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Simple Summary: Successful foraging behavior of parasitoids depends on specific organic infor-
mation emitted by host-infested plants. For instance, the emission of volatile compounds increases
in infested plants, and these are the first indicator of host presence. Parasitoids are attracted by
these volatiles in a quite specific way. By combining behavioral and chemical studies, we showed
bottom-up effects in a broad bean Vicia faba (Fabaceae)–pea aphid Acyrthosiphon pisum (Homoptera:
Aphididae)–parasitoid Aphidius ervi (Hymenoptera: Braconidae) model system. We found that be-
havioral selection of parasitoid females toward plants with a high density of aphid infestation was
reduced, and this can be linked to reduced emission of volatile compounds. In practice, if parasitoids
are less attracted to plants with high-density aphid infestations, there may be potential negative
impacts on biological control. Therefore, the common recommendation in biological control is to
release parasitoids early in the season when aphid density on crop plants is still low.

Abstract: Herbivore-induced plant volatiles constitute the first indicators of insect host presence,
and these can affect the foraging behavior of their natural enemies. The density of insect hosts
may affect the nature and concentration of these plant-induced volatiles. We tested the impact of
infestation density (low, intermediate, and high) of the pea aphid, Acyrthosiphon pisum (Homoptera:
Aphididae), feeding on the broad bean Vicia faba, on the attractiveness of the parasitoid Aphidius ervi
(Hymenoptera: Braconidae), using a Y-tube olfactometer (infested vs. non-infested plants). The emit-
ted volatile compounds from both infested and non-infested plants were collected and identified. In
addition, two series of experiments were carried out to test the impact of the presence of a conspecific
female parasitoid within the aphid/plant complex on the attractiveness to other females. Parasitoids
were significantly more attracted to the plants with low and intermediate aphid infestation levels.
The volatile blend composition of the infested plants changed in relation to aphid density and may
explain the low attraction of parasitoids toward high aphid density. The presence of conspecific
females on the aphid patch had no apparent impact on the behavioral choices of other parasitoid
females. Our study adds a new aspect to understanding plant–aphid–parasitoid interactions, includ-
ing the possibility that aphids may manipulate chemical cues of host plants affecting the orientation
of parasitoids.

Keywords: behavior; bet hedging strategy; bottom-up; density; 6-methyl-5-hepten-2-one; vigilance

1. Introduction

The predator–prey or parasitoid–host relationships in ecology consist of the inter-
actions between two species and their subsequent effects on each other. In such interac-
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tions, members of the higher trophic level feed on members of the lower level, affecting
the population growth of each. While the higher trophic levels search for better preda-
tion/parasitism opportunities, the lower levels adapt to be more defensive [1]. The most
well-known hypothesis in animal defense behavior is the group vigilance hypothesis [2],
also referred to as the “many eyes effect” [3], well studied in many bird [4], mammal [5],
and fish species [6]. The hypothesis contends that group living can reduce the risk of being
encountered by predators [7], increase the time of feeding by lowering the frequency of
scanning the environment, dilute the risk of being attacked [8], and decrease the attack
efficiency by confusing the predator [9]. However, living in groups could attract predators
more, especially among prey species with less capacity for defense [10].

Similarly, insects have adapted and developed various strategies to decrease predation
risk [11,12]. Aphids are small sap-sucking, gregarious insects that feed on a wide range of
plants [13] and are attacked by many natural enemies, including parasitoids. Parasitoid
species are used worldwide in biological control programs against agricultural pests [14–16].
Aphids have developed many strategies to escape the attack of parasitoids, including direct
resistance behaviors (kicking, swinging the body), escape behaviors (dropping from plants),
or indirect defense [17–19]. Indirect defense in aphids involves chemical responses, such as
releasing alarm pheromones to alert other individuals and colonies [20,21]. However, aphid
colony size has largely not been considered and is poorly studied as a defense strategy.

Group size defense has been studied on various insects. For instance, Foster and
Treherne [8] found that the attack rate of the fish Sardinops sagas Jenyns (Clupeidae) on the
marine insect Halobates robustus Barber (Hemiptera: Gerridae) decreased with increasing
group size of H. robustus. In addition, Treherne and Foster [22] demonstrated that individu-
als of H. robustus quickly responded when they were in large groups by escaping when the
fish approached.

In order to achieve successful parasitism, parasitoids need to locate and recognize
their hosts [23]. During the host foraging process, parasitoids have to distinguish a broad
spectrum of cues in the form of complex odors emitted from undamaged plants, infested
plants, and host herbivore insects [24,25]. Plants exhibit indirect plant defenses against
insect herbivores, whereby plants attract parasitoids and predators by releasing specific
compounds, such as the green leaf volatiles or the herbivore-induced plant volatiles (HIPVs)
into the surrounding air. In most cases, HIPVs are the first indicators that help parasitoid
foragers to locate their hosts over long distances [26–29]. Once parasitoids have landed on
infested plants, they start to use other visual, mechanical, and chemical cues in the close-
contact micro-habitat, such as size, shape, color, and density of herbivore insects [30–32].

While the composition of the HIPVs shows almost no change with the density of
herbivore insects on the plant, the amounts of volatiles may increase with herbivore
density [33–35]. For instance, Shiojiri et al. [36] found that the seedlings of a cabbage
(Brassica oleracea var. capitata, cv Shikidori) released greater amounts of volatiles when
attacked by an increasing number of larvae of the cabbage white butterfly Pieris rapae Lin-
naeus (Lepidoptera: Pieridae), and thus attracted the parasitoid Cotesia glomerata Linnaeus
(Hymenoptera: Braconidae) more strongly. However, in some cases, herbivore insects
can minimize the volatiles when under pressure [37]. High aphid density can affect plant
metabolism and may thereby change the volatile’s composition and affect the parasitoids.
Florencio-Ortiz et al. [38] found that the total free amino acid was significantly reduced in
pepper Capsicum annuum Linnaeus (Solanaceae) in response to the feeding of 200 individu-
als of the green peach aphid Myzus persicae Sulzer (Hemiptera: Aphididae). In addition,
previous studies explained their behavioral results by assuming the reduction of volatiles
resulted from increasing insect densities on plants [39–41]. However, these studies were not
supported by chemical analysis. Furthermore, parasitoid females may also perceive other
chemical cues that enable them to detect the presence of conspecific females, predators, and
entomopathogens, thus avoiding competition or predation in the occupied patches [42–46].

