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Abstract

Predator—prey interactions primarily focus on prey life-stages that are consumed. However, animals in less vulnerable life-
stages might also be influenced by the presence of a predator, making our understanding of predation-related impacts across
all life-stages of prey essential. It has been previously demonstrated that Podisus maculiventris is a voracious predator of
eggs and larvae of Leptinotarsa decemlineata, and that larvae will alter their behavior to avoid predation. However, the adult
beetles are not readily consumed by P. maculiventris, raising the question of whether they will respond to predators to protect
themselves or their offspring. Here, we examine the effect of predation risk by P. maculiventris, on three adult behaviors of
L. decemlineata; colonization, oviposition, and feeding, and the resulting impact on host plant damage. In an open-field test,
there was no difference in natural beetle colonization between plots with predation risk and control treatments. However,
subsequent host plant damage by adult beetles was 63.9% less in predation risk treatments. Over the lifetime of adult beetles
in field mesocosms, per capita feeding was 23% less in the predation risk treatment. Beetle oviposition was 37% less in the
presence of predators in a short-term, greenhouse assay, and marginally reduced in longer term field mesocosms. Our results
indicate that predation risk can drive relatively invulnerable adult herbivores to adjust behaviors that affect themselves (feed-
ing) and their offspring (oviposition). Thus, the full impact of predator presence must be considered across the prey life cycle.

Keywords Non-lethal effects - Trait-mediated interactions - Predation risk - Non-consumptive effects - Tri-trophic
interactions - Colorado potato beetle

Introduction

Predation has direct implications for prey biology through
consumption which directly alters community and popula-
tion dynamics. However, the risk of predation alone can also
induce important changes in prey behavior and physiology

This work explores how predation risk alters herbivore life history.
These lab and field studies provide evidence that risk influences
oviposition and feeding of invulnerable life-stages of insects.
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(Lima and Dill 1990; Werner and Peacor 2003; Sheriff and
Thaler 2014). The effects of predation risk on prey (known
as non-consumptive effects, non-lethal effects, and trait-
mediated interactions) have been shown to alter feeding
rate and foraging behavior (Schmitz et al. 1997; Rypstra and
Buddle 2013; Tan et al. 2013; Cherry et al. 2015), repro-
duction and life history (Xiong et al. 2015; Sheriff 2015;
Rendon et al. 2016), and impact survival of prey—unrelated
to direct consumption (Sitvarin et al. 2015; Wineland et al.
2015). To date, studies which examine the impact predation
risk can have on prey in terrestrial arthropod systems have
primarily focused on life-stages which are directly suscep-
tible to predation [but see (Fill et al. 2012) for effects of
predation risk on a non-prey insect]. Studies in other taxa
demonstrate that invulnerable prey stages also evaluate
predation risk when assessing suitability of habitats for the
benefit of their offspring (Stav et al. 1999; Peckarsky et al.
2000; Munga et al. 2006). Throughout insect development,
vulnerability to predators can shift due to changes in mobil-
ity, body structure, and effectiveness of antipredator defense
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mechanisms. In fact, since adult insects are generally more
mobile than their juvenile counterparts, they have the abil-
ity to make larger scale habitat choices leaving them less
vulnerable to predation.

Changes in adult behavior may serve to protect them-
selves and their offspring from predators. Alternative host
selection for enemy-free space may benefit the adult and
their offspring (Jaenike 1978; Thompson 1988; Peckarsky
et al. 2000; Vonesh and Blaustein 2011). For example, the
adult whitefly, Bemisia tabaci, is much less vulnerable to
predation because of its ability to fly compared to their ses-
sile juvenile counterparts. In this system, if predators are
present on the host plant, adults will readily flee the plant
and move to an alternative host (Lee et al. 2011). Offspring
can be indirectly affected by parental predator exposure
where reductions in parental feeding protect the adult but
also affect the adult’s ability to produce young (Bond et al.
2005). In fact, feeding is one of the most vulnerable activi-
ties in an insect’s life, and herbivore prey often reduce feed-
ing making them less conspicuous to predators (Bernays
1997; Rypstra and Buddle 2013). In addition, maternal stress
may affect provisioning of developing offspring (Sheriff
et al. 2009; Freinschlag and Schausberger 2016; Tigreros
et al. 2017). Therefore, if invulnerable stages of prey might
shift their behavior in response to predator presence, it is
important to consider the impacts of predation risk across
subsequent life-stages, rather than solely focusing on the
most vulnerable life stage.

