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Hyperpredation by generalist predatory
mites disrupts biological control of
aphids by the aphidophagous gall
midge Aphidoletes aphidimyza

G.J. Messelink, C.M.J. Bloemhard, J.A. Cortes, M.W. Sabelis & A. Janssen

Biological control of different species of pest with various species of generalist

predators can potentially disrupt the control of pests through predator-predator

interactions. We evaluate the impact of three species of generalist predatory mites

on the biological control of green peach aphids, Myzus persicae (Sulzer) with the

aphidophagous gall midge Aphidoletes aphidimyza (Rondani). The predatory mites

tested were Neoseiulus cucumeris (Oudemans), Iphiseius degenerans (Berlese)

and Amblyseius swirskii Athias-Henriot, which are all commonly used for pest con-

trol in greenhouse sweet pepper. All three species of predatory mites were found

to feed on eggs of A. aphidimyza, even in the presence of abundant sweet pepper

pollen, an alternative food source for the predatory mites. In a greenhouse experi-

ment on sweet pepper, all three predators significantly reduced population densi-

ties of A. aphidimyza, but aphid densities only increased significantly in the pres-

ence of A. swirskii when compared to the treatment with A. aphidimyza only. This

stronger effect of A. swirskii can be explained by the higher population densities

that this predator reached on sweet pepper plants compared to the other two

predator species. An additional experiment showed that female predatory midges

do not avoid oviposition sites with the predator A. swirskii. On the contrary, they

even deposited more eggs on plants with predatory mites than on plants without.

Hence, this study shows that disruption of aphid control by predatory mites is a

realistic scenario in sweet pepper, and needs to be considered when optimizing

biological control strategies.

Biological Control (2011) 57:246-252

Biological control of a particular pest species is increasingly becoming embedded
in a community of multiple species of natural enemies and pests, which interact

in several direct and indirect ways (Sih et al., 1985; Janssen et al., 1998; Prasad &
Snyder, 2006; Evans, 2008). Especially generalist predators that feed on multiple prey
and on other predators may negatively affect biological control (Symondson et al.,
2002). One widely studied interaction is intraguild predation, which occurs when one
predator species (the intraguild predator) kills and eats another predator species (the
intraguild prey) with whom it also competes for shared prey (Polis et al., 1989; Holt &
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Polis, 1997). In theory, intraguild predation can disrupt biological control (Rosenheim
et al., 1995), but in practice, results are mixed (Janssen et al., 2006, 2007; Vance-
Chalcraft et al., 2007).

Predators can also attack other predators without sharing a prey, with each pred-
ator feeding on a different prey species, so-called hyperpredation (see Müller &
Brodeur, 2002). However, the literature is not univocal on the terminology for this type
of interaction. Some prefer to use the term ‘secondary predation’ (Rosenheim et al.,
1995), or the more general term ‘higher-order predation’ (Rosenheim, 1998;
Symondson, 2002) for predators consuming other predators, which includes both
hyperpredation and intraguild predation. In conservation biology some predator-medi-
ated prey-prey interactions are described as hyperpredation (e.g., Courchamp et al.,
2000), whereas it would be more consistent to refer to these interactions as apparent
competition (Holt, 1977). For our study system we prefer to use hyperpredation for
predators eating other predators without sharing a prey, because the type of interac-
tion is similar to hyperparasitism. Hyperpredation seems to be less documented than
intraguild predation, but it has been reported to weaken pest suppression in some
cases (Snyder & Ives, 2001; Rosenheim, 2001; Kaplan & Eubanks, 2002; Prasad &
Snyder 2004; Rosenheim et al., 2004). So far, no specific theory has been proposed
about the effects of hyperpredation by generalist predators on prey populations. In
contrast, the effects of hyperparasitism have been described, both theoretically
(Beddington & Hammond, 1977; May & Hassell, 1981) as well as empirically (Sullivan
& Völkl, 1999). These studies indicate that obligate hyperparasitoids always lead to an
increase of the pest equilibria, which might be detrimental to biological control.