The fact that aphids live in colonies may result in a positive encounter–dilution effect,
increasing the patch residence time of female parasitoids [47]. This dilution effect is en-
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hanced by the presence of exuviae (shed skins) on plants, which act as traps. Indeed, it has
been proved that exuviae can provide protection to the aphid colony, as female parasitoids
spend more time examining and stinging the exuviae, consequently reducing the efficiency
of parasitoid attack on live aphid individuals [47,48]. Paradoxically, when aphid colony
size increases, the dilution effect can be hampered by the increase in detectability, as the
chemical cues emitted increase proportional to aphid number.

In this study, we used the tritrophic system: broad bean Vicia faba Linnaeus (Fabaceae)–
pea aphid Acyrthosiphon pisum Harris (Homoptera: Aphidiidae)–parasitoid Aphidius ervi
Haliday (Hymenoptera: Braconidae). Aphidius ervi has been studied mainly regarding be-
havioral bio-assays and attraction toward the aphid/plant complex [49–52]. We combined
behavioral and chemical approaches to increase understanding of the bottom-up effects
in plant–aphid–parasitoid interactions. According to the group vigilance hypothesis, we
predicted that increasing the density of the aphid A. pisum would reduce the attraction of
A. ervi parasitoid females. We investigated whether increasing the density of the aphid
would manipulate the plant host to decrease the emitted volatiles and thus decrease the
attractiveness for the parasitoid. We collected and identified the volatiles emitted from in-
fested plants. Finally, it may be possible that the presence of a parasitoid female within the
aphid colony on the plant may play a role in the attraction of its conspecifics. We therefore
predicted that the presence of conspecific females would not advantage the attraction of
other females.

2. Materials and Methods
2.1. Plant and Insect Rearing

The broad bean (V. faba) seeds were sown in trays filled with sphagnum peat moss
growing medium and maintained in a growth chamber, insect-free, at 25 ± 1 ◦C, 75 ± 1%
RH under a photoperiod 16L:8D. After 15 days, seedlings were transplanted individually
into plastic pots and covered with a net mesh to avoid any infestation by insects.

The pea aphid, A. pisum, were collected in a pea field (Louvain-la-Neuve, Belgium)
and then reared on V. faba in a mesh cage box (75 × 75 × 75 cm) and maintained in a growth
chamber at 20 ± 1 ◦C and photoperiod 16L:8D, with fresh plants provided regularly.

About 500 mummies of the parasitoid A. ervi were obtained from Viridaxis SA
(Belgium) and maintained in the laboratory on A. pisum colonies in a growth chamber
at 20 ± 1 ◦C and photoperiod 16L:8D and humidity 70% ± 10. The experiments were
commenced after two generations in the laboratory conditions.

For the experiments, A. ervi mummies were collected and isolated individually in
Eppendorf® tubes with a drop of honey. They were checked daily for the emergence
of adults.

2.2. Bio-Assay Behavioral Experiment

A 14 cm long, glass Y-tube olfactometer was used, with an inner diameter of 1 cm
and two 10 cm arms. Each front arm of the Y-tube olfactometer was connected to a glass
cylinder containing a plant, either infested or non-infested. Both plants were placed in
glass Erlenmeyer flasks sealed with Parafilm® to avoid any odors from the growth media.
The olfactometer was placed in a plexiglass box with the two external walls covered by
paper sheets to avoid any external visual cues for the parasitoids. The plants were then
placed in a Pyrex cylindrical chamber (d = 20 cm, H = 30 cm) connected with an airflow
system. Upstream of the chamber, the airstream was adjusted to 1.2 L/min using an airflow
meter, and the air was cleaned with activated charcoal.

All bio-assays were carried out between 10:00 a.m. and 6:00 p.m. in a room at
20.5 ◦C ± 1.5 ◦C, relative humidity 33% ± 2.3%, and under a 7500-lux light source. In
order to avoid any asymmetrical bias, odor sources were alternated at each replication.
The order in which treatments were tested was randomly modified each day to eliminate
any time variation. After each replication, all glassware was scrupulously washed with an
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alkaline lab detergent (RBS 25), rinsed with deionized water, and oven-dried at 60 ◦C for
30 min.

Female parasitoids were introduced individually into the entrance of the Y-tube
olfactometer and observed for a maximum of 15 min (900 s). Females were deemed to
have made a final choice when they reached the end of either arm, at which point the test
was stopped. Females that did not make any choice within 15 min were excluded. The
total time taken to reach the end of the arm was recorded. Changing choices from one
arm to another was considered a hesitation, and these rates were calculated as the number
of hesitating females divided by the total number of females for each experiment. The
experiment was recorded using the event recorder “The Observer” (Noldus Information
Technology, Wageningen, The Netherlands).

2.3. Experiment 1: Effect of Aphid Density on Parasitoid Behavioral Choice

Five series of experiments were carried out to determine the influence of host density
on the attraction of the female parasitoids toward aphid-infested plants compared to non-
infested plants. Fifteen-day-old broad bean plants were infested with aphid individuals
(larvae stage 2) 72 h before the experiments, with the following densities per plant: low (10
and 30 individuals), intermediate (50 individuals), and high (100 and 200 individuals). A
total of 30 one-day-old females (1 female tested = 1 replicate) per treatment were tested.
Five replicates were carried out per day for each treatment considered, for six days.

2.4. Experiment 2: Detectability of a Female Conspecific on a Host Colony

The consequence of a conspecific female parasitoid present on the aphid colony was
tested using the same design as Experiment 1. Two series of experiments were set up:
(1) a non-infested plant vs. a non-infested plant with one female parasitoid. A total of
30 one-day-old females were tested. (2) an infested plant with 30 aphids and one female
parasitoid vs. a non-infested plant with a female parasitoid. A total of 20 one-day-old
females were tested.

