bodies moving as the feed-
ing time. We observed feeding behaviors for 15 min at 1 and
60 min after exposure and measured the total feeding times
during these periods. The experiments were replicated 20
times using different test insects for each time point.

Experiment 3: effects of feeding on aphid dispersal

When aphids that had previously been exposed to cues
from conspecifics and ladybird beetles encountered preda-
tors, they dispersed more rapidly from their shoots and fed
for shorter times than conspecifics without such exposure
(Figs. 1a, 2). Hence, we tested whether interruptions in feed-
ing lead to increased predator-induced dispersals of aphids.
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Fig.1 Mean numbers (+ SEMs) of aphids that a dispersed from host
shoots having a ladybird beetle and b survived in the experimental
chamber. Aphids were either exposed or not exposed to cues from
conspecifics and ladybird beetles, and then the dispersal and survival
at 1, 15, 30, and 60 min after exposure were measured. The letters
above the bars indicate significant differences among the treatments
(GLM, LRT: p<0.05). The number of aphids that survived was sig-
nificantly affected by their previous exposure (GLM, LRT: p <0.05)
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Fig.2 Mean feeding times (£SEMs) of aphids with and without
previous exposure to cues from conspecifics and a ladybird beetle at
1 and 60 min after exposure to the cues. The letters above the bars
indicate significant differences among the treatments (ordinary least
squares regression, LRT: p <0.05)

In the absence of predators and cues from conspecifics and
predators, almost all the aphids in a colony were feeding on
shoots (Tamai, personal observation). Therefore, to obtain
feeding and non-feeding aphids, we exposed aphids to cues
from conspecifics and ladybird beetles using the same exper-
imental set-up as in the dispersal experiment. An aphid was
placed on a broad bean shoot in the exposure chamber and
then exposed for 1 h to cues from conspecifics and ladybird
beetles, as in the dispersal experiment. The aphid on the
shoot was moved from the exposure chamber to the experi-
mental chamber immediately after exposure to cues. Subse-
quently, a ladybird beetle larva was released onto the petiole
of a leaf with the aphid in the experimental chamber.

If interruptions in feeding lead to the quick escape of
aphids from predators, then aphids that had not been feeding
would disperse more rapidly in response to predators than
conspecifics that had been feeding, irrespective of previ-
ous exposure. We investigated whether aphids were feed-
ing when they initially encountered predators and recorded
the feeding status (i.e., feeding and non-feeding) of aphids
that dispersed in response to predators. These behavior
were observed for 15 min after the release of predators and
repeated 40 times using different test insects for each time
point. Aphids that did not disperse were killed by the preda-
tor. In eight of the replications, the aphids did not encounter
the predators within the 15-min period and, therefore, were
discarded.

Statistical analyses
In Experiment 1, the numbers of aphids that dispersed

and survived in the experimental chamber were compared
as dependent variables, using a generalized linear model

@ Springer

(GLM) with a binomial distribution and a logit-link func-
tion. The model had two independent variables, exposure to
cues and time after exposure, and interactions between these
independent variables. The effects of the independent vari-
ables and the interactions were tested using the likelihood
ratio tests (LRT), which followed a Chi square distribution.
We then conducted pairwise comparisons using the LRT,
based on the Bonferroni correction, because there was a
significant interaction between the independent variables.

In Experiment 2, the total feeding time of an aphid on
a leaf in the experimental chamber was compared, as a
dependent variable, using ordinary least squares regression
with a Gaussian distribution. The model had two independ-
ent variables, exposure and time after exposure, and inter-
actions between these independent variables. The effects of
the independent variables and the interactions were tested
using the LRT as described for the dispersal experiment. We
then conducted multiple pairwise comparisons because there
were significant differences in the interactions between the
independent variables.

In Experiment 3, we compared the proportion of aphids
that dispersed (the number of aphids that dispersed/the num-
ber of aphids that dispersed 4 the number of aphids killed)
and the number of aphids killed in the cue chamber as
dependent variables using a GLM with a binomial distribu-
tion and a logit-link function. The model had an independ-
ent variable (feeding or non-feeding), and the effects of this
independent variable were compared using the LRT. All the
analyses were performed with R version 3.3.2 (R Develop-
ment Core Team 2015).

