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When parasitoids deal with the spatial distribution of their
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Abstract Insect parasitoids developing inside hosts face a true challenge: hosts are
scattered in the field and their localization and selection require the use of complex and
sometime confusing information. It was assumed for a long time that small-brained organisms like parasitoids have evolved simple and efficient behavioral mechanisms, leading
them to be adapted to a given ecological situation, for example, the spatial distribution
of hosts in the habitat. However, hosts are not static and their distribution may also vary
through generations and within the life of parasitoid individuals. We investigated if and
how parasitoids deal with such a spatial complexity in a mesocosm experiment. We used
the Aphidius rhopalosiphi/Sitobion avenae parasitoid/host system to investigate if parasitoid females experiencing different host aggregation levels exhibit different foraging
behaviors independently of the number of hosts in the environment. We showed that A.
rhopalosiphi females exploited hosts more intensively both within and among patches at
higher host aggregation levels. We discussed the adaptiveness of such behaviors in the
light of evolution and biological control.
Key words Aphidius rhopalosiphi; foraging behavior; parasitoid; sequential adjustment;
Sitobion avenae; spatial distribution

Introduction
Information and decision processes are key components
of female parasitoid fitness because they allow them to
maximize the number of hosts parasitized during their life
(van Alphen et al., 2003). In order to optimize their fitness,
female parasitoids need to locate and access host patches,
select available hosts in the patches, and leave them at
the appropriate depletion level (Charnov, 1976; Stephens
& Krebs, 1986; Godfray, 1994). As a consequence, the
spatial distribution of hosts among patches and how this
patchiness is perceived are of fundamental importance for
maximizing the host exploitation rate (Iwasa et al., 1981;
Rodrigues-Girones & Vasquez, 1997; Pierre & Green,
2008; Pierre, 2011).
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Gabriel, Dijon 21000, France. Tel: +33 3 80 39 62 27; email:
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The host distribution (also later called field infestation distribution) is highly dynamic and can drastically
complicate the foraging task for parasitoids, during their
lifetime and/or from generation to generation. For example, the spatial distribution of herbivore hosts varies in
space and time and it may be disrupted by many ecological factors, such as climate (Andrade et al., 2013), local
variation of the plant structure and quality (Rincon et al.,
2015; Riolo et al., 2015), or the agricultural landscape
complexity and the degree of fragmentation (Al Hassan
et al., 2012; Banks & Gagic, 2016). One key model of
such host dynamic distribution is aphid feeding on plant
sap: colonies can rapidly grow since females reproduced
parthenogenetically during the main part of the year. In
this system, the spatial distribution of individuals depends
on both the rate at which winged forms are produced
and leave the native colony to disperse in a new habitat
(Ben-Ari et al., 2015) and the movement of apterous
forms that can be induced by the presence of natural enemies such as predators/parasitoids disturbing the colony
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(Sloggett & Weisser, 2002), as well as abiotic factors acting at a local scale such as wind or rain (Mann et al.,
1995). The spatial distribution of aphids also varies at a
larger temporal scale, as aphids are scarce and distributed
among few patches in winter, while in spring they are
abundant and aggregated in large patches (Legrand et al.,
2004; Stilmant et al., 2008; Andrade et al., 2013; Honek
et al., 2016).
The variability of hosts in space and time may drastically modify the optimal decisions parasitoids should
make in order to maximize their long-term fitness gain
(Spataro & Bernstein, 2007; Calcagno et al., 2014). For
example, Visser et al. (1999) demonstrated by using an
experimental arena with five host patches that the habitat
exploitation by the parasitoid Trybliographa rapae (Hymenoptera: Figitidae) depends in part on the host distribution. Such response to the host distribution that varies
in space and time may involve spatial orientation and
spatial memory (Collett & Collett, 2002; Dukas, 2008;
Collett, 2009), perception of the quality of patches previously visited (Outreman et al., 2005; Le Lann et al., 2008;
Louâpre et al., 2011), and measurement of time linked to
oviposition rate or patch encounter rate (Charnov, 1976;
Marschall et al., 1989; Adler & Kotar, 1999; Hills &
Adler, 2002; Thiel & Hoffmeister, 2004; Vásquez et al.,
2006; Collett, 2009; Thiel, 2011). Such a variability represents a selection pressure that probably determines the
proximate mechanisms and the behaviors leading to the
optimal choice selection for parasitoids (van Alphen et al.,
2003; van Alphen & Bernstein, 2008).
In this study, we compared the foraging behavior of
Aphidius parasitoid females experiencing different host
aggregation levels by manipulating both the number of
patches (plant with at least one host) and the host patch
density in mesocosms with the same number of hosts
and the same number of plants. To date, the effect of
the host distribution (simulated by the patch encounter
rate or the quality of the visited patches) was often confounded with the whole quality of the explored environment (i.e. the total number of hosts within the set-up)
in studies investigating the foraging behaviour of Aphidius species in complex environments (see for example,
Outreman et al., 2005; Muratori et al., 2008; Lanteigne
et al., 2015). However, the number of hosts in an environment and their distribution among patches are two
different parameters characterizing the habitat for parasitoids. We thus monitored the foraging behavior of the
aphid parasitoid Aphidius rhopalosiphi De Stefani-Perez
(Hymenoptera: Aphidiinae) in a multipatch environment
consisting of different aggregation levels of its main host,
the grain aphid Sitobion avenae Fabricius (Hemiptera:
Aphididae). In their natural environment, A. rhopalosiphi