2.5. Chemical Extraction and Gas Chromatography–Mass Spectrometry (GC–MS) Analysis

The volatiles emitted from plants were collected from both aphid-infested and non-
infested plants. Two densities of aphid were used (intermediate = 50 individuals, and
high = 100 individuals). The volatiles were collected at the outlet of the glass cylinders by
pumping the air through hand-made cartridges containing Super Q adsorbent (Alltech) [53]
using vacuum pumps (Escort Elf Air Sampling Pump, Sigma–Aldrich). Two cartridges
were set up in tandem to detect any loss of chemicals by breakthrough from the first
cartridge. Airflow rates were adjusted at 400 mL/min through the traps. Four extractions
(each extraction constituted three elutions) were carried out for non-infested plants and
each density of aphid infested plants (intermediate and high), 12 extractions in total
(3 × 4 replicates). The pumps circulated at a rate of 400 mL/min of air for 20 h. Each
cartridge was then eluted three times with 250 µL of a solvent mixture (80:20, n-hexane
(VWR):diethyl ether (Merck)). Next, 30 µL of n-butylbenzene (0.1 µg/µL) was added to
each vial as an internal standard. Each elution was collected in a Teflon-capped vial, and
samples were stored at 4 ◦C until analysis. Analyses were carried out within 2 days after
the elution to avoid any chemical degradation.

Separation and identification of the organic compounds were conducted using an
Agilent 6890N gas chromatograph coupled with an Agilent 5973N mass selective detector
equipped with an HP-5 (Agilent) capillary column (30 m × 0.25 mm; I.D.: 0.25 µm film
thickness). The oven temperature program was initiated at 40 ◦C, held for 5 min, then
raised first at 10 ◦C/min to 230 ◦C, raised in a second ramp at 30 ◦C/min to 280 ◦C with a
final hold at this temperature for 10 min. The carrier gas was He, maintained at a constant
flow rate of 1.2 mL/min. Injection volume was 1 µL in splitless mode at an injection
temperature of 280 ◦C. Interface temperature was maintained at 280 ◦C. Mass Spectrometry
(MS) detection was performed with electron impact (EI) mode at 70 eV by operating in
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the full-scan acquisition mode in the 30–450 amu range. Identification of the volatile
compounds was performed by comparing the mass spectra with those from the Wiley 275L
spectral library. The compounds were identified by comparing their GC retention times
with those of authentic standards.

2.6. Statistical Analysis

Data of behavioral and chemical results were not normally distributed. The prefer-
ences of parasitoid females regarding infestation type (aphid-infested vs. non-infested
plants) and aphid densities were analyzed using Generalized linear model (GLM) with
infestation type and individual density as fixed factors (quasibinomial response and logit
link). To verify the probability of committing a Type-II error [54], we conducted a sim-
ulated power analysis for the GLM using the pwr package and pwr.f2.test function [55].
Significant results at p < 0.05 were followed by multiple comparison using the multcomp
package and glht function [56]. The time taken for females to make a decision and reach the
end of an arm was analyzed using GLM (Gamma distribution) with infestation type and
aphid density as fixed factors. Time data were presented by the median and interquartile
range (IQR). The hesitation rate of females between the choices was analyzed using GLM
with choice option and aphid density as fixed factors (quasibinomial response and logit
link) and data were presented as rate ± SE. For the two series of experiments regarding the
presence of conspecific females, the preference of females in the Y-tube olfactometer and
the time taken to reach the end of an arm were analyzed using the Mann–Whitney U test
(MW U). Time data were presented as the median with (IQR). Since we had two separate
series of experiments, the hesitation rates of females were presented as rate ± SE without a
statistical test. The value of volatile blends was analyzed using the non-parametric ANOVA
test (Kruskal Wallis KW) with individual density (non-infested, 50 and 100 aphid density)
as a fixed factor, followed by the Mann–Whitney U test for pairwise comparisons, and data
were presented as the median with (IQR). The analyses were conducted using the statistical
software R version 4.0.5 (31 March) [57].

3. Results
3.1. Experiment 1: Effect of Host Density on A. ervi Response

Aphidius ervi females significantly preferred aphid-infested plants compared to non-
infested plants (F 1,54 = 14.26, p < 0.001). Overall, the density of A. pisum individuals was
found to have no impact on the attraction of parasitoid females (F 4,55 = 0.04, p = 0.99).
However, a significant interaction was found between infestation type and density of
aphid individuals (F 4,50 = 4.84, p = 0.002), where parasitoid females were significantly
more attracted to the low and intermediate densities of aphid-infested plants (10, 30, and
50 individuals) compared to high aphid densities (100 and 200 individuals) (Figure 1).
Based on the interaction between the two factors, an effect size estimate of η2 = 0.24 was
calculated, and with α = 0.05, the power analysis achieved to 81%.

The time taken by females to make a final decision and reach the end of an arm did
not vary significantly between aphid-infested plants and non-infested plants (F1,139 = 2. 71,
p = 0.10) and did not vary among various densities of aphid individuals (F 4,140 = 0.51,
p = 0.72). No significant interaction was found between infestation type and individual
density (F4,135 = 2.01, p = 0.09) (Table 1).
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Figure 1. Response of Aphidius ervi females toward non-infested vs. aphid-infested plants with various aphid densities (10,
30, 50, 100, and 200 individuals of Acyrthosiphon pisum). (*) represents significant interaction between aphid density and
type of infestation.

Table 1. The time taken (Median with IQR) in seconds by Aphidius ervi females to make a decision
between aphid-infested and non-infested plants. No significant differences were found.

Time Taken in Seconds by Parasitoid Females to Make a Decision

Individual Density Aphid-Infested Plants Non-Infested Plants

10 36.22 s (49.16) 30.85 s (48.82)
30 37.69 s (18.23) 16.34 s (42.20)
50 40.26 s (43.53) 17.14 s (16.83)

100 23.03 s (16.61) 45.28 s (78.61)
200 29.56 s (42.75) 38.30 s (29.65)

The hesitation rate of A. ervi females was generally low (Table 2). It did not vary
significantly between the two choices (F1,20 = 1.95, p = 0.18) or among various aphid
densities (F4,16 = 1.82, p = 0.19). No significant interaction was found between the two
factors (F4,12 = 0.33, p = 0.84).

