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Abstract

Antipredator defensive behaviors are a well-studied and often crucial part of prey life histories, but
little has been done to quantify how such behaviors affect natural enemies, their foraging, and their
effectiveness as biological control agents. We explored how the generalist predatory coccinellid
Harmonia axyridis Pallas (Coleoptera: Coccinellidae) affects the dropping behavior of the pea
aphid, Acyrthosiphon pisum (Harris) (Homoptera: Aphididae), and in turn, how that defensive
behavior affects the foraging efficiency of the predator. Experimental arenas that allowed or
prevented pea aphid dropping were compared to determine how dropping influences the foraging
of multiple life stages of H. axyridis: second instars, fourth instars, and adults. Dropping reduced
predation on aphids by all ladybeetle life stages. Despite older predators inducing more dropping,
aphid dropping reduced predation by approximately 40% across all ladybeetle life stages. Aphid
dropping and predator consumption of aphids were both correlated with how much the predator
moved, which also increased with predator life stage. We suggest that the high rates of dropping
induced by H. axyridis and the subsequent decrease in H. axyridis foraging efficiency may partially
explain why H. axyridis is less effective at controlling pea aphids than it is at controlling other aphid

species that do not drop.

Introduction

Herbivorous insects have evolved many different defensive
strategies in response to the risk of mortality from
predators and parasitoids (Gross, 1993; Chau & Mackauer,
1997; Braendle & Weisser, 2001). These defensive strategies
protect herbivores while potentially reducing natural
enemy effectiveness at suppressing pest densities. Induced
defenses have been well-studied in predator—prey systems,
especially in systems with arthropods (reviewed in Dill
etal, 1990; Andrade & Roitberg, 1995; Kunert etal,
2005). These studies have demonstrated the benefit of
antipredator behaviors for prey, and in so doing, have
proposed a subsequent detrimental effect to the predator.
Yet, little has been done to quantify the negative effect of
antipredator behaviors on arthropod predator foraging or
to understand how such effects may vary among predators.

Pea aphids, Acyrthosiphon pisum (Harris) (Homoptera:
Aphididae), are a model system for the study of defensive
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behaviors. Their large repertoire of defensive strategies
includes morphological, social, chemical, and behavioral
defenses (Losey & Denno, 1998a; Braendle & Weisser,
2001; Gish & Inbar, 2006; Nelson & Rosenheim, 2006). The
behavioral defenses of pea aphids include kicking with its
hind legs, walking away, synchronized twitching, and
attacking with its frontal horns (Chau & Mackauer, 1997;
Losey & Denno, 1998a; Villagra et al., 2002). The most
common defensive behavior of pea aphids, however, is
dropping from the plant when in immediate danger
(Roitberg et al., 1979; Losey & Denno, 1998a,b; and
references therein).

Pea aphid dropping is beneficial, because it immediately
reduces an aphid’s risk of being consumed, but dropping
can also be costly and, therefore, may be used selectively.
Costs of dropping from a plant may include susceptibility
to desiccation, starvation, and predation on the ground
(Roitberg & Myers, 1978, 1979; Dill et al., 1990; Gish &
Inbar, 2006). A number of factors may influence whether
these risks are worth taking. Such factors include the quality
of the plant it drops from, the risk of mortality in the
new microhabitat it drops to (Losey & Denno, 1998a), and
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weather conditions (Honék et al., 1998). Perhaps the most
important factor in determining whether to drop is the
magnitude of the immediate risk from a predator on
the plant (Losey & Denno, 1998a). For example, larger
predators, such as coccinellids, induce a large amount of
pea aphid dropping, possibly because the aphid associates
coccinellids’ high consumption rate with a greater risk
(Losey & Denno, 1998a,b).

One of the most common pea aphid predators in the
mid-western USA is the Asian multi-colored ladybeetle,
Harmonia axyridis Pallas (Coleoptera: Coccinellidae). This
generalist predator consumes pea aphids and can some-
times reach high abundance in alfalfa and nearby crops,
thereby giving it the potential to influence pea aphid
populations (Snyder & Ives, 2003). This ladybeetle is a
generalist predator consuming many species of aphids,
other herbivores, other predators, and even conspecifics
(Hajek & Dahlsten, 1987; Koch, 2003; Snyder & Ives, 2003).