females encounter very contrasted aphid aggregation levels during their life or through generations, as detailed
above. Given that aphids move and develop rapidly, A.
rhopalosiphi females must be able to respond to a highly
ephemeral distribution of aphids (Winder et al., 2014).
Aphidius rhopalosiphi females perceive host patch density within the environment through interpatch travel time,
and modify their response according to their previous acquired experience (Outreman et al., 2005; Muratori et al.,
2008). In consequence, we hypothesized that the foraging
strategy of different A. rhopalosiphi females depends on
the aggregation level of their hosts even if the environments contain the same number of hosts: The foraging
effort (estimated, among others, by the patch residence
time and the number of ovipositor contacts) in each visited patch should be high for females exposed to a high
level of host aggregation while it should be lower for
females exploring a more uniform distribution of these
hosts. Moreover, as leaving a patch is risky when the hosts
are highly aggregated in the environment (the lower the
number of patches, the lower the probability to encounter
another patch after leaving the current one), we also expected that parasitoids would sample more intensively the
neighboring environment at a high host aggregation level
in comparison with a low one, even if both environments
contain the same number of hosts. Finally, the expected
adaptive behavior expressed by A. rhopalosiphi should
impact the aphid population of a given size depending on
their aggregation among the wheat plants. We expected
that the aphid population should suffer more importantly
when individuals are clumped among some patches in
comparison with a more uniform distribution.