Table 2. The rate of choice hesitation of Aphidius ervi females between aphid-infested and non-infested
plants. Data are presented as rate ± SE. No significant differences were found.

The Rate of Choice Hesitation of Parasitoid Females between the Two Choices

Individual Density From Aphid-Infested to
Non-Infested Plants

From Non-Infested to
Aphid-Infested Plants

10 0.10 ± 0.05 0.20 ± 0.07
30 0.07 ± 0.05 0.20 ± 0.07
50 0.07 ± 0.05 0.10 ± 0.05

100 0.03 ± 0.03 0.03 ± 0.03
200 0.23 ± 0.07 0.03 ± 0.03

3.2. Experiment 2: Detectability of a Female Conspecific on a Host Colony

When the effect of the presence of conspecific females with aphid-infested versus
non-infested plants was analyzed, it was found that female parasitoids in the Y-tube
olfactometer had no preference (W = 15, p = 0.68) (Figure 2). The time taken for females to
make a decision between the two choices, aphid-infested plants = 17.97 s (IQR = 18.32) and
non-infested plants = 28.23 s (IQR = 27.04), did not vary significantly (W = 217, p = 0.28).
The hesitation rate of females was (0.20 ± 0.07).
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Similarly, females given a choice between non-infested plants with a conspecific female
present versus only non-infested plants showed no preference (W = 7, p = 0.88) (Figure 3).
The time taken to make a decision between the two choices (29.75 s (IQR = 26.42), 19.92 s
(IQR = 9.19), respectively) did not vary significantly (W = 46, p = 0.96). The hesitation rate
of females was (0.25 ± 0.09).
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Figure 3. Response of Aphidius ervi females in a Y-tube olfactometer toward non-infested plant with conspecific female vs.
non-infested plant.

3.3. Volatile Blends

Both non-infested plants and aphid-infested (intermediate = 50 individuals and
high = 100 individuals) plants produced chemical volatiles. A total of six organic com-
pounds were collected altogether (Table 3). Most emitted volatile compounds did not
vary significantly in concentration among the plant treatments (Table 3), with two excep-
tions, 6-methyl-5-hepten-2-one and cis-jasmone. The former, 6-methyl-5-hepten-2-one, had
significantly higher concentration in emissions from plants with intermediate aphid infes-
tation density, compared to plants with high-density infestations and non-infested plants
(Table 3). Emissions of cis-Jasmone were significantly higher from plants with intermediate
density aphid infestations and non-infested plants than from plants with high-density
infestations (Table 3). At intermediate infestation density, 26% (451 ng h−1) of the whole
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extracted blend was 6-metyl-5-hepten-2-one, followed by cis-jasmone (23.4%, 403 ng h−1)
and E-2-hexanal (16.5%, 287 ng h−1). The total concentration of the volatile compounds
varied significantly among the treatments, with higher total concentration emitted from
plants with intermediate density infestation, followed by non-infested plants, and the
lower total concentration emitted from plants with high density infestation (Table 3).

Table 3. Volatile organic compounds from aphid-infested plants (50 and 100 individuals) and non-infested plants. Data are
presented as median (IQR). Small letters represent significant difference among treatments.

VOCs ng/µL
Non-Infested Aphid Infested

Statistical Analysis
0 Individuals 50 Individuals 100 Individuals

6-methyl-5-hepten-2-one 1.03 (0.95) b 3.81 (0.64) a 0.35 (0.25) b KW test: χ2 = 9.26, df = 2, p = 0.009
cis-jasmone 1.84 (0.68) a 3.25 (1.25) a 0.32 (0.04) b KW test: χ2 = 8.89, df = 2, p = 0.01
cis-3-hexenol 0.77 (1.15) a 2.61 (2.46) a 0.11 (only one record) MW U test: W = 6.5, p = 0.77
cis-3-hexenyl-acetate 1.88 (0.47) a 3.17 (1.42) a 0 MW U test: W = 4, p = 0.67
linalool 0.46 (0.03) a 1.37 (0.37) a 0 MW U test: W = 4, p = 0.33
E-2-hexenal 0.87 1.43 0 No test
Total 5.22 (1.40) b 12.49 (2.92) a 0.53 (0.62) c KW test: χ2 = 9.84, df = 2, p = 0.007

4. Discussion

The bottom-up effect is key to understanding how various species interact among
multi-trophic levels in agroecosystems. By combining behavioral and chemical experiments,
this study shows the bottom-up effects in a plant–aphid–parasitoid system. Consistent
with many studies [58–60], our results overall showed that parasitoid females preferred
infested plants over non-infested plants. However, this study underlines that low and
intermediate aphid densities are more attractive to A. ervi females than higher densities of
aphids. These results came from prudent optimization and were supported by the lower p
value and high value of power analysis. A power analysis showed that this study had 81%
power to detect the significant interaction between infestation type and density of aphid.
The lower p value and high power outlined that the effect size in our study was enough to
detect the significant differences. Indeed, high power analysis decreases the probability of
making a Type II error [54].

The generalist A. ervi appears to imitate specialist aphid parasitoids, which often prefer
aphids in sparse colonies [61]. The lower attractiveness of higher aphid densities to the
parasitoids may result from factors such as aphid colony structure, increased host vigilance,
and host defense mechanisms [62]. It could also be due to risk-spreading (the “bet-hedging
strategy”) [63,64]. According to this strategy, parasitoids aim to attack a larger number of
small colonies, rather than fewer big ones, laying eggs in various discrete patches to avoid
the overcrowding of offspring and the high mortality of parasitized aphids at high density.
Interestingly, Ives and Settle [65] found a high mortality rate for A. ervi-parasitized aphids
before mummy formation at high population densities of A. pisum.