Results

Experiment 1: effects of previous exposure to cues
from conspecifics and ladybird beetles on aphid
dispersal

In the cue chamber, ladybird beetles killed 5.33 +0.16
aphids during the exposure period. The number of aphids
that dispersed from shoots with predators in the experi-
mental chamber was affected by previous exposure to cues
from conspecifics and ladybird beetles (;(2 =607.17, df=1,
p<0.0001) and the time following exposure (y>=593.09,
df=3, p<0.01). Furthermore, the dispersal of aphids that
had been exposed to the cues was affected by time after
exposure (y*=577.37, df=3, p<0.01). The predator-
induced dispersal of exposed aphids was greater than that
of unexposed aphids at 1, 15, and 30 min after exposure
(p<0.01, Fig. 1a), but not after 60 min (p >0.05, Fig. 1a).
The number of aphids that survived in the experimental
chamber was affected by their previous exposure (*=71.56,
df=1, p<0.05), but not by the length of time following
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exposure (y*=65.74, df=3, p=0.75). The survival of aphids
that had been exposed to cues was not affected by time after
exposure (y>=65.24, df=3, p=0.92). Aphids exposed to the
cues had greater survival rates in the experimental chamber
than unexposed aphids (Fig. 1b).

Experiment 2: feeding times of aphids
after exposure to cues from conspecifics
and ladybird beetles

Ladybird beetles killed 2.03 +0.09 aphids during exposure
to cues from conspecifics and ladybird beetles. The feed-
ing time of aphids was affected by their previous exposure
(P =97x10°, df=1, p<0.01) and the time after exposure
(r*=887x10% df=1, p<0.01). The feeding time of aphids
that had been exposed to the cues was affected by time
after exposure (y>=838x 10*, df=1, p <0.05). Although
the feeding time of exposed aphids was shorter than that
of unexposed aphids at 1 min after exposure (p <0.05,
Fig. 2), this difference was not found at 60 min after expo-
sure (p>0.05, Fig. 2). The feeding time of exposed aphids
at 60 min after exposure was longer than that at 1 min after
exposure (p <0.05, Fig. 2).

Experiment 3: effects of feeding on aphid dispersal

When aphids that had been exposed to cues from conspecif-
ics and ladybird beetles encountered predators, 13 individu-
als were feeding and 19 individuals were not feeding in 32
experimental replications. The feeding status (i.e., feeding
and non-feeding) of aphids in the experimental chamber
did not affect the number of aphids killed by predators in
the cue chamber (5.23 +0.39 feeding and 5.26 +0.32 non-
feeding; y>=16.23, df=1, p=0.96). Hence, both feeding
and non-feeding aphids had similar predation risks in the
cue chamber. When aphids had been exposed to the cues, the
proportion of dispersed feeding aphids was lower than that
of non-feeding aphids (0.38 feeding and 0.68 non-feeding;
7 =887x10% df=1, p<0.05). This shows that feeding
aphids were more likely to be killed by predators than non-
feeding aphids.

Discussion

The predator-induced dispersal of aphids that had been
exposed to cues from conspecifics and ladybird beetles
was greater than that of unexposed aphids. As a result, the
survival rate of exposed aphids was greater than that of
unexposed aphids. Aphids reduced feeding time soon after
exposure and non-feeding aphids increased dispersal rates in
response to encounters with predators, compared with feed-
ing conspecifics. Feeding aphids suffered more predation

than non-feeding aphids (Experiment 3); therefore, delayed
antipredator responses can be fatal to aphids. Thus, by inter-
rupting feeding, exposed aphids could more rapidly escape
from predators compared with unexposed conspecifics.

In predator—prey systems, previous experience with pred-
ators affects the prey’s antipredator responses during sub-
sequent encounters with predators (Ayon et al. 2017; Choh
et al. 2014; Griffin et al. 2001; Stephenson 2016). For exam-
ple, California ground squirrels, Otospermophilus beecheyi
Richardson (Rodentia: Sciuridae), that have encountered live
snakes become more sensitive to predator-related cues (Ayon
et al. 2017). Learning plays an important role in the anti-
predator response of prey that have experienced predators
(Griffin et al. 2001; Kelley and Magurran 2003; Wisenden
et al. 1997). However, it has been unclear how the antipreda-
tor responses of prey are altered by previous experiences.
Here, we showed that aphids increased their ability to dis-
perse rapidly from shoots by interrupting feeding in response
to cues from conspecifics and ladybird beetles.