Materials and methods
Parasitoids and hosts
The A. rhopalosiphi females used in the study originated from mummies collected from a mass rearing at the
Plant Protection and Ecotoxicology Unit of the Walloon
Agricultural Research Centre (Belgium). The parasitoid
was maintained on a Sitobion avenae colony established
in 2013 from individuals collected in corn crops at the
Marbaix (UCL) experimental farm (50°06 N, 4°63 W).
The parasitoids and their hosts were reared in nylon boxes
(50 cm × 50 cm × 50 cm) on fresh winter wheat (Triticum
aestivum) under controlled climatic conditions (21 ±
1°C, 60% ± 10% RH and 16 L : 8 D photoperiod). All
experiments were conducted under the same conditions
used for rearing, and involved only 2- to 4-d-old, mated,
and fed A. rhopalosiphi females. To eliminate females that
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were unable to oviposit, females were offered five healthy
hosts for parasitism for 60 min prior to the commencement of experiments (Le Lann et al., 2008). Only second
instar aphid nymphs were used, as this is the preferred
instar of A. rhopalosiphi (Outreman et al., 2001a).
Experimental design
In order to analyze the influence of aphid spatial distribution on neighboring plants on the foraging behavior
of parasitoids, each female was exposed in mesocosms to
one host aggregation level (low, medium, or high) while
the number of hosts and plants remain the same among
treatments. For this purpose, mesocosms were constituted
by 16 wheat plants infested by 16 second instars S. avenae
according to three levels of host aggregation: (i) low: one
aphid per plant on all 16 plants; (ii) medium: 4 aphids per
plant on the 4 central plants; and (iii) high: 8 aphids on
each of the 2 central plants (Fig. 1). Each plant with at least
one aphid was considered to be a patch, by contrast with
plants without aphids. Wheat plants (h = 15 cm) planted
10 cm apart in a tray containing a 5 cm sand layer and
covered by a thin layer of water to prevent aphid escapes
were placed inside a Plexiglas cage (50 cm × 50 cm ×
50 cm) having ventilation holes on each side. To prevent
the accumulation of chemicals emitted by the plants or
aphids, a fan located on the top of the cage removed the
air from the cage at a rate of 20 cm3 /s. One hour after the aphid infestation, a single 2- to 4-d-old, mated,
and fed (with a drop of honey) A. rhopalosiphi female

3

was deposited on the bottom of the wheat plants on
which at least one aphid had been placed, and the cage
was closed. The female parasitoid was observed continuously, and the following behaviors were noted: arrival
to and departure from a plant, walking, resting, cleaning, host attack (antennal contact with an aphid, followed
by ovipositor contact) or rejection (antennal contact with
an aphid, not followed by ovipositor contact), departure
behaviors (female standing still on the border of a leaf and
rotating its antennae circularly in many directions) (Outreman et al., 2005). To identify if parasitoids visited several
times the same patches, the number of wheat plants visited by a female and their position in the mesocosm were
noted. The experiment was stopped after 1 h or when
the female rested or cleaned continuously for more than
15 min. A total of 31 females was tested in the experiment
(11, 10, and 10 females experienced the low, medium, and
high levels of host aggregation, respectively), for a total of
496 aphids (176, 120, and 120 aphids in the low, medium,
and high levels of host aggregation, respectively).
Statistical analyses
The number of hosts encountered in a mesocosm could
be considered as a proxy of its quality and thus may inform about the optimal aphid density and distribution.
In consequence, we analyzed the relationships between
that number and factors such as the number of aphids
on wheat plants, the rank of visit of the wheat plant, and
the exploitation state of the wheat plant (never exploited

Fig. 1 Experimental design, showing the three levels of aphid aggregation (low, medium, and high) tested. In each case, the cage
contained 16 wheat plants planted in a sand layer, covered by a thin water layer to avoid aphid escape for their patch. Only the
aggregation level (not the whole habitat quality) varied between the modalities. Ventilation holes on each side and a top-fan mimicked
a weak air-flow avoiding air saturation.
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Table 1 Estimated regression coefficients (β) and hazard ratios [exp(β)] for covariates included in the Cox proportional hazard model.
The model described the patch-leaving tendency of Aphidius rhopalosiphi foraging in a multipatch environment containing 16 wheat
plants and 16 Sitobion avenae aphids distributed according to different levels of aggregation. χ 2 corresponds to the likelihood ratio
tests. The overall significance of the fitting model: χ 2 = 308, df = 17.77, P value < 0.001.
Factors/covariates
Level of hosts aggregation
Number of aphids on the wheat plant (1)
Number of wheat plants previously visited
Revisit of the wheat plant (2)
First wheat plant visited
Ovipositor contact
Leaving posture
Cleaning
Interaction between (1) and (2)
Identity of the female (frailty term)

β

Exp(β)