Consistent with our results, Cascone et al. [39] demonstrated that the parasitoid
Diaeretiella rapae McIntosh (Hymenoptera: Braconidae) significantly preferred plants of radish
and black mustard infested by M. persicae and Brevicoryne brassicae Linnaeus (Hemiptera:
Aphididae), respectively, to non-infested plants, but only at low aphid infestation (25
vs. 100 individuals). Guerrieri et al. [51] showed that A. ervi was significantly attracted
to A. pisum-infested broad bean with a minimum of 40 aphid individuals. On the other
hand, previous studies on other parasitoids showed contradictory results. For instance,
Yang et al. [66] showed that Aphidius gifuensis Ashmaed (Hymenoptera: Aphidiidae) was
only attracted to infested tobacco and oilseed rape with high levels of density (200 and
400 individuals) of the aphid M. persicae. However, Tan and Liu [60] demonstrated that
A. gifuensis females were attracted to M. persicae-infested tomatoes with as few as 20 aphid
individuals. The difference between the two studies could be related to the host plants.
Indeed, the host plant plays a crucial role in attracting specific parasitoids and affects
parasitoid foraging behavior [67–69]. We infer from the patterns of attraction demonstrated
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in our Y-tube olfactometer experiments, that the potential mortality of aphids due to
parasitism by A. ervi would be inversely density-dependent (i.e., the risk of parasitism
decreases with increasing aphid density) [70,71].

Parasitoid species can locate their hosts in a very complex agro-environment using
indirect volatiles emitted from insect-infested plants [35,72]. It has been suggested that
the qualitative composition of the volatile blend produced by non-infested plants is very
similar to the one produced by aphid-infested plants. However, aphid-infested plants
show a quantitative increase in the volatile compounds [31,73]. Interestingly, in our study,
the only compound found at a higher concentration was the 6-methyl-5-hepten-2-one,
emitted in higher concentrations from plants infested with intermediate aphid density
(50 individuals), compared to higher aphid density (100 individuals) and non-infested
plants. This compound has been shown to attract the parasitoid A. ervi to A. pisum-infested
plants [53] and prompt its flight response [31]. The concentration of 6-methyl-5-hepten-2-
one seems to increase with the duration of aphid feeding [53], and it would be interesting
to analyze further the dynamics of emission in relation to aphid infestation. The differences
in emission of 6-methyl-5-hepten-2-one among infested and non-infested plants could
explain why A. ervi females preferred low and intermediate aphid densities over high
aphid densities on plants. This preference implies that parasitoid females have a capacity
for discrimination of odor concentration. At the same time, it highlights the inverse
density-dependent regulation of aphid-induced plant volatiles. Other volatile compounds,
namely cis-jasmone and 3-hexenyl-acetate, were also emitted in higher concentrations.
Birkett et al. [74] showed in a wind tunnel experiment that cis-jasmone is very attractive
to the parasitoid A. ervi and the predator Coccinella septempunctata Linnaeus (Coleoptera:
Coccinellidae) and also activates the plant defense. It appears that each parasitoid is
attracted to one or more specific volatiles emitted from plants but not necessarily to the
relative concentration of their mixture. For instance, Sun et al. [75] found that the parasitoid
Campoletis chlorideae Uchida (Hymenoptera: Ichneumonidae) is attracted to two volatile
compounds separately, cis-jasmone and cis-3-hexenyl acetate, but not when they are mixed.
This study confirms that A. ervi parasitoids react to a specific volatile cue from plants
at low and intermediate density of aphid infestation and supports the speculation that
herbivore insects may be able to reduce the emitted volatiles from plants [37] and thus
lower the risk of parasitism. Baluška and Ninkovic [76] suggested that infested plants stop
producing these volatiles when herbivore densities become higher. For the moment, the
mechanism responsible for lowering specific compounds at high aphid density is unclear.
In this study, we did not test for the presence of endosymbiotic bacteria. Frago et al. (2017)
showed that plants infested by the aphid A. pisum carrying the facultative symbiont
Hamiltonella defensa reduced the emission of induced plant volatiles and thus were less
attractive to the parasitoid A. ervi females [77]. It would be interesting to study the
relationship among the endosymbionts, aphid density, and the emission of the induced
plant volatiles.

The prior presence of a female parasitoid in the aphid colony had no significant impact
on the choice made by a conspecific female, with females selecting both occupied and
unoccupied patches equally in both sets of experiments. The presence of a female para-
sitoid in the aphid colony might have changed the aphid emission of alarm kairomones.
However, those compounds do not appear to be attractive to most natural enemies [78].
We assume that A. ervi females did not actively avoid prior presence, perhaps because
they did not perceive any difference. However, we did use only one female in the ex-
periments, and maybe there would have been a various response to a greater number.
It is also possible that conspecifics might be perceived as an indication of aphid pres-
ence [79], which the risk of super-parasitism would counter. Indeed, the presence of
conspecifics in the same patch could increase super-parasitism [80]. The avoidance or non-
avoidance of conspecific females over long distances has been studied in many parasitoid
species. It has been shown that females of the parasitoid Venturia canescens Gravenhorst
(Hymenoptera: Ichneumonidae) avoid their conspecifics only when the density reaches
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20 females on the patch [43]. Janssen et al. [45] demonstrated that the Drosophila parasitoid
Leptopilina heterotoma Thomson (Hymenoptera: Eucoilidae) avoided the host patch in the
presence of five individuals, both with conspecifics and its heterospecific, L. clavipes Hartig.
Avoidance of conspecifics by parasitoid females depends mainly on the density of its con-
specifics indicating competition. However, the non-avoidance of conspecific competitors
has been also reported [81]. Some parasitoids, including A. ervi, can discriminate between
self-parasitized and conspecific-parasitized hosts [82], as well as between parasitized and
un-parasitized hosts [83]. For instance, Le Lann et al. [84] demonstrated that, when A. ervi
females were given a choice, they avoided super-parasitism and preferred to lay eggs on
un-parasitized rather than parasitized hosts.

To conclude, combining behavioral and chemical approaches enabled a more holistic
deciphering of plant–aphid–parasitoid systems. Low and intermediate aphid densities
appeared to be more attractive to parasitoids, corresponding to a higher concentration of
6-methyl-5-hepten-2-one. At high densities of aphid infestation, the concentration of this
compound drops, indicating that aphids in large colonies may be capable of manipulating
plants to reduce the rate of detection by parasitoid females, reducing the risk of parasitism.
However, further investigations would be essential to identify the feeding behavior of
aphids at various densities on plants, perhaps combining volatile emission studies with
electrical penetration graphs. In practice, if parasitoids are not attracted to high-density
aphid infestations, it could negatively impact the potential for biological control. Therefore,
we recommended the release of parasitoids early in the season when aphid density is still
low in the field; otherwise, high aphid density may reduce the activity of the parasitoids.