Several factors might relax the effects of generalist predators on other natural ene-
mies, such as anti-predator behaviour, habitat structure, habitat specialisation, spa-
tial heterogeneity and alternative prey (Krivan, 2000; Heithaus, 2001; Janssen et al.,
2006, 2007; Daugherty et al., 2007; Holt & Huxel, 2007; Sabelis et al., 2009). Hence,
empirical studies on the interaction among predators that include such factors are
needed for assessing the effects on biological control.

In this study, we examined the interactions between generalist predatory mites
and the aphidophageous gall midge Aphidoletes aphidimyza (Rondani) in green-
house sweet pepper plants. This predatory midge is regularly used for control of
aphids in greenhouses, because the larvae are effective predators of several aphid
species and the adults are very efficient at locating aphid colonies (Markkula et al.,
1979; Blümel, 2004; Choi et al., 2004). Generalist phytoseiid predatory mites are
used for controlling other major greenhouse pest species such as thrips, whiteflies
and spider mites (Gerson & Weintraub, 2007; Sabelis et al., 2008). In sweet pepper,
populations of these predators can be established even in the absence of prey,
because the continuous production of pollen provides sufficient food for the preda-
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tors (Shipp & Ramakers, 2004). We used the predatory mites Neoseiulus cucumeris
(Oudemans), Iphiseius degenerans (Berlese) and Amblyseius swirskii Athias-Henriot,
which are all commonly used for control of thrips in sweet pepper (Shipp &
Ramakers, 2004; Bolckmans et al., 2005; Gerson & Weintraub, 2007). Moreover, A.
swirskii is used for whitefly control in sweet pepper (Bolckmans et al., 2005). These
generalist predatory mites can be classified as hyperpredators, because they can
feed on eggs of A. aphidimyza (van Schelt & Mulder, 2000; Messelink et al., 2005) but
not on aphids (see below). For assessing the effects of predatory mites on A.
aphidimyza and the suppression of aphids, we specifically address the following
questions: (1) What are the predation rates of generalist predatory mites on A.
aphidimyza eggs? (2) Does pollen, an alternative food source for the predatory mites,
affect these predation rates? (3) What are the consequences of these interactions for
the suppression of aphids? (4) Does A. aphidimyza avoid hyperpredation through
selection of enemy-free aphid colonies? The prey in our experiments was the green
peach aphid, Myzus persicae (Sulzer), a major pest species in greenhouse vegeta-
bles (Blümel, 2004). By answering the above four questions, we aim to better under-
stand and predict the compatibility of important predators of thrips, whiteflies and
aphids in greenhouse crops.

Materials and Methods
Rearing
Sweet pepper plants, Capsicum annuum L. cv. Ferrari (Enza Seeds, Enkhuizen, The
Netherlands), were grown in rockwool blocks in a greenhouse compartment. We
used the red phenotype (Gillespie et al., 2009) of the green peach aphid, M. persicae,
which was cultured on sweet pepper plants. The predatory mites used for assessing
predation rates were all reared on pollen. Iphiseius degenerans was reared on flow-
ering (pollen producing) castor bean Ricinus communis L. in a greenhouse compart-
ment. Amblyseius swirskii and N. cucumeris were reared in climate rooms on cattail
pollen, Typha latifolia L., on sweet pepper leaves placed upside down on water-sat-
urated cotton wool in small plastic boxes, with 16 h of artificial illumination per day,
at 22°C and 70% RH. The predatory midge A. aphidimyza and the predatory mites
for greenhouse releases of A. swirskii were obtained from Koppert Biological
Systems (Berkel en Rodenrijs, The Netherlands).

Predation on aphids by predatory mites
We verified the assumption that the predatory mites in this study do not feed on
aphids by observing their behaviour in the presence of first instar aphids. Females of
N. cucumeris, I. degenerans and A. swirskii were starved for 24 h to ensure that all
predatory mites were motivated to feed. Sweet pepper leaf discs (4 cm diameter)
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were put upside down on wet cotton and infested with 4 reproducing females and
10-15 first instars of M. persicae. For each predatory mite species, we observed 20
starved females for 5 minutes with a binocular microscope (40×). Each individual
predatory mite was put on a separate leaf disc with aphids. The number of encoun-
ters with a visible response of the aphids (kicking a leg) and successful attacks
(killing of aphids) was recorded per mite. After these 5 minute observations, the mites
were left on the leaf discs for 24 h, after which leaf discs were checked for the pres-
ence of killed aphids. The observational data were analysed using a generalized lin-
ear model with a Poisson distribution and predator species as factor. Differences
were determined to be significant at p<0.05.