Harmonia axyridis adults and all instars consume pea
aphids (Ueno, 2003), but at different rates and possibly
with different foraging behaviors. Different ladybeetle life
stages should therefore present different risks to pea aphids
and consequently may invoke different aphid behavioral
responses. Here, we quantify the dropping behavior induced
by different ladybeetle life stages and compare the foraging
efficiency of each life stage in experimental arenas where
aphids are allowed to drop to those where aphids are not
allowed to drop. We further suggest how differences in the
foraging behavior of each life stage influence dropping rates.

Materials and methods

To quantify the effects of pea aphid dropping behavior on
foraging of three H. axyridis life stages, we performed
experiments manipulating the ability of aphids to drop from
plants. Three-dimensional (3-D) arenas allowed pea aphids
to freely drop from the plant, whereas two-dimensional
(2-D) arenas allowed predators and prey to interact without
prey dropping. We compared the results of experimental
replicates in 3-D and 2-D arenas to determine the effects of
pea aphid dropping on predator foraging.

Three-dimensional arenas

To quantify the effect of aphid dropping on predation,
we subjected aphids in 3-D experimental arenas to one of
four treatments: one adult predator, one fourth instar, one
second instar, or a no predator control. Three-dimensional
arenas were designed to allow pea aphids to drop freely
from a host plant while allowing us to accurately count
remaining aphids. Each arena included a single, excised
fava bean plant [Vica faba L. (Fabales: Fabaceae)] (18-
25 cm tall). To help improve count accuracy, excised
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plants were kept in water-filled vials rather than in soil.
Plants were placed in cylindrical mylar sleeves (35 cm in
height x 18 cm in diameter) with mesh windows, tops, and
bottoms. We used Fluon® (a slippery substance that insects
cannot walk on; Northern Products, Inc., Woonsocket, RI,
USA) around the base of the mylar sleeve and the vial to
prevent dropped aphids from climbing back on the plant.
We inspected each arena approximately every 5 min to
make sure no predators were feeding on dropped aphids.
Larval ladybeetles were never found on the bottom mesh
of the arena.

We placed 30 pea aphids on each plant and gave them
10-15 min to acclimate before a predator was introduced
to the arena. Half of the aphids were second and third
instars, referred to as ‘juveniles, and the other half were
fourth instar to adult aphids, referred to as ‘adults’. We
included different sized prey, because previous work
suggested that different pea aphid instars may drop at
different rates (e.g., Gish & Inbar, 2006). Aphids were from
very large laboratory colonies maintained on fava beans
(at 25 °C and L16:D8) that had been supplemented with
additional aphids collected across five alfalfa fields 2 weeks
prior to the experiment. Dropping propensity can depend
on aphid clone (Braendle & Weisser, 2001), so we attempted
to use as many clones as possible by taking aphids from
across numerous plants from throughout the colony.

We randomly assigned arenas to one of the four
treatments and ran 29-34 replicates of each treatment,
always using a single predator in each arena and using a
new predator, plant, and set of aphids with each replicate.
The experiment was run over 11 days with treatments
randomly assigned each day based on predator availability.
Predators were from recently established laboratory
colonies fed with pea aphids, and predators had been
satiated then starved for 24 h immediately prior to the start
of the experiment to standardize their hunger level and
help induce foraging. If a predator did not move within the
first 10 min, it was replaced by a predator of equivalent
stage. We allowed predators to forage for 2 h, after which
we removed the predator and counted the number of
aphids remaining on the plant and the number that had
dropped. From the original 30 aphids, we subtracted the
number left on the plant and the number dropped at the
end of the replicate to determine the number of ‘missing’
aphids. We estimated the number of aphids eaten in all
predatory replicates by subtracting the average number
missing in replicates of the no predator treatment (mean *
SE: 1.06 £ 0.20) from the observed number of missing
aphids. Besides analyzing the estimated number of eaten
aphids, we ran all analyses on a second dependent variable,
the total number of missing aphids; all analyses yielded the
same statistical results, so we do not report the latter.
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Two-dimensional arenas