Author Contributions: Design of the study: P.Z., F.M. and T.H.; methodology: P.Z. and F.M.; data
analysis: M.I.; writing—original draft preparation: M.I., P.Z., F.M. and T.H.; reviewing and editing:
M.I., F.M. and T.H.; supervision: T.H. All authors have read and agreed to the published version of
the manuscript.

Funding: Mohannad Ismail had post-doctoral funding from Wallonie Bruxelles International. Pene-
lope Zanolli was partly supported by a PhD grant from the University of Udine.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We would like to thank Christelle Marlet from the Analytical Chemistry Lab-
oratory (AgroBio Tech Gembloux, Université de Liège). We also thank Delphine Bourdais for the
drawing of the parasitoid. This publication is BRC 385 of the Biodiversity Research Center UCL.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design, analyses, interpretation, or writing of the study.

References
1. Schmidt, J.O. Chapter 68—Defensive Behavior. In Encyclopedia of Insects, 2nd ed.; Resh, V.H., Cardé, R.T., Eds.; Academic Press:

San Diego, CA, USA, 2009; pp. 252–257, ISBN 978-0-12-374144-8.
2. Pulliam, H. On the Advantages of Flocking. J. Theor. Biol. 1973, 38, 419–422. [CrossRef]
3. Powell, G.V.N. Experimental Analysis of the Social Value of Flocking by Starlings (Sturnus vulgaris) in Relation to Predation and

Foraging. Anim. Behav. 1974, 22, 501–505. [CrossRef]
4. Beauchamp, G. A Comparative Analysis of Vigilance in Birds. Evol. Ecol. 2010, 24, 1267–1276. [CrossRef]
5. Creel, S.; Schuette, P.; Christianson, D. Effects of Predation Risk on Group Size, Vigilance, and Foraging Behavior in an African

Ungulate Community. Behav. Ecol. 2014, 25, 773–784. [CrossRef]
6. Ward, A.J.W.; Herbert-Read, J.E.; Sumpter, D.J.T.; Krause, J. Fast and Accurate Decisions through Collective Vigilance in Fish

Shoals. Proc. Acad. Natl. Sci. USA 2011, 108, 2312–2315. [CrossRef]
7. Inman, A.; Krebs, J. Predation and Group Living. Trends Ecol. Evol. 1987, 2, 31–32. [CrossRef]
8. Foster, W.A.; Treherne, J.E. Evidence for the Dilution Effect in the Selfish Herd from Fish Predation on a Marine Insect. Nature

1981, 293, 466–467. [CrossRef]
9. Ioannou, C.; Tosh, C.; Neville, L.; Krause, J. The Confusion Effect—From Neural Networks to Reduced Predation Risk. Behav.

Ecol. 2008, 19, 126–130. [CrossRef]

http://doi.org/10.1016/0022-5193(73)90184-7
http://doi.org/10.1016/S0003-3472(74)80049-7
http://doi.org/10.1007/s10682-010-9358-5
http://doi.org/10.1093/beheco/aru050
http://doi.org/10.1073/pnas.1007102108
http://doi.org/10.1016/0169-5347(87)90093-0
http://doi.org/10.1038/293466a0
http://doi.org/10.1093/beheco/arm109


Insects 2021, 12, 878 11 of 13

10. Wiesel, I. Killing of Cape Fur Seal (Arctocephalus pusillus Pusillus) Pups by Brown Hyenas (Parahyaena brunnea) at Mainland
Breeding Colonies along the Coastal Namib Desert. Acta Ethol. 2010, 13, 93–100. [CrossRef]

11. Sugiura, S. Predators as Drivers of Insect Defenses. Entomol. Sci. 2020, 23, 316–337. [CrossRef]
12. Théry, M.; Gomez, D. Insect Colours and Visual Appearance in the Eyes of Their Predators. Adv. Insect Physiol. 2010, 38, 267–363.

[CrossRef]
13. Blackman, R.L.; Eastop, V.F. Aphids on the World’s Crops: An Identification and Information Guide, 2nd ed.; John Wiley and Sons Ltd.:

Chichester, UK, 2000.
14. Boivin, G.; Hance, T.; Brodeur, J. Aphid Parasitoids in Biological Control. Can. J. Plant Sci. 2012, 92, 1–12. [CrossRef]
15. Hance, T.; Kohandani-Trafresh, F.; Munaut, F. Biological control. In Aphids as Crop Pests; van Emden, H.F., Harrington, R., Eds.;

CABI: Wallingford, UK, 2017; pp. 448–493.
16. Wang, Z.; Liu, Y.; Shi, M.; Huang, J.; Chen, X. Parasitoid Wasps as Effective Biological Control Agents. J. Integr. Agric. 2019, 18,

705–715. [CrossRef]
17. Dixon, A.F.G. The Escape Responses Shown by Certain Aphids to the Presence of the Coccinellid Adalia decempunctata (L.). Trans.

R. Entomol. Soc. Lond. 1958, 110, 319–334. [CrossRef]
18. Siddiqui, J.; Xuting, Z.; Qian, L.; Zhang, H.; Xiaolan, L.; Huang, X. Functional Morphology and Defensive Behavior in a Social

Aphid. Insects 2019, 10, 163. [CrossRef] [PubMed]
19. Humphreys, R.; Ruxton, G.; Karley, A. Drop When the Stakes Are High: Adaptive, Flexible Use of Dropping Behaviour by

Aphids. Behaviour 2021, 1, 1–21. [CrossRef]
20. Fan, L.-P.; Ouyang, F.; Su, J.-W.; Ge, F. Adaptation of Defensive Strategies by the Pea Aphid Mediates Predation Risk from the

Predatory Lady Beetle. J. Chem. Ecol. 2018, 44, 40–50. [CrossRef] [PubMed]
21. Vandermoten, S.; Mescher, M.; Francis, F.; Haubruge, E.; Verheggen, F. Aphid Alarm Pheromone: An Overview of Current