Additionally we tested whether population increases of aphids could be affected
by predatory mites. For this, we used the species A. swirskii only (most active in the
observational experiment). Eight leaf discs were embedded upside-down in water
agar (1% agar), each in a separate plastic box (5 cm high, diameter 6 cm), making
the abaxial side of the discs available to the aphids. To each box we added 10 2-day-
old females of M. persicae, which started to produce juvenile aphids shortly after put-
ting them on the leaf discs. Ten one-week-old females of A. swirskii were added to
half of these boxes (10 per box). The boxes were placed upside down on a tray cov-
ered with gauze in order to have the abaxial side of the discs facing downwards as
on plants (Ferreira et al., 2008). Ventilation was possible through a hole in the lid cov-
ered with insect gauze. Boxes were incubated at 16 h of artificial illumination per day,
22°C and 70% RH. Aphid and mite densities were assessed after 3 and 7 days.
Aphid densities were analysed with a repeated measures ANOVA, performed on
log(x+1) transformed numbers.

Predation on midge eggs by predatory mites
Predation on eggs of A. aphidimyza was measured for the three predatory mite
species A. swirskii, N. cucumeris and I. degenerans on glass arenas (20 × 20 mm) in
the absence or presence of an ample supply of sweet pepper pollen. The arenas
were placed on water-saturated cotton wool in plastic boxes and the edges of the
arenas were covered with strips of wet tissue paper in order to supply the mites with
water (according to van Rijn & Tanigoshi 1999). Each arena was supplied with 12 A.
aphidimyza eggs, collected with a fine brush from an aphid-colonized sweet pepper
leaf that was exposed to ovipositing females of A. aphidimyza in a cage during one
day. In addition to A. aphidimyza eggs, 20 μg of sweet pepper pollen was added to
half of the treatments. The pollen was collected from sweet pepper flowers (cv.
Ferrari) and stored in a freezer for about 1 month. It is known to be a good food
source for predatory mites (Vantornhout et al., 2004). Single mated female predato-
ry mites (1 week old) were starved for 24h to ensure that all predatory mites were
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motivated to feed, and were subsequently placed on the glass arenas for measuring
predation rates. The experiment was performed in a climate room at 22°C, 70% RH
and 16 h of artificial illumination per day. After 24 h, we counted the number of
preyed A. aphidimyza eggs (egg content removed). Each mite-food combination was
replicated 12×. Replicates where mites ran into the water were excluded from data
analyses and these replicates were repeated with other mite individuals.

Predation rates of predatory mites in the absence of pollen were analysed using a
generalized linear model with a Poisson distribution and predator species as factor.
The effect of adding pollen was analysed for each predator species with the same
models, but now with the presence or absence of pollen as factor. Differences were
determined to be significant at p<0.05.

Preliminary observations of predatory mites in the presence of aphids and larvae
of A. aphidimyza showed that predatory mites only incidentally attacked midge lar-
vae. They seem not able to prey on them because the midge larvae defend them-
selves with rapid head movements towards the attacking predatory mites. To verify
this, we added predatory mites of A. swirskii to boxes with aphids and midge larvae.
Eight plastic boxes were supplied with agar and sweet pepper leaf discs as
described above (section ‘Predation on aphids by predatory mites’). To each box we
added 80-100 aphids of mixed age. The boxes were placed upside down on a tray
of gauze in a cage with adults of A. aphidimyza for 1 day, in order to allow them to
oviposit near the aphids. The boxes were removed after one day and incubated in a
climate chamber as described above. After 3 days, we counted the number of midge
larvae per box and removed all unhatched eggs so that only midge larvae were pres-
ent. The number of larvae varied from 30-60 per box. Subsequently, we added four
adult female predatory mites of A. swirskii to each box and placed the boxes in the
same climate chamber. Numbers of midge larvae and mites were counted again after
1 and 3 days.