χ2

df

P value

Tendency to leave the patch

−0.062
−0.518
0.184
1.225
0.634
0.160
0.642
−0.401
0.454

0.939
0.595
1.202
3.406
1.886
1.174
1.900
0.670
1.575

8.38
32.79
16.20
7.07
3.60
6.77
125.57
25.10
7.26
19.75

1
1
1
1
1
1
1
1
1
10.06

0.004
>0.001
>0.001
0.008
0.058
0.009
>0.001
>0.001
0.007
0.033

↓
↓
↑
↑
–
↑
↑
↓
↑
–

or previously exploited) as explanatory fixed factors using a generalized linear mixed model with clustered data
(Poisson distribution). The identity of each female was
included in the model as random effect, enabling data
concerning the same female to be correlated. In the same
way, patch residence time (censored data for parasitoids
still foraging inside a patch at the end of the experiment)
was analyzed using a Cox’s proportional hazard model
(Cox, 1972). This model determines a patch-leaving tendency associated with different fixed factors and time
dependent covariates (Table 1), in terms of a hazard ratio. Thus, the tendency of a female to leave the current
patch can decrease (hazard ratio < 1) or increase (hazard ratio > 1) depending on events occurring during the
experiment or fixed by the experimenter. The duration of
the departure behavior was analyzed by a linear mixed
model including the number of aphids on the wheat plant
and the exploitation state of these plants as fixed factors and the identity of the females as a random effect.
The effect of host aggregation on the proportion of attacked hosts was analyzed with a generalized linear model
with (Poisson distribution as error family). All analyses
were carried out using R 3.4.0 software (R Development
Core Team, 2017), with glmmML (Broström, 2013), nlme
(Pinheiro et al., 2015), and survival (Therneau, 2014)
packages.

Results
Oviposition behavior
The number of ovipositor contacts observed increased
with the number of aphids on wheat plants (β = 0.29,

Fig. 2 The number of ovipositor contacts by the parasitoid in
patches as a function of the number of aphids on the wheat
plant and revisits to the patches (black: first visit; gray: subsequent visit). Different letters above bars indicate a significant
difference, according to the Tukey’s HSD test.

z = 0.032, P < 0.001) but this effect was modulated by
the patch exploitation state (never or already visited) (interaction terms; β = –0.843, z = –5.432, P < 0.001),
and the and the rank of the visited patch (interaction
term; β = –0.023, z = –2.1428, P = 0.032): The number of aphids on a patch had an effect only on wheat
plants never visited previously and was close to zero on
plants that had been visited at least twice (Fig. 2). In
addition, the number of ovipositor contacts decreased
on the second and subsequent wheat plants visited in
comparison with the first visited wheat plant; this phenomenon occurred at all three host aggregation levels
(Fig. 3).
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Fig. 3 The number of ovipositor contacts in patches as a function of the number of aphids on the wheat plant and the rank
of the patch visit (black: first patch visited; gray: second or
subsequent patch visited).

Fig. 4 Probability of the parasitoid of staying on the patch
(Kaplan–Meyer survival curves) during the course of patch exploitation (in seconds) as a function of the number of aphids
(solid: zero aphids; dashed: one aphid; dotted: four aphids; dotdashed: eight aphids).

5

Fig. 5 Probability of the parasitoid of staying on wheat plants
having one (gray) and four aphids (black) for the first (solid)
and subsequent visits to the same patch (dashed).

Fig. 6 The duration of the patch-leaving posture displayed by
parasitoid females on wheat plants having varying numbers of
aphids (0, 1, 4, or 8).

patch previously exploited did not depend on the numbers
of aphids in it (Fig. 5).
The patch departure behavior

The allocation of time in patches
Data fitted with a Cox proportional hazard model
pointed out that several parameters significantly influenced the tendency of the parasitoids to leave the wheat
plants they visited (Table 1). First, as expected, the patchleaving tendency decreased as the host aggregation level
increased (including wheat plants without aphids). In the
same way, the number of aphids on the visited wheat plants
(from 0 to 8) influenced the tendency of the parasitoids
to stay on wheat plants: the higher the number of aphids
on a wheat plant, the lesser the tendency of the parasitoid
to leave it (Fig. 4). The tendency of parasitoids to leave a
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The duration of the patch departure behavior was longer
when more aphids were present on the patch (F3,213 =
5.318, P = 0.001), but did not depend on previous visits
of the same patch (F1,213 = 1.572, P = 0.211). Indeed, this
duration was longer on wheat plants having eight aphids
(z = 3.371, P = 0.004) than on plants having zero or one
aphid (z = 1.436, P = 0.006) (Fig. 6).
The proportion of attacked hosts
The proportion of aphids attacked by A. rhopalosiphi
increased with the host aggregation level (GLMM: df =
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Fig. 7 The proportion of aphids attacked (on a total of 16) during the course of the experiment depending of their aggregation
level among the wheat plants.