Knowledge on Biosynthesis and Functions. Insect Biochem. Mol. Biol. 2011, 42, 155–163. [CrossRef]
22. Treherne, J.E.; Foster, W.A. Group Size and Anti-Predator Strategies in a Marine Insect. Anim. Behav. 1982, 30, 536–542. [CrossRef]
23. Wellings, P.W. Foraging Behaviour in Aphid Parasitoids: Spatial Scale and Resource Assessment. Eur. J. Entomol. 1993, 90,

377–382.
24. Quilici, S.; Rousse, P. Location of Host and Host Habitat by Fruit Fly Parasitoids. Insects 2012, 3, 1220–1235. [CrossRef]
25. De Moraes, C.; Lewis, W.J.; Pare, P.; Alborn, H.; Tumlinson, J. Herbivore-Infested Plants Selectively Attract Parasitoids. Nature

1998, 393, 570–573. [CrossRef]
26. Guo, H.; Wang, C.-Z. The Ethological Significance and Olfactory Detection of Herbivore-Induced Plant Volatiles in Interactions of

Plants, Herbivorous Insects, and Parasitoids. Arthropod-Plant Interact. 2019, 13, 161–179. [CrossRef]
27. Kessler, A.; Baldwin, I.T. Defensive Function of Herbivore-Induced Plant Volatile Emissions in Nature. Science 2001, 291,

2141–2144. [CrossRef] [PubMed]
28. Schuman, M.C.; Baldwin, I.T. Field Studies Reveal Functions of Chemical Mediators in Plant Interactions. Chem. Soc. Rev. 2018,

47, 5338–5353. [CrossRef]
29. Turlings, T.C.J.; Tumlinson, J.H.; Lewis, W.J. Exploitation of Herbivore-Induced Plant Odors by Host-Seeking Parasitic Wasps.

Science 1990, 250, 1251–1253. [CrossRef]
30. Bezemer, T.M.; Harvey, J.A.; Kamp, A.F.D.; Wagenaar, R.; Gols, R.; Kostenko, O.; Fortuna, T.; Engelkes, T.; Vet, L.E.M.; van Der

Putten, E.W.; et al. Behaviour of Male and Female Parasitoids in the Field: Influence of Patch Size, Host Density, and Habitat
Complexity. Ecol. Entomol. 2010, 35, 341–351. [CrossRef]

31. Powell, W.; Pennacchio, F.; Poppy, G.M.; Tremblay, E. Strategies Involved in the Location of Hosts by the Parasitoid Aphidius Ervi
Haliday (Hymenoptera: Braconidae: Aphidiinae). Biol. Control. 1998, 11, 104–112. [CrossRef]

32. Henneman, M.L.; Dyreson, E.G.; Takabayashi, J.; Raguso, R.A. Response to Walnut Olfactory and Visual Cues by the Parasitic
Wasp Diachasmimorpha juglandis. J. Chem. Ecol. 2002, 28, 2221–2244. [CrossRef]

33. Aartsma, Y.; Bianchi, F.J.J.A.; van der Werf, W.; Poelman, E.H.; Dicke, M. Herbivore-Induced Plant Volatiles and Tritrophic
Interactions across Spatial Scales. New Phytol. 2017, 216, 1054–1063. [CrossRef]

34. Kroes, A.; van Loon, J.J.A.; Dicke, M. Density-Dependent Interference of Aphids with Caterpillar-Induced Defenses in Arabidopsis:
Involvement of Phytohormones and Transcription Factors. Plant Cell Physiol. 2015, 56, 98–106. [CrossRef]

35. Turlings, T.C.J.; Loughrin, J.H.; McCall, P.J.; Rose, U.S.R.; Lewis, W.J.; Tumlinson, J.H. How Caterpillar-Damaged Plants Protect
Themselves by Attracting Parasitic Wasps. Proc. Acda. Natl. Sci. USA 1995, 92, 4169–4174. [CrossRef] [PubMed]

36. Shiojiri, K.; Ozawa, R.; Kugimiya, S.; Uefune, M.; van Wijk, M.; Sabelis, M.W.; Takabayashi, J. Herbivore-Specific, Density-
Dependent Induction of Plant Volatiles: Honest or “Cry Wolf” Signals? PLoS ONE 2010, 5, e12161. [CrossRef] [PubMed]

37. Masson, C.; Mustaparta, H. Chemical Information Processing in the Olfactory System of Insects. Physiol. Rev. 1990, 70, 199–245.
[CrossRef] [PubMed]

38. Florencio-Ortiz, V.; Sellés-Marchart, S.; Zubcoff-Vallejo, J.; Jander, G.; Casas, J.L. Changes in the Free Amino Acid Composition of
Capsicum annuum (Pepper) Leaves in Response to Myzus persicae (Green Peach Aphid) Infestation. A Comparison with Water
Stress. PLoS ONE 2018, 13, e0198093. [CrossRef]

39. Cascone, P.; Gols, R.; Fatouros, N.E.; Ponzio, C.; Dicke, M.; Guerrieri, E. The Effect of Rearing History and Aphid Density on
Volatile-Mediated Foraging Behaviour of Diaeretiella rapae. Ecol. Entomol. 2019, 44, 255–264. [CrossRef]

http://doi.org/10.1007/s10211-010-0078-1
http://doi.org/10.1111/ens.12423
http://doi.org/10.1016/S0065-2806(10)38001-5
http://doi.org/10.4141/cjps2011-045
http://doi.org/10.1016/S2095-3119(18)62078-7
http://doi.org/10.1111/j.1365-2311.1958.tb00786.x
http://doi.org/10.3390/insects10060163
http://www.ncbi.nlm.nih.gov/pubmed/31181861
http://doi.org/10.1163/1568539X-bja10083
http://doi.org/10.1007/s10886-017-0908-y
http://www.ncbi.nlm.nih.gov/pubmed/29177898
http://doi.org/10.1016/j.ibmb.2011.11.008
http://doi.org/10.1016/S0003-3472(82)80066-3
http://doi.org/10.3390/insects3041220
http://doi.org/10.1038/31219
http://doi.org/10.1007/s11829-019-09672-5
http://doi.org/10.1126/science.291.5511.2141
http://www.ncbi.nlm.nih.gov/pubmed/11251117
http://doi.org/10.1039/C7CS00749C
http://doi.org/10.1126/science.250.4985.1251
http://doi.org/10.1111/j.1365-2311.2010.01184.x
http://doi.org/10.1006/bcon.1997.0584
http://doi.org/10.1023/A:1021097215572
http://doi.org/10.1111/nph.14475
http://doi.org/10.1093/pcp/pcu150
http://doi.org/10.1073/pnas.92.10.4169
http://www.ncbi.nlm.nih.gov/pubmed/7753779
http://doi.org/10.1371/journal.pone.0012161
http://www.ncbi.nlm.nih.gov/pubmed/20808961
http://doi.org/10.1152/physrev.1990.70.1.199
http://www.ncbi.nlm.nih.gov/pubmed/2404289
http://doi.org/10.1371/journal.pone.0198093
http://doi.org/10.1111/een.12704