Effects of hyperpredation on aphid suppression
We conducted a greenhouse experiment in spring-summer to investigate the impact
of three species of predatory mites on aphid control by the predatory midge A.
aphidimyza in a sweet pepper crop. Sweet pepper plants, cv. Ferrari, were planted in
a loamy soil in two greenhouse compartments of 96 m2 each. The experimental unit
was one group of four sweet pepper plants enclosed in a walk-in-cage of 1 × 2 × 2
m. In total we used 20 cages. Each plant was grown according to a three-stems-per-
plant system, so in total there were 12 sweet pepper stems per cage. The experiment
had a randomized block design with four replicates of the following treatments: (1)
aphids, (2) aphids + A. aphidimyza, (3) aphids + A. aphidimyza + A. swirskii, (4) aphids
+ A. aphidimyza + N. cucumeris and (5) aphids + A. aphidimyza + I. degenerans.
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The predatory mites were released before the aphids and A. aphidimyza to mimic
the common greenhouse practice of releasing predatory mites on young plants.
Aphid infestations commonly occur later in the season, when predatory mites have
already established. The first predator introductions started 5 weeks after planting,
when the plants were about 1 m high and flowering, thus supplying pollen. The
predatory mites were released at densities of 100 individuals of mixed age/plant and
this was repeated after 3 weeks in order to ensure the establishment of predator pop-
ulations. Two weeks after the first predatory mite introductions, we infested plants
with the aphid M. persicae at densities of 10 aphids of mixed age per stem, thus 30
aphids per plant. This was done by transferring the aphids from a culture on sweet
pepper to upper leaf layers with a fine paintbrush. The aphidophagous midge was
released 3 and 4 weeks after the aphid introduction through adding 200 pupae (sex
ratio 50%) in a humid layer of vermiculite. The interval between aphid introduction
and releases of predatory midges enabled the aphids to establish and increase in
population density. The first adults of A. aphidimyza emerged 4 days after these intro-
ductions. Densities of aphids and predators were assessed weekly for 4 weeks,
starting 3 weeks after the aphid introduction (thus the first assessment was without
predatory midges). This was done by randomly picking 10 leaves per cage from the
upper 50 cm of the plant and transporting these leaves to the laboratory, where they
were observed using a binocular microscope. Predatory mites were mounted on
slides for further identification. Temperature and relative humidity were registered
every 5 minutes in one cage of each greenhouse compartment throughout the exper-
iment with a climate recorder. The values were nearly equal in the two greenhouses,
with average temperatures of 22.4 and 22.8°C and average relative humidities of 66
and 68%. For statistical analyses, a repeated measures ANOVA was performed on
log(x+1) transformed numbers of aphids, midge eggs, midge larvae and predatory
mites with the time since introduction of aphids as the repeated measure variable.
Differences among treatments with or without predators were tested at a 5% level
using Fisher’s LSD.

Oviposition behaviour of Aphidoletes aphidimyza
To test whether the presence of predatory mites on plants affected the oviposition
behaviour of A. aphidimyza, a short greenhouse experiment was conducted with iso-
lated pepper plants placed in a circle. Twelve sweet pepper plants, cv. Ferrari, were
placed in a circle with a diameter of 3 m in a 24 m2 greenhouse compartment. The
plants were 2 months old and had on average 40 leaves per plant. Each plant was
isolated and did not touch other plants. Furthermore, contamination was prevented
among the plants with a water barrier by placing each plant in a plastic pot on a dish
with water. Plants were infested with M. persicae by transferring a total of 40 individ-
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uals of mixed age with a fine paintbrush to four leaves of each plant. Half of the
plants were alternately infested with the predatory mite A. swirskii by adding 200 indi-
viduals in the carrier bran near the plant base, 5 days after the aphid releases. This
predator release rate corresponds with an average density of five mites per leaf,
which is common for A. swirskii (Calvo et al., 2009). One-day-old adults of A.
aphidimyza were released 5 and 6 days after the aphid introduction in the middle of
the circle of plants. In total we released 371 adults (51% female): 194 on day 5 and
177 on day 6. These adults had access to droplets of honey during the first day of
their adult lives.