Adult insects have the potential to increase the safety of
offspring by altering host-seeking, colonization, and ovipo-
sition behaviors (Tallamy 1984; Lefevre et al. 2010). For
adult Colorado potato beetles, the sequence of behavioral
events following overwintering sets the stage for their suc-
cess throughout the year. This includes: first, host location
and colonization, subsequent feeding to acquire resources
for future oviposition, mating, and, finally, oviposition. If
adult beetles are solely concerned for themselves, and not
the well-being of their offspring, we predict that feeding and,
thus, host plant damage might be the only factors affected
by increased risk. However, if adults change their behavior
in response to potential risk to their offspring, then the ini-
tial colonization and oviposition could be impacted. Since
the larval form of the Colorado potato beetle is negatively
impacted by this predator through consumptive and non-con-
sumptive effects (Kaplan et al. 2014; Hermann and Thaler
2014), we predicted that oviposition in habitats or patches
of safety would be selected for.

To understand if exposure to predators by relatively
invulnerable adult insects will have consequences within
and across life-stages, we studied the changes in adult host
selection, oviposition and feeding behavior, and host plant
damage in response to predator presence. We used a preda-
tor—prey pair that co-occurs naturally in agroecosystems.
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The predatory-spined soldier bug (Podisus maculiventris)
feeds on eggs and larvae of the Colorado potato beetle (Lep-
tinotarsa decemlineata), but rarely feeds on adult beetles
in the field (Hare 1990), leaving the adults at a low risk for
predation themselves. Colorado potato beetle larvae have
been shown to reduce feeding in the presence of predatory-
spined soldier bugs (Kaplan et al. 2014; Hermann and Thaler
2014). Although Colorado potato beetle larvae are known to
initiate general antipredator behaviors (Ramirez et al. 2010),
changes in adult Colorado potato beetle behavior in response
predation risk have not yet been demonstrated. Specifically,
our study determined the behavioral and reproductive con-
sequences of spined soldier bug predator exposure to rela-
tively invulnerable adult Colorado potato beetles by asking
the following questions: (1) Does the presence of predators
alter natural beetle colonization and subsequent host plant
damage in an open field? (2) Does predation risk alter short-
term beetle oviposition? (3) Are there differences in host
plant consumption or oviposition in response to predation
risk over the adult life span?

Methods
Study system

Colorado potato beetles, L. decemlineata (Chrysomelidae:
Coleoptera), were from a lab-reared colony obtained from a
wild population in Tompkins County, NY, USA, and fed a
diet of potato plants (Solanum tuberosum cv. Yukon Gold).
Wild-collected beetles were introduced to the colony every
season. Beetles were kept in 11-3/4" cube BugDorm rear-
ing cages (BioQuip Products Inc.) in the lab under an 16:8,
L:D cycle.