2, χ 2 = 5.016, P < 0.017; Fig. 7): aphids were attacked in
larger proportions in the environment with the high host
aggregation level than in the medium and low ones.
Discussion
The aim of this study was to test the effect of the host
aggregation level on the foraging strategies of aphid parasitoids. We showed that the tendency to leave a wheat
plant as well as the number of ovipositor contacts in each
of the visited patches differed between the treatments: the
foraging intensity seems to be stronger for females experiencing a high host aggregation level than lower ones.
Moreover, the spatial distribution of hosts in mesocosms
influenced the way parasitoids acquired information about
the host availability as they spend more time to explore environments characterized with more aggregated hosts than
with more uniformly distributed ones. We also demonstrated that the host attack rate by parasitoids increased
when hosts were aggregated on few patches. Therefore,
the way aphids are distributed among wheat plants influences their own survival as well as the foraging behavior
of their parasitoids.
Parasitoids showed a low patch-leaving tendency when
the host aggregation level was high compared to lower
aggregation levels. Such response is consistent with the
theoretical model of optimal patch departure: the higher
the host aggregation level, the lower the patch-leaving tendency (Iwasa et al., 1981). Linked to the proximate mechanisms of foraging, parasitoids tend to concentrate their
foraging effort in few patches when foraging on a highly