Because the adults of A. aphidimyza are active at night, we were unable to
observe their behaviour. Instead, we observed the oviposition behaviour indirectly by
counting the number of midge eggs and larvae per plant. Note that predation on
midge eggs by the predatory mites could have affected these observations. To min-
imize this effect, we released high numbers of midges and made our observations in
the early morning, thus shortly after the night when females lay their eggs. Numbers
of aphids, midge eggs and midge larvae per plant were counted daily with a head-
worn binocular loupe (Zeiss KF 5x) over a period of 4 days, starting from the day after
the first releases of the midges. One final assessment was done after 7 days, includ-
ing a count of the predatory mites. The average greenhouse temperature was 22.0°C
and the average relative humidity 72%. Data of the first four daily observations were
analyzed with a repeated measures ANOVA, performed on log(x+1) transformed
numbers of aphids and midge eggs. The data of the final assessment were analyzed
using a one-way ANOVA with log(x+1) transformed numbers of aphids, midge eggs
and midge larvae as response variables. Differences between treatments with or
without predators were tested at a 5% level using Fisher’s LSD method.

Results
Predation on aphids by predatory mites
The average number of encounters in which aphids responded to predatory mites by
leg kicking varied between 1.0 and 1.4 and did not differ significantly among the mite
species (F2,57 = 0.78, p = 0.46). These encounters never resulted in a successful
attack of the aphid, neither within the 5 minutes of observation, nor after 24 h. In both
treatments, aphid densities increased from 10 to ca. 190 individuals per disc within
1 week, and the difference between treatments was not significant (F1,6 = 0.23, p =
0.65). Survival of the predatory mites was low (30% mortality) on leaf discs with
aphids as the only available food source, whereas females of the same age fed with
pollen survived and reproduced. Thus, both experiments confirm that these phyto-
seiids do not directly affect aphid densities, either by killing or through disruption of
aphid behaviour.
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Predation on midge eggs by predatory mites
Predation on A. aphidimyza eggs in the absence of pollen did not differ significantly
among the three tested predatory mite species (F2,33 = 1.56, p = 0.23). Starved
female predatory mites consumed on average 6-8 eggs per day (FIGURE 6.1). This
predation resulted in the predatory mites turning red, especially in the case of A.
swirskii and N. cucumeris that commonly appear more yellowish-brown. The pres-
ence of sweet pepper pollen did not significantly affect these predation rates for A.
swirskii (F1,22 = 1.26, p = 0.27) and N. cucumeris (F1,22 = 2.52, p = 0.13), but pollen
significantly reduced the predation rates for I. degenerans (F1,22 = 8.86, p = 0.007).
The midge larvae were not consumed by A. swirskii. Although all A. swirskii survived
in the presence of aphids and midge larvae, not a single mite showed the typical red
colouring which appears after feeding on the red midge larvae.

Effects of hyperpredation on aphid suppression
Aphid populations increased rapidly to high densities of hundreds per leaf up to the
fifth week in all treatments (FIGURE 6.2). Treatments significantly affected the aphid
population dynamics (F4,15 = 7.11, p = 0.002). Out of the three tested predatory mite
species, only the addition of A. swirskii to A. aphidimyza resulted in significantly high-
er levels of aphids compared to the treatment with A. aphidimyza only (FIGURE 6.2).
The numbers of A. aphidimyza eggs across time were significantly lower in the pres-
ence of predatory mites A. swirskii and I. degenerans (F3,12 = 10.63, p = 0.001)
(FIGURE 6.3A). The numbers of A. aphidimyza larvae through time were significantly
lower in the presence of any of the three species of predatory mites, with the lowest
densities in the treatment with A. swirskii (F3,12 = 8.66, p = 0.002) (FIGURE 6.3B).
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FFIIGGUURREE 66..11 – Rates of predation on eggs of the predatory midge A. aphidimyza by adult females of three species

of predatory mites in the absence or presence of sweet pepper pollen. Asterisk (*) indicates a significant effect of

the presence of pollen on predation rates (p<0.05).

*
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FFIIGGUURREE 66..22 – Population dynamics of aphids (M. persicae) in a sweet pepper crop in the absence or presence of

the predatory midge A. aphidimyza and in the presence of A. aphidimyza + generalist predatory mites (A. swirskii,

N. cucumeris or I. degenerans). Shown are average (± SE) aphid densities per 10 leaves. Aphids were introduced

in the first week and A. aphidimyza in the third and fourth week. Predators were released prior to aphid releases.