Predatory-spined soldier bugs, P. maculiventris (Pentato-
midae: Hemiptera), used in this study were lab-reared from
a wild-collected population in Tompkins County, NY, USA,
and reared on a diet of mealworms and potato plants under
an 16:8, L:D cycle. Wild-collected spined soldier bugs were
introduced to the colony each season. Spined soldier bug
predation risk was manipulated in our experiments in one
of the two ways: (1) by placing predators in breathable, see-
through spun polyester bags on plants to physically separate
them from prey but allow for volatile cues from the preda-
tors to persist or (2) by removing the final segment of the
spined soldier bug’s rostrum with a sharp razor blade, so
the predator could hunt but not kill Colorado potato beetles.
The previous studies using this technique have demonstrated
that physically manipulated (“risk”) predators are unable to
consume prey but remain capable of surviving, mating, and
plant-feeding normally (Griffin and Thaler 2006; Kaplan and
Thaler 2010; Thaler et al. 2012; Hermann and Thaler 2014).
However, direct interaction of the predator with its prey is
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not necessary, since the spined soldier bug pheromones are
largely responsible for predator detection by these prey (Her-
mann and Thaler 2014). Therefore, the bagged predation
risk treatment is also effective in eliciting non-consumptive
predator effects.

Solanum tuberosum (cv. Yukon Gold potatoes) were
planted in 4" plastic pots with commercial potting soil. Plants
were watered daily and fertilized weekly (21:5:20 N:P:K) in
a greenhouse with an 16:8 light cycle. We used 2-3-week-
old plants in the experiments.

Field colonization and host plant consumption
in an open field

The effect of predation risk on beetle colonization and
host plant damage was measured in an open-field, choice
experiment. Yukon Gold potatoes were planted from tubers
on 16 May 2013 in a field plot in Freeville, New York,
42°31'15.2"N: 76°19'18.9"W. Potatoes were spaced to fol-
low commercial growing standards with 0.3 m between
plants within a row and 1 m between plants across rows.
Potatoes were left to grow undisturbed until breaking
through the ground at which point they were covered (9 June
2013) with mesh fabric (Agrifabrics PRO17, Alpharetta,
Georgia) to reduce colonization by insects. There were a
total of 43 replicate plots, each plot consisting of five con-
secutive plants within a row: one treatment plant at one end
and four subsequent surveyed plants to the left or right of
the treatment plant. The treatment plant was always on the
end of the plot, randomly assigned to the right end or left
end, to account for possible spatial effects within the plot
(differing colonization as you move further from the treat-
ment plant). However, since we had low colonization in
the field, there were not sufficient data to examine spatial
effects. Instead, we pooled numbers of colonists across each
replicate plot. When the plants were approximately 0.5-m
tall (19-June-2013) the mesh fabric was removed and two
treatments established: predation risk (five male and five
female spined soldier bug adults bagged on the plant) and
control (bagged plant). The predation risk treatment in this
experiment utilized bagged predators rather than manipu-
lated free-range predators to ensure confinement to our treat-
ment plots and to allow for open plots where beetles could
colonize naturally. Within the mesh bags that enclosed the
entire treatment plant, predators were able to roam freely,
mate, and plant feed. This design inhibited direct contact
between the predators and prey, providing the colonizing
beetles only a subset of cues to use as information. The plots
were separated by at least 1 m within rows. The treatments
were randomly assigned to plots throughout the field.

All four plants next to the bagged treatment or bagged
control plant were monitored for adult Colorado potato bee-
tle presence on six occasions starting on day 2 and every

3 days after that up to 18 days (the duration of the first beetle
generation’s colonization window in 2013). On each occa-
sion, beetles were removed along with any egg clutches, and
at the end of the 18-day period, the total number of adults
found in each replicate was tallied and pooled. The time
between egg collections was not long enough for eggs to
hatch, therefore, eliminating plant damage from hatching
larvae.

At the end of the 18-day period, we assessed plant dam-
age on the plant directly adjacent to the treatment or con-
trol plant to evaluate whether the predator treatment altered
overall host plant damage by the beetles in the field. Only
Colorado potato beetles and flea beetles (Epitrix cucurm-
eris) were found in significant numbers within the field;
these two beetles create distinctly different feeding damage
to potato foliage that was easily distinguishable using our
methods. We quantified the amount of leaf area consumed
by adult Colorado potato beetles feeding in each replicate
by scanning all leaves (CanoScan LiDE 700F), and then,
we analyzed images using the ImageJ, following methods
in Hermann and Thaler (2014). There were a total of 41
replicates, 20 predator treatments, and 21 controls.