Prey coexist with several predator species, and the risks
of predation by each vary in nature. Therefore, prey may not
encounter predator species that they have experienced pre-
viously. In fact, some studies have reported that prey show
antipredator responses to novel predator species after hav-
ing experienced another species of predator (Ferrari et al.
2010; Griffin et al. 2001). When aphids interrupted feeding
in response to cues from conspecifics and ladybird beetles,
they removed their stylets from host plants, leading to their
ability to rapidly disperse. The response of removing the sty-
let is an effective way to respond quickly to predator attack.
Hence, exposed aphids may disperse from host plants imme-
diately, even when encountering novel predator species.

The priming effects of cues from conspecifics and lady-
bird beetles on predator-induced dispersal were observed
1, 15, and 30 min after exposure to the cues, but not after
60 min (Fig. 1a). It is possible that the aphids no longer
remembered their experience 60 min after exposure to
cues from conspecifics and ladybird beetles. In fact, ani-
mal memory is lost with time (Brown et al. 2011; Ferrari
et al. 2012; Margulies et al. 2005; Matsumoto and Mizu-
nami 2002; Menzel 2001). For example, when Drosophila
melanogaster Meigen (Diptera: Drosophilidae) experience
a chemical-odor cue coupled with an electric shock, as a
negative reinforcement, the learning effect is reduced by
30-60 min after the experience (Folkers et al. 1993). The
retention period of learning depends on the species (Basile
and Hampton 2012; Kotler et al. 1992; Némec et al. 2015).
Further studies are needed to clarify how the priming effect
on predator-induced dispersal is lost.

The aphids reduced their feeding time soon after exposure
to cues from conspecifics and ladybird beetles. If aphids did
not feed on host shoots for longer periods, then they could
starve or reduce their performance and reproduction levels.
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Although we did not observe the feeding behaviors of aphids
during exposure to cues, it is likely that the aphids reduced
their feeding times during that period. Nelson (2007)
reported that adult female aphids that had experienced star-
vation for 1 h daily during the nymphal stage have reduced
reproduction rates. This suggests that the interruption of
feeding can be costly to aphids, even though the starvation
period is short (Kouamé and Mackauer 1992; Nelson 2007).
Thus, exposed aphids might not show greater dispersal rates
than unexposed aphids owing to the restarting of feeding at
60 min after exposure.

In this study, cues from conspecifics and ladybird beetles
would contain visual information and volatile substances
from ladybird beetles and conspecifics attacked by the
predators, such as alarm pheromones and the vibrations of
the aphids and the predators, respectively. Aphids disperse
from their host plants (Dill et al. 1990; Harrison and Preis-
ser 2016; Roitberg and Myers 1978) and increase the pro-
duction of winged dispersal morphs (Hatano et al. 2010;
Kunert et al. 2005; Podjasek et al. 2005) when exposed to
alarm pheromones. In addition, volatile cues from preda-
tors themselves play a role in the antipredator responses of
prey (Dill et al. 1990; Hermann and Thaler 2014; Oku et al.
2003). Thus, volatile cues released from conspecifics and/or
the predators might affect antipredator responses of aphids.
When aphids are put very close to artificially crushed con-
specifics without contact, they remove their stylets from host
plants and then leave the feeding sites (Tamai and Choh,
personal observation). However, when aphids are put close
to larvae of ladybird beetles, they do not interrupt feeding.
Hence, aphids would use volatile cues from conspecifics
attacked by ladybird beetles but not visual information and
volatile cues from ladybird beetles as possible cues for prim-
ing of predator-induced dispersal. Nevertheless, we cannot
exclude a possibility that vibration of aphids and ladybird
beetles affected feeding of aphids. Further studies are needed
to clarify cues involved in the priming effects on antipredator
responses of aphids.

The present study demonstrated that the predator-induced
dispersal of prey was affected by previous exposure to cues
from conspecifics and predators. For organisms that live in
groups, such as aphids, the predation risk is not equal for all
the individuals. When predators attack an individual prey,
other individuals in the same group are likely to perceive
information related to predation and prepare for predator
avoidance. The heterogeneity of attack rates on each prey
individual in a group would weaken the strength of preda-
tion by altering the behaviors of surviving prey individuals,
and might affect the persistence of predator—prey systems
(McCann et al. 1998).
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