Different letters indicate significant differences among treatments through time (Fisher’s LSD test, p<0.05).
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FFIIGGUURREE 66..33 – Average densities (± SE) of eggs (A) and larvae (B) of the predatory midge A. aphidimyza per 10

leaves in a sweet pepper crop in the absence or presence of generalist predatory mites (A. swirskii, N. cucumeris

or I. degenerans). See legend to FIGURE 6.2 for further explanation. Different letters indicate significant differences

among treatments through time (Fisher’s LSD test, p<0.05).
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Densities of the predatory mites differed significantly among treatments (F2,9 = 20.29,
p<0.001), with A. swirskii having the highest densities (7.3/leaf), followed by I. degen-
erans (2.7/leaf) and N. cucumeris (1.3/leaf) respectively. In all treatments, we
observed low densities of spontaneously occurring Western flower thrips,
Frankliniella occidentalis (Pergande) (on average between 0 and 1 larva/leaf in week
4 to between 1 and 3 larvae/leaf in week 7). We never observed predation on A.
aphidimyza by thrips during leaf assessments, neither did we observe red coloured
individuals of thrips, suggesting that thrips do not prey on this predatory midge.
Other spontaneously occurring pest species were not detected.

Oviposition behaviour of Aphidoletes aphidimyza
Densities of aphids did not differ significantly between plants with or without preda-
tory mites during the first 4 days (F1,10 = 0.64, p = 0.44; FIGURE 6.4A). Thus, oviposi-
tion preferences of A. aphidimyza could not have been affected by aphid densities
during this period. Densities of midge eggs were also not significantly different
between the two treatments during the first 4 days (F1,10 = 1.22, p = 0.30), but there
was a trend of lower midge densities on the plants treated with predatory mites dur-
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FFIIGGUURREE 66..44 – Population dynamics of aphids (A) and eggs of the predatory midge A. aphidimyza (B) on sweet pep-

per plants with or without the predatory mite A. swirskii. Shown are average densities (± SE) per plant.
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ing these first 4 days (FIGURE 6.4B). On day 7, we found significant differences
between treatments for both aphid and midge densities (FIGURES 6.4 and 6.5).
Densities of aphids were lower on plants with predatory midges only than on plants
treated with predatory mites and predatory midges (F1,10 = 11.68, p = 0.007), where-
as the opposite was found for midge larvae: significantly lower densities on plants
with predatory mites than on the control plants without predatory mites (F1,10 =
22.03, p<0.001). Densities of midge eggs were significantly higher on plants with
predatory mites than on the plants without predatory mites (F1,10 = 24.93, p<0.001.
Predatory mites were found all over the plants in the predator treatments (average
densities of 164/plant (SE = 28.2), including the leaves with aphids. Control plants did
not harbour any predatory mites. The results of this experiment suggest that females
of A. aphidimyza strongly prefer to oviposit on plants with higher aphid densities and
do not avoid plants with predatory mites.

Discussion
Several studies have shown that predators can attack and kill other natural enemies,
but so far, few studies have shown the impact on pest suppression (Janssen et al.,
2006, 2007; Vance-Chalcraft et al., 2007). Our results demonstrate that hyperpreda-
tion of a specialist aphid predator by generalist predatory mites can disrupt the bio-
logical control of aphids.

We found that the three species of predatory mite all fed on eggs of the aphi-
dophagous gall midge A. aphidimyza, which is in agreement with earlier observations
(van Schelt & Mulder, 2000; Messelink et al., 2005). The presence of pollen, which is
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common in a sweet pepper crop, only slightly reduced the predation rates of A.
swirskii and N. cucumeris. However, the presence of pollen did significantly reduce
predation rate on A. aphidimyza eggs by I. degenerans. Similar results were found in
other studies concerning pollen-prey combinations with A. swirskii and I. degenerans
(Palevsky et al., 2003; Nomikou et al., 2004). Other preference studies with A. swirskii
and N. cucumeris showed that these mites preferred prey with the highest quality in
terms of reproduction (Buitenhuis et al., 2010). Such preferences might have played
a role in our study as well. However, we did not measure prey quality in terms of
reproduction as this was beyond the scope of our study.