Insects 2021, 12, 878 12 of 13

40. Prado, E.; Tjallingii, W.F. Behavioral Evidence for Local Reduction of Aphid-Induced Resistance. J. Insect Sci. 2007, 7, 48.
[CrossRef]

41. Walling, L. Avoiding Effective Defenses: Strategies Employed by Phloem-Feeding Insects. Plant Physiol. 2008, 146, 859–866.
[CrossRef] [PubMed]

42. Cotes, B.; Rännbäck, L.-M.; Björkman, M.; Norli, H.; Meyling, N.; Rämert, B.; Anderson, P. Habitat Selection of a Parasitoid
Mediated by Volatiles Informing on Host and Intraguild Predator Densities. Oecologia 2015, 179, 151–162. [CrossRef] [PubMed]

43. Castelo, M.; Corley, J.; Desouhant, E. Conspecific Avoidance during Foraging in Venturia canescens (Hymenoptera: Ichneumonidae):
The Roles of Host Presence and Conspecific Densities. J. Insect Behav. 2003, 16, 307–318. [CrossRef]

44. Almohamad, R.; Hance, T. Encounters with Aphid Predators or Their Residues Impede Searching and Oviposition by the Aphid
Parasitoid Aphidius ervi (Hymenoptera: Aphidiinae). Insect Sci. 2013, 21, 181–188. [CrossRef]

45. Janssen, A.; Alphen, J.; Sabelis, M.; Bakker, K. Specificity of Odor Mediated Avoidance of Competition in Drosophila Parasitoids.
Behav. Ecol. Sociobiol. 1995, 36, 229–235. [CrossRef]

46. Xia, P.-L.; Xinglin, Y.; Li, Z.-T.; Feng, Y. The Impacts of Harmonia Axyridis Cues on Foraging Behavior of Aphidius Gifuensis to
Myzus Persicae. J. Asia Pacific Entomol. 2021, 24, 278–284. [CrossRef]

47. Muratori, F.B.; Damiens, D.; Hance, T.; Boivin, G. Bad Housekeeping: Why Do Aphids Leave Their Exuviae inside the Colony?
BMC Evol. Biol. 2008, 8, 2008. [CrossRef]

48. Muratori, F.; Le Ralec, A.; Lognay, G.; Hance, T. Epicuticular Factors Involved in Host Recognition for the Aphid Parasitoid
Aphidius Rhopalosiphi. J. Chem. Ecol. 2006, 32, 579–593. [CrossRef]

49. Du, Y.J.; Poppy, G.M.; Powell, W. Relative Importance of Semiochemicals from First and Second Trophic Levels in Host Foraging
Behavior of Aphidius ervi. J. Chem. Ecol. 1996, 22, 1591–1605. [CrossRef]

50. Guerrieri, E.; Poppy, G.M.; Powell, W.; Rao, R.; Pennacchio, F. Plant-to-Plant Communication Mediating in Flight Orientation of
Aphidius ervi. J. Chem. Ecol. 2002, 28, 1703–1715. [CrossRef]

51. Guerrieri, E.; Poppy, G.M.; Powell, W.; Tremblay, E.; Pennacchio, F. Induction and Systemic Release of Herbivore-Induced Plant
Volatiles Mediating in Flight Orientation of Aphidius ervi. J. Chem. Ecol. 1999, 25, 1247–1261. [CrossRef]

52. Sasso, R.; Iodice, L.; Digilio, M.C.; Carretta, A.; Ariati, L.; Guerrieri, E. Host-Locating Response by the Aphid Parasitoid Aphidius
ervi to Tomato Plant Volatiles. J. Plant Interact. 2007, 2, 175–183. [CrossRef]

53. Du, Y.J.; Poppy, G.M.; Powell, W.; Pickett, J.A.; Wadhams, L.J.; Woodcock, C.M. Identification of Semiochemicals Released during
Aphid Feeding That Attract Parasitoid Aphidius ervi. J. Chem. Ecol. 1998, 24, 1355–1368. [CrossRef]

54. Taborsky, M. Sample Size in the Study of Behaviour. Ethology 2010, 116, 185–202. [CrossRef]
55. Champely, S. Pwr: Basic Functions for Power Analysis. 2020. Available online: https://github.com/heliosdrm/pwr (accessed on

18 September 2021).
56. Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous Inference in General Parametric Models. Biom. J. 2008, 50, 346–363. [CrossRef]

[PubMed]
57. R. Core Team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2020; ISBN 3-900051-07-0.
58. Guerrieri, E.; Pennacchio, F.; Tremblay, E. Flight Behavior of the Aphid Parasitoid Aphidius ervi (Hymenoptera, Braconidae) in

Response to Plant and Host Volatiles. Eur. J. Entomol. 1993, 90, 415–421.
59. Lucas-Barbosa, D.; Poelman, E.H.; Aartsma, Y.; Snoeren, T.A.L.; van Loon, J.J.A.; Dicke, M. Caught between Parasitoids and

Predators—Survival of a Specialist Herbivore on Leaves and Flowers of Mustard Plants. J. Chem. Ecol. 2014, 40, 621–631.
[CrossRef] [PubMed]

60. Tan, X.-L.; Liu, T.-X. Aphid-Induced Plant Volatiles Affect the Attractiveness of Tomato Plants to Bemisia tabaci and Associated
Natural Enemies. Entomol. Exp. Appl. 2014, 151, 259–269. [CrossRef]
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