aggregated resource probably through a higher incremental mechanism (Pierre & Green, 2008; Pierre, 2011). This
study provides the first empirical evidence that the host
aggregation level is a key feature of the environment perceived by parasitoids, regardless of the average quality,
although this may not be a general rule. Indeed, it was
recently reported that the parasitoid Meteorus pulchricornis foraging on soybean plants does not respond to host
aggregation level within a patch (Sheng et al., 2014). It
is possible that patches are perceived in different ways by
parasitoids when foraging on plants varying in architectural complexity (e.g., wheat plants vs. soybean plants),
and that the potential adaptive mechanism we observed on
wheat plants in the present study occurs at a larger scale
on soybeans. It is also possible that at the spatial scale
of the mesocosm used in our study, parasitoid perceived
the patchiness of their hosts while at the plant scale used
in other studies, such distribution is not perceived. Based
on the unambiguous definition of a patch (Waage, 1979),
the patchiness of the host distribution in the mesocosm
we used here is likely to be perceived by the parasitoids,
as A. rhopalosiphi expressed different arresting behaviors
before leaving each wheat plants containing aphids, even
once.
Different sources of information can be used by parasitoids in order to express their adaptive response to the
host aggregation. They do not only perceive the average quality of their habitat, but also the way aphids are
distributed among the patches. As previously shown, we
showed that A. rhopalosiphi responds to cues acquired in
the current patch and the neighboring ones (even when
they were not visited) and combines this information with
its previous patch exploitation experience to adjust its
foraging behavior sequentially (Outreman et al., 2005).
It was generally assumed that parasitoids expressed such
an adaptive behavior by an intrapatch information perception. Here we also showed that A. rhopalosiphi seems
to perceive cues about the host aggregation level, such
as the presence of neighboring wheat plants containing
aphids, at a distance, as observed in other parasitoid
species (Corley et al., 2010; Fischbein et al., 2012). In
Aphidius species such as A. ervi, patches of aphids are
located thorough the perception of the alarm pheromones
(E)-β-farnesene emitted in large quantities when attacked
(Micha & Wyss, 1996; Hatano et al., 2008; Vandermoten
et al., 2012). As first mentioned by Outreman et al. (2005),
A. rhopalosiphi females circles their antennae in the air
at the leaf border before leaving the visited plants. We
interpret this patch-leaving behavior as the need for the
females to analyze cues coming from the neighboring
patches and probably to compare them with previous experience or other cues to make a take-off decision. The
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patch departure behavior probably enables the parasitoids
to detect such aphid kairomones derived from neighboring patches, or alarm pheromones emitted by parasitized
aphids, and so to detect the presence and/or the quality of other nearby patches. Here we showed that the
richer the visited patch, the longer the patch departure
behavior. It is thus plausible that the high number of aphids
in patches and therefore the quantity of alarm pheromones
emitted in the current visited patch might disrupt the ability of parasitoids to detect cues from other patches in the
environment (Shaltiel & Ayal, 1998). An alternative hypothesis is that kairomones emitted by attacked hosts are
attractive for A. rhopalosiphi at a distance of the patch
(Micha & Wyss, 1996), and repellent once upon the patch
entrance (Outreman et al., 2001b). To specifically determine the effect of kairomones perceived at a distance or
inside a patch is a key point requiring further investigations as field observations reported that alarm pheromone
emitted at natural levels did not attract predators and parasitoids under field conditions (Joachim & Weisser, 2015).
We demonstrated that the host aggregation levels influenced the foraging behavior of parasitoids regardless of
the total number of hosts in the environment. Winder et al.
(2013) showed that the spatial distribution of S. avenae
and Metopolophium dirhodum, two main targets of the
parasitoid A. rhopalosiphi, may be highly variable, even
in winter, but depends on the scale at which the spatial
process is considered. For example, aphid colonies are
extremely ephemeral at the host plant scale, continuously
redistributed though local dispersal, while aphid populations seem to be more stable at the field scale. At this
scale, variation of the spatial pattern emerges from the
season considered (Langer et al., 1997; Legrand et al.,
2004; Honek et al., 2016). As pointed out by several
authors, optimization of biological control programs requires an understanding of the response of parasitoids to
the distribution of their hosts at the relevant scales (i.e.,
spatial scale: from the host plant to the field, temporal
scale: from the individual lifespan to the season) (Raymond et al., 2015; Bosem Baillod et al., 2017; Morgan
et al., 2017). In our study, we showed that both the ovipositor contact rate was higher when aphids were aggregated
on some wheat plants than homogeneously distributed
among many wheat plants, and that A. rhopalosiphi disperse more and visit more wheat plants at a low aphid
aggregation level. Aphid populations are thus likely to
suffer more from a parasitoid attack when aggregated
among a few number of patches, than when they are more
uniformly distributed among the plants. While the host
density is known to have a strong impact on the density, the distribution and the behavior of natural enemies
(Morgan et al., 2017), the host aggregation is not taken
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into account itself. For instance, in the beginning of the
season when aphids are sparse and dispersed among the
wheat plants, the ability of A. rhopalosiphi to perceive
such a uniform distribution of cereal aphids may result
on a high parasitism rate by dispersing parasitoids among
the infested wheat plants (Legrand et al., 2004). Early releases of parasitoids in the season may thus slow down the
initial growth rate of aphid populations by using natural
enemies that adjust their foraging strategy to the aggregation of their hosts (Chambers et al., 1986; Sigsgaard,
2002; Legrand et al., 2004).
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Andrade, T.O., Hervé, M., Outreman, Y., Krespi, L. and van
Baaren, J. (2013) Winter host exploitation influences fitness
traits in a parasitoid. Entomologia Experimentalis et Applicata, 147, 167–174.
Banks, J.E. and Gagic, V. (2016) Aphid parasitoids respond to
vegetation heterogeneity but not to fragmentation scale: An
experimental field study. Basic & Applied Ecology, 17, 438–
446.
Ben-Ari, M., Gish, M. and Inbar, M. (2015) Walking aphids
can partake in within-field dispersal to distant plants. Basic
& Applied Ecology, 16, 162–171.

8
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