To quantify predator foraging in the absence of aphid
dropping, we designed 2-D arenas to replicate the
environment of 3-D arenas while preventing aphids from
dropping. The 2-D arena used the same cylindrical sleeves
and mesh tops and bottoms as used in the 3-D arenas.
However, in this arena aphids were restricted to the bottom
of the cage on small, excised plant parts rather than being
on an upright plant. In the bottom of the arena, we placed
four pieces of fava stem (2-3 cm long each) to give aphids
a feeding site and account for some potential plant cues.
Preliminary observations indicated that most aphids
found and fed on the stems and that the amount of aphid
movement was similar in 2-D and 3-D arenas. Moreover,
we never observed aphids dropping from the small plant
parts. Aphids would occasionally walk away or use other
defensive behaviors in response to a predator, but they
never dropped the 1-2 cm from the stem to the cage bottom.
The mesh bottom of the cage was 254.16 cm?, which was
approximately the same surface area as the fava bean plants
used in the 3-D arenas. Thus, the surface area available to
aphids was kept constant in the two arenas. However,
because of the smaller amount of plant material in the 2-D
arena, the total amount of surface area available to adult
predators (plant + cage) was 9% less in the 2-D arena. This
difference should not have affected treatments with larval
predators as they cannot fly and they were restricted to the
same area as the aphids. Even though we controlled where
aphids could be found, the 2-D arenas lacked the structural
complexity of the 3-D arenas, which could be a possible
confounding factor. Yet, of a large number of potential
designs we tested, this design resulted in the most natural
behaviors of both predators and aphids while still preventing
aphid dropping. We performed the 2-D experiment in the
same way as the 3-D experiment, although we omitted the
no predator control, because aphid counts were extremely
accurate in the 2-D arenas. There were 33—44 replicates of
each of the three treatments and the entire experiment was
run over 10 days with treatments randomly assigned each
day based on predator availability.

Behavioral observations

To better understand how predator foraging behavior may
differ among instars and in response to aphid dropping, we
made behavioral observations on a subset of 3-D and 2-D
replicates using each H. axyridis life stage. We observed 9—
12 ladybeetles of each life stage in each type of arena (28 in
2-Dand 33 in 3-D) and recorded the location and behavior
of the predator every minute for the duration of the 2-h
replicate. We made observations in 1-min intervals,
because preliminary experiments indicated more frequent
observations gave the same results. Predator behavior

was categorized as (i) moving, (ii) sitting, or (iii) eating
(predator mouthparts in contact with an aphid). Location
in the 3-D arenas was recorded as either the bottom or top
of the specific leaf the predator was on, if it was on the
stem, or if it was on the bottom, top, or sides of the cage.
Location of foraging ladybeetles was recorded in the 2-D
arenas using a 11 X 16 cm grid on the bottom of the cage.
We calculated the net displacement of beetles between
observations by estimating distances between locations in
3-D arenas or tabulating the distance between grid spaces
in 2-D arenas. These measurements were highly correlated
with the number of movement observations, so we simply
report the latter here.

Statistical analysis

We used four separate analyses of variance (ANOVA) with
data from 3-D arenas to determine how predator life stage
affected the number of aphids dropped, the number of
aphids eaten, the proportion of aphids that dropped
that were adult (arcsine square root transformed), and the
proportion of aphids that were eaten that were adult
(arcsine square root transformed). We used PROC MIXED
in SAS (SAS Institute Inc., Cary, NC, USA) for the analysis,
since we also wanted to include day as a blocking term, but
not all treatments were represented in every block (Littell
et al., 1996); we treated block as a fixed effect in the mixed
models. We used a similar analysis to determine the number
of aphids eaten and the proportion of aphids eaten (arcsine
square root transformed) that were adults in 2-D arenas.

The experiments with 2-D and 3-D arenas were originally
designed independently, but it became clear that an
important and interesting comparison existed between the
experiments. Unfortunately, 2-D arenas and 3-D arenas
were rarely run at the same time (1 out of 20 possible
blocks), and half of the replicates in the 2-D experiment
were run before starting the 3-D experiment. Therefore,
for analyses that combine data from both experiments, we
treated day (block) as a random effect. This assumes that
there is a single distribution of variances associated with
running the experiment on any given day and that we drew
from this distribution each day either experiment was run.
This approach is justified, because we saw no temporal
trends in any of the data collected in this highly controlled
experiment. In addition to the blocking term, this ANOVA
included tests for the effects of predator life stage, arena
type (2-D vs. 3-D) and their interaction.