All experimental data were analyzed with JMP 10 (SAS
Institute, Cary, NC, USA, 2012). Fisher’s exact test was used
to determine whether the number of adult beetles colonizing
treatment replicates differed between predation risk plots
or control plots. To compare the amount of host plant dam-
age in predation risk or control replicates, the data were
log-transformed to correct for normality and analyzed using
Student’s ¢ test.

Short-term oviposition assay

To test the effects of predator presence on Colorado potato
beetle oviposition, we set up a short-term, no-choice,
experiment using potted potato plants. Individual plants
were centered on top of a clear plastic deli lid (Solo®,
product LGC88B). Each plant was then covered with
a 30.5x12.5 cm clear cylinder made from plastic film
(Grafix®, 0.005 Dura-Lar Film) that fit inside the lip of the
plastic lid for a sealed arena. The clear plastic cylinder was
closed on the top with a 700-pm-mesh fabric to prevent test
insects from escaping and provide sufficient air exchange.
A single-mated adult female Colorado potato beetle was
placed in each arena and randomly assigned one of two treat-
ments: predation risk or control. For this experiment, the
predation risk treatment consisted of two de-beaked spined
soldier bug adults (one male and one female, manipulated
as described above). The predators were able to roam the
arena throughout the experiment. We chose to use non-
lethal predators due to the possibility for predation in these
small, no-choice arenas where no other food source is pre-
sent for the predator. Control treatments were predator-free,

@ Springer



948

Oecologia (2018) 188:945-952

receiving only one mated adult female Colorado potato bee-
tle. Adult beetles were collected from the laboratory colony
as they emerged, sexed, and placed in a small solo cup as
male—female pairs for 24 h to mate. Mated females were
used approximately 5—7 days post-emergence in laboratory
experiments.

Experiments ran for 4 days in the greenhouse under a
16:8 L:D cycle between 24-27 °C. After 4 days, each plant
arena was monitored for the number of egg clutches as well
as the total number of eggs laid by each Colorado potato
beetle. The beetles are polyandrous and will lay many egg
clutches throughout their lifetime using resources acquired
as larvae as well as during adult feeding (Hare 1990). Yet,
females only need to mate with one male to reach repro-
ductive potential (Boiteau 1988). If the beetle died or no
eggs were found within an arena, the entire replicate was
removed from the study. In total, 13 predation risk treat-
ments and 15 control treatments were removed (3 due to
death in the predation risk treatment and 5 from the control,
as well as 10 from each treatment due to incorrect gender
separation). Without the excluded replicates, a total of 68
replicates were completed, 34 from each treatment. A Stu-
dent’s ¢ test was conducted to compare the mean number of
eggs as well as the mean number of clutches laid by beetles
between treatments.

Lifetime oviposition and host plant consumption

To evaluate adult beetle oviposition and host plant consump-
tion in a more natural setting, a no-choice experiment was
done in small field mesocosms. Yukon Gold potato plants
were sprouted in the lab and grown in 15.25-cm pots in
enclosed field cages until they were between 20 and 40 cm in
height. Recently emerged Colorado potato beetle adults were
allowed to mate for 1 week in the lab, sexed, and females
were collected for use in the experiments. A single female
Colorado potato beetle was caged in a breathable sleeve on
an individual potato plant (Agrifabrics PRO17, Alpharetta,
Georgia), and allowed to settle for 24 h before the preda-
tion risk or control treatments began. Cages in the predation
risk treatment received two risk manipulated spined soldier
bugs (one male and one female). Control treatments did not
receive a predator. Sixteen replicates per treatment were
established.