Weather conditions, humidity, temperature, and time of
day were recorded with each replicate, because they could
affect pea aphid dropping behavior (Roitberg et al., 1979;
Brodsky & Barlow, 1986; Andrade & Roitberg, 1995; Losey
& Denno, 1998a). However, none of these environmental
factors appeared to influence the results nor were they
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Figure 1 Number of pea aphids, Acyrthosiphon pisum, that
dropped across predator, Harmonia axyridis, life stage
treatments in the 3-D experiment with aphid dropping allowed.
Columns are divided into the number of adult aphids and
juvenile aphids that dropped.

remotely statistically significant in any of our analyses.
We used regression analyses to determine how predator
movement affected aphid dropping, and how predator
movement affected the number of aphids eaten.

Results

Pea aphid dropping rates varied greatly in treatments with
different life stages of H. axyridis (ANOVA: F; ), = 12.8,
P<0.001) (Figure 1). The greatest number of aphids dropped
in the adult ladybeetle treatment, while fewer dropped in
the fourth-instar treatment, and the least dropped in the
second-instar treatment. There was no difference in the
number of aphids that dropped in the second-instar
treatment compared to the number that dropped in the no
predator control treatment (Tukey—Kramer: P>0.1).

Juveniles dropped slightly more often than adult pea
aphids in the ladybeetle adult, fourth instar, and no predator
treatments; on average 58% of aphids that dropped were
juveniles. For the second-instar ladybeetle treatment, how-
ever, juvenile aphids dropped at a greater rate, as juveniles
made up 75% of all dropped aphids. Nonetheless, the
overall effect of predator treatment on the proportion of
adults that dropped was, at best, marginally significant
(ANOVA: F, ,; = 2.08, P = 0.10).

The number of pea aphids consumed in the 3-D experi-
ment varied by predator life stage (ANOVA: F; ,,, = 22.66,
P<0.001) (Figure 2). The greatest number of aphids was
eaten in the adult H. axyridis treatment, with fewer eaten
in the fourth-instar treatment, and the least eaten in the
second-instar treatment. In the 2-D experiment, predator
life stage was again highly significant and the pattern of
aphid predation by life stage was the same as for the 3-D
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experiment (ANOVA: F, 4, =31.31, P<0.001) (Figure 2);
the number of aphids consumed decreased successively
from adults to fourth to second instars.

In all cases, a given stage of ladybeetle preyed upon more
aphids in the 2-D experiment than in the 3-D experiment;
thus, ladybeetles consume fewer aphids when aphids are
allowed to drop (Figure 2). Since the pattern of predation
between life stages was the same in both 2-D and 3-D
experiments, there was no interaction between predator
life stage and type of arena on the number of aphids
consumed (F, 5, = 0.17, P = 0.840). As expected from the
results above, predator treatment was highly significant
(F,150 = 36.5, P<0.001), and because predation was con-
sistently lower for each predator life stage when run in a
3-D arena rather than a 2-D arena, the term for type of
arena was also highly significant (F,,,, = 37.2, P<0.001).

Predator treatment did not affect the proportion of
juvenile vs. adult aphids that were eaten in either the 3-D
arenas (F;,, = 1.35, P = 0.262) or 2-D arenas (F, 4, = 0.09,
P =0.913) when each was analyzed independently. When
analyzed together, there was no effect of predator treatment,
and no interaction effect between predator treatment and
arena type (P>0.1). However, the proportion of juvenile
vs. adult aphids eaten differed between 2-D and 3-D
treatments. In the 2-D experiment, 45% of the aphids
eaten were adults, while 59% of those eaten in the 3-D
experiment were adults (ANOVA: F, ,c = 5.87,P = 0.016).
These results were not due to observer bias in reporting
one aphid stage ‘missing’ more often in the 3-D experiment;
the mean proportion of adults seen missing in the no
predator treatment was not different than 0.5 (Wilcoxon
sign test, P>0.1).
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Figure 2 Number of pea aphids, Acyrthosiphon pisum, eaten
(mean + SE) by each predator, Harmonia axyridis, life stage in the
2-D experiment (no aphid dropping) and 3-D experiment
(aphid dropping allowed). Predation was significantly greater for
each predator treatment in the 2-D experiment.
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Figure 3 (A) Relationship between the number of pea aphids,
Acyrthosiphon pisum, that dropped in a replicate and the number
of movement observations recorded for the predator,
Harmonia axyridis, in that replicate (3-D experiment only)

(= 0.293, P = 0.011). (B) Relationship between the number
of aphids eaten in a replicate and the number of movement
observations recorded for the predator in that replicate (both
experiments) (r’ = 0.077, P = 0.013).

Behavioral observations

Observations of predator behavior, across all life stages,
showed that more aphids dropped when predator movement
increased (regression: F,,,=7.3, P=0.011) (Figure 3A).
Likewise, across all life stages and replicates, as predator
movement increased, the number of aphids eaten increased
(regression: F, 5, = 6.5, P = 0.013) (Figure 3B).

Discussion

In both arenas where pea aphids were and were not allowed
to drop, pea aphid predation increased with older predator
life stages (Figure 1). By comparing the results from these
arenas, we see that pea aphid predation is greatly reduced
when pea aphids are allowed to drop (Figure 2). This
suggests that the foraging of H. axyridis induces pea aphids
to drop from plants, and that this dropping behavior
reduces the foraging efficiency of H. axyridis. Despite the
differential predation on aphids among ladybeetle life
stages, dropping behavior reduced predation on aphids by

about 40% for all predator life stages (Figure 2). Aphid
dropping and ladybeetle foraging efficiency were both
correlated with predator movement, which also tended to
increase with older predators.

It is important to consider how much of the difference
between experiments was due to aphid dropping behavior
and how much may be due to other differences caused by
the artificial arenas. Despite controlling for the surface area
where prey could be found, the total surface area available
for an adult ladybeetle to forage upon was 9% greater in
the 3-D arena than in the 2-D arena. This may make it
harder for the ladybeetle to find the prey and reduce its
efficiency in the 3-D arena. However, because the flightless
ladybeetle larvae were restricted to the same area that
aphids were, the total surface area they could forage upon
was the same in both 2-D and 3-D arenas. If the small
difference in total surface area was an important factor, we
would have expected that the aphid predation differential
between arenas to be larger for adults than it was for other
life stages. Since the proportional effect was the same for all
ladybeetle life stages, total surface area was not likely to
have been important. The 2-D and 3-D arenas were also
different in that the 2-D arena was much more artificial
than the 3-D arena that was centered on an excised plant
infested with aphids. If ladybeetles are not as effective at
foraging on mesh as they are on plant materials (due to
differences in tactile or aphid cues), we would expect lower
predation rates in the more artificial 2-D arena. If that is the
case, our estimate of the effect of dropping is a conservative
one. The other major difference in arenas relates to surface
topology; despite equal surface areas, the plant is structurally
more complex than the mostly flat mesh bottom. Such
differences in structural heterogeneity can affect predator
movement and foraging behavior (reviewed in Cortesero
etal., 2000), though not necessarily in a consistent or
straightforward manner (e.g., Grez & Villagran, 2000).

Because we did not run all replicates of each experiment
at the same time, our experimental design did not have
balanced blocks. However, there were no temporal trends
in any of our results, and we accounted for the unbalanced
blocking design experiment by treating block as a random
effect. Moreover, all replicates were performed within a
3-month period, using same-aged ladybeetles (including
adults) and using aphids from a large, clonally diverse
colony. Therefore, our results are statistically valid despite
the unbalanced blocking design.

Losey & Denno (1998a) concluded that the escape
response of a pea aphid should be positively associated
with predator size and, therefore, its apparent risk to
aphids. Our results matched this prediction: aphids dropped
more frequently with increasing predator stage in the 3-D
experiment. When the predator is large, an aphid’s most



effective defense mechanism may be dropping, whereas
an aphid may be able to survive a smaller predator’s attack
by performing less costly behaviors, such as walking
away, kicking (Roitberg & Myers, 1978; Brodsky & Barlow,
1986), or fending off predators with their cornicles (Mondor
& Roitberg, 2002).