Leaf consumption by the Colorado potato beetle was
measured using an acetate grid, to estimate tissue removed
to the nearest 2 mm?, three times over the beetle’s life (3,
16, and 24 days after the treatments started). The number of
eggs laid by the adult beetle was counted on 4 days (days 3,
10, 16, and 24). This gave us a comparison of the how much
the beetles ate in the control and predation risk treatments as
well as a nearly complete estimate of lifetime egg production
(adult beetles live approximately 30 days). After measuring
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eggs and damage, the beetles and spined soldier bugs, if
present, were transferred to new, undamaged plants. If the
beetle or spined soldier bugs were found dead or missing
in the predation risk treatment, no further data were col-
lected from that replicate. The total amount of leaf damage
and number of eggs laid by treatment were analyzed using
ANOVA. Beetle survival in the two treatments was analyzed
using a G test and the days until death for the beetles that
died was analyzed using ANOVA.

Results

Host plant colonization in our open-field choice experiment
showed that while there were 33% fewer beetles found in the
risk treatment compared to control, overall colonization was
not statistically different between these treatments (control:
21 individuals; predation risk: 14 individuals; p = 0.543;
Fig. 1a). However, there was a 63.9% reduction in host plant
damage in predation risk compared to control plots (t =
—2.23, p=0.032; Fig. 1b).

During the short-term no-choice oviposition assay, the
total number of eggs laid by beetles was 36.6% lower in the
presence of risk predators when compared to eggs laid in
controls (t=—2.94, p=0.005; Fig. 2a). Similarly, there was
a 26.4% reduction in the total number of clutches laid by
beetles in predator present treatments compared to controls
(t=-2.40, p=0.019; Fig. 2b).

Lifetime beetle oviposition followed the same pattern
as the previous experiment, with a non-significant trend
towards reduced egg-laying (27%) in the predation risk
treatment compared to controls (F,,; =3.19; p=0.089)
(Fig. 3a). In addition, beetles in the predation risk treatment
consumed 23% less leaf tissue compared to beetles in the
control treatment (F| 53=18.35; p < 0.001) (Fig. 3b). There
was no difference in the mortality of beetles or the time
until death for beetles between the treatments (mortality:
G=0.33, p=0.57; days until death: Fioy= 0.11,p=0.74)

Discussion

The current research on host plant selection behavior evalu-
ates factors such as food quality and host attractiveness in
plants (Hufnagel et al. 2017), yet we are also beginning to
understand how predation risk influences host choice in ter-
restrial insect systems (Sendoya et al. 2009). We predicted
that host location in an open field would be a crucial deci-
sion for adult Colorado potato beetles, since eggs are depos-
ited on the same plants where both adult and larval stages
feed. In our experiment, natural colonization by adult beetles
was not significantly affected by predation risk. However,
overall plant damage was reduced in plots with the predator
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Fig. 1 Effect of spined soldier bug predators, Podisus maculiventris,
on Colorado potato beetle, Leptinotarsa decemlineata, colonization,
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treatment, suggesting that influential behavioral changes
occurred post-colonization. Perhaps, because the adult
beetles are not very vulnerable to predation by this preda-
tor, they did not differentiate site choice based on preda-
tor presence. In other systems, colonization is affected by
predation risk. For example, colonization of bird cherry-oat
aphid, Rhopalosiphum padi, is reduced upon detection of
cues from seven spot lady beetle (Coccinella septempunc-
tata) predators (Ninkovic et al. 2013); however, this has only

been investigated in laboratory settings. Since it is difficult
to study the different stages of host selection in the lab, field
studies are important in elucidating the effect of risk on
these important choices. Field studies that span across all life
stages of the prey should be a goal of future predator—prey
and biological control studies (Hermann and Landis 2017).