The behavior of the predator, in particular its movement
rate, appears to play a large role in aphid dropping
(Figure 3). This may be because predator movement
causes vibrations in the plant, which aphids can detect and
use as a cue to drop (Brodsky & Barlow, 1986; Hajek &
Dahlsten, 1987; Losey & Denno, 1998a). If greater move-
ment rates cause more vibrations, this could explain the
observed correlation between predator movement and
aphid dropping. Predator movement may also correlate
with aphid encounters. More encounters could directly
lead to more predation (suggested by Figure 3B) as well
as more dropping (suggested by Figure 3A). Increased
encounters could also result in more aphids secreting
alarm pheromone, triggering other aphids nearby to drop
(Mondor & Roitberg, 2000). Moreover, alarm pheromone
sometimes gets smeared on the predator itself (Mondor &
Roitberg, 2004), thereby providing an additional way that
increased predator movement could increase aphid dropping.

Previous studies have shown that adult aphids have a
greater tendency to drop from plants than juvenile aphids
(Roitberg & Myers, 1979; McConnell & Kring, 1990; Losey
& Denno, 1998a,b; Mondor & Roitberg, 2002). This is
presumably because adults walk faster and can more easily
find a new host plant before desiccating or encountering
ground-foraging predators (Gish & Inbar, 2006). However,
in our study adult aphids did not drop more than juveniles;
in most treatments, slightly more juveniles dropped than
adults. In our second-instar predator treatment, however,
a much greater number of juvenile aphids dropped than
adult aphids (paired t-test: t,; = 3.88, P<0.001). This may
be because small ladybeetle larvae are hunting more for
smaller aphids or because adult aphids do not sense the
young ladybeetles to be much of a threat.

While aphid dropping behavior reduces the amount of
direct predation, to measure the total impact of H. axyridis,
we would have to combine direct effects of predation (as
above) with additional indirect and sublethal effects that
come about because of dropping. Aphids that drop can
incur 6-33% mortality due to desiccation depending upon
climactic conditions (Roitberg & Myers, 1978). Those that
survive exposure to high temperatures can still have
substantially lower fecundity depending upon the aphid’s
age and compliment of secondary bacterial symbionts
(e.g., Russell & Moran, 2006). Dropping can also create
risks from ground-foraging predators, such as the carabids
that consumed 64% of the aphids that had escaped a foliar-
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dwelling predator (Losey & Denno, 1998c¢). Even in cases
where there are few other predators and climactic con-
ditions are favorable, foraging by natural enemies can
negatively impact aphid reproduction through sublethal
effects (Tamaki et al., 1970). Field estimates suggest that a
single predator encounter can cost an aphid an hour in
feeding time and result in a 7.6% reduction in reproductive
output (Nelson, 2007). Therefore, in the most extreme
circumstances, we can estimate that the total impact of
H. axyridis on pea aphids could be almost double the
direct effect it has via predation.

Aphid dropping behavior reduced predator foraging in
our simple laboratory environments and could be similarly
important in influencing H. axyridis and its usefulness
as a biological control agent across agroecosystems. In the
mid-western USA, two of the most abundant prey for
H. axyridis are pea aphids in alfalfa fields and soybean
aphids, Aphis glycines, in soybeans. These aphids are both
good food sources for H. axyridis; they are nutritionally
similar for developing ladybeetle larvae (KJ Forbes,
unpubl.) and induce identical oviposition responses in
gravid H. axyridis females (PP Lee, unpubl.). Nonetheless,
H. axyridis is commonly found in much greater densities
in soybean fields than in alfalfa fields (KJ Forbes, unpubl.).
One of the important differences between these systems is
that soybean aphids, unlike pea aphids, do not exhibit
dropping behavior. This may be particularly important
for H. axyridis, which seems to tightly aggregate to high
densities of aphids at a small spatial scale (e.g., Cardinale
et al.,2006). Thus, variation in antipredator behaviors may
be a potentially important reason for the variation in this
generalist predator’s effectiveness as a biological control
agent in different systems.
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