In our no-choice field mesocosms, per capita feed-
ing by adult beetles was reduced in the presence of non-
lethal predators, which limits crucial resources gained by
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feeding that would be available for long-term egg pro-
duction. Beetles raised in mesocosms with predators also
marginally reduced oviposition. If adults are nutritionally
compromised, a cost in fecundity can occur directly or
through lack of receptivity to males (Wheeler 2009). In
the short-term oviposition assay, total egg deposition was
reduced by 28% in the presence of predators. Here, adults
might have reduced the number of eggs due to perturba-
tion by the non-lethal predators in the arena or due to the
host plant being unsafe for larval development. Reduced
oviposition has been found in response to predator cues
in other systems; the butterfly, Eunica bechina, can visu-
ally detect predator presence on host plants and will avoid
depositing eggs on plants that house their ant predator
(Sendoya et al. 2009). Thus, even the relatively invulner-
able adult life stage can be affected by predation risk and
these behavioral changes can affect the next generation.

In this study, we found the effects of the predator treat-
ment on the number of offspring produced as well as on
the amount of damage done to the host plant where off-
spring are deposited and would subsequently feed along-
side adults. Predation risk-related maternal stress effects
resulting from reduced feeding or moving to alternate
host sites could be costly for the offspring. For example,
the offspring of snowshoe hares (Lepus americanus) that
experience predation threat during gestation are much
less likely to survive and these impacts lead to significant
reductions in population sizes compared to unthreatened
hares (MacLeod et al. 2017). In fact, the more time moth-
ers spend in risky situations can even lead to longer term
effects in the next generation (Sheriff et al. 2015). In our
system, maternal effects have the potential to play a role in
how larvae respond to predation. It has been recently dem-
onstrated that Colorado potato beetle adults will increase
production of unviable eggs in the presence of predators
which facilitates larval nutrition via increased cannibal-
ism. This also results in a reduction in vulnerability to
predation due to increased nutrition (Tigreros et al. 2017).
Further studies that examine life-long influences of preda-
tion risk across all stages of the prey will help to elucidate
cascading trans-generational effects.

It has been shown that adult Colorado potato beetles use
plant or other cues/signals to identify the field and encounter
a food source (Jermy et al. 1988). While it has been shown
that the larval Colorado potato beetles are able to perceive and
behaviorally respond to volatile cues from the stink bug preda-
tor (Hermann and Thaler 2014), how adults detect predators
is not yet known. In our open-field experiment, we used mesh
bags to house predators physically apart from adult beetles,
which provide evidence that volatile cues may be driving this
interaction. Further work is necessary to determine the mecha-
nism for predator perception in the adult life stage as well as
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identification of the spatial and temporal range of cues that
indicate potential risk versus safety in a habitat.

Many studies now acknowledge the importance of predation
risk and resulting non-consumptive effects when attempting to
understand predator—prey dynamics in their entirety (Werner
and Peacor 2003; Schmitz et al. 2004; Preisser et al. 2005;
Hermann and Landis 2017; Buchanan et al. 2017), though only
a few recognize the potential to directly manipulate predator
cues in applied insect systems (Blaustein et al. 2004; Thaler
and Griffin 2008; Hermann and Thaler 2014; Hermann and
Landis 2017). However, prey have been successfully manipu-
lated using predator cues in various vertebrate wildlife systems
(Sullivan et al. 1985; Swihart et al. 1991; Chamaillé-Jammes
et al. 2014). Studies that focus on the effects of predation risk
will lead to increased understanding of predator—prey dynam-
ics in managed agroecosystems where augmentative preda-
tor release is already used to control specific insect pest life
stages. In this system, the spined soldier bug biological con-
trol agent can be used to control the larval stages (Hough-
Goldstein and McPherson 1996), and we know that for the
larvae, non-consumptive and consumptive effects are strong
(Hermann and Thaler 2014). Our study shows that a life stage
which is typically unaffected by predator consumption and
thus not considered for management through biological control
(Hough-Goldstein et al. 1993) is in fact affected by predation
risk in a direction that could possibly benefit plant yield. For
the adult beetles, the non-consumptive effects of predators
are much stronger than the consumptive potential. In addi-
tion to providing insight into possible population dynamics of
prey in natural systems, this information could lead to more
pinpointed and sustainable control methods within managed
systems to control pests.
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