On sweet pepper plants in greenhouses, we demonstrated the risks of using preda-
tory mites and A. aphidimyza in one crop. All three predators significantly reduced
populations of A. aphidimyza, but only A. swirskii significantly affected the population
dynamics of aphids, resulting in 3x higher aphid densities compared to plants with only
A. aphidimyza. The predators N. cucumeris and I. degenerans suppressed A.
aphidimyza densities less than A. swirskii, which might be explained by the lower den-
sities of these mites (1 and 3 mites/leaf respectively) in the crop, compared to A.
swirskii (7 mites/leaf). The releases of the predatory mites prior to the aphids and
midges resulted in different population densities of predatory mites before the midges
were introduced. Consequently, we were not able to compare the effects on aphid
control among the three species of predatory mite at equal predator densities, but this,
on the other hand, allowed us to assess the predator effects under a common sce-
nario in a sweet pepper crop. Other studies report similar differences in density among
these predators on pepper plants in the presence of thrips (Bolckmans et al., 2005;
Arthurs et al., 2009). The differences in our study might be the result of their perform-
ance on a mixture of food present on the plants, such as A. aphidimyza eggs, aphid
honeydew, pollen, nectar and some larvae of thrips. Remarkably, the reduced numbers
of A. aphidimyza larvae through predation by I. degenerans and N. cucumeris did not
result in higher populations of aphids. Midge larvae need at least seven aphids (in the
case of M. persicae) to complete their larval development, but kill on average 25
aphids at high aphid densities, and thus do not consume the entire content of the
aphids (Uygun, 1971). Aphid densities in our experiment were on average high com-
pared to the densities of midge larvae. Hence, increased attack rates and partial inges-
tion may explain the absence of an indirect effect of I. degenerans and N. cucumeris
on aphid densities. In addition to direct predation effects of predatory mites, some
trait-mediated effects might have affected aphid densities as well (Prasad & Snyder,
2006). For example, it could be that the midge larvae were disturbed by the predato-
ry mites, which consequently could affect the midge-aphid interaction. The presence
of thrips might also have affected the aphids directly or indirectly, but because of the
relatively low numbers of thrips this was not likely to be a strong effect.
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In a study on potato, Lucas & Brodeur (1999) showed that A. aphidimyza females
preferred to oviposit on sites with high trichome densities, where the risk of preda-
tion by coccinellid intraguild predators was reduced (Lucas & Brodeur, 1999). Thus,
it is possible that A. aphidimyza females select oviposition sites with lower risks of
predation. We therefore assessed whether ovipositing females of A. aphidimyza
avoided predation by predatory mites through selection of enemy-free aphid
colonies. However, we found no such avoidance. At equal aphid densities, no signif-
icant differences were found in the densities of A. aphidimyza eggs. This suggests
that female midges ignore the presence of predatory mites when they oviposit near
aphid colonies. After 7 days, we even saw the opposite of anti-predator behaviour;
more eggs were deposited on plants with predatory mites than on plants without
these predators. This last phenomenon can be explained by the strong preference of
female midges to oviposit on sites with higher aphid densities (El Titi, 1973; Lucas &
Brodeur, 1999; Choi et al., 2004). Thus, the results suggest that the predatory mite
A. swirskii only indirectly affects the oviposition behaviour of the female midges
through predation on midge eggs. This predation resulted in 6× lower densities of
midge larvae, which is the stage responsible for aphid consumption. Consequently,
aphid densities on plants with predatory mites were 8× higher than on plants without
predators. These higher aphid densities finally caused midges to oviposit more on
plants with the predatory mite A. swirskii.

In summary, generalist predatory mites can disrupt biological control of aphids
with the predatory midge A. aphidimyza. This hyperpredation emphasizes the impor-
tance of an entire-ecosystem view when designing biological control strategies for
multiple pest species. The predatory mite A. swirskii was the most disrupting for
aphid control, but this predator is very important for the control of whiteflies, thrips,
spider mites and broad mites (Nomikou et al., 2002; Messelink et al., 2006, 2010;
Arthurs et al., 2009; Calvo et al., 2009; van Maanen et al., 2010). Greenhouse crops,
fortunately, offer the unique possibility to create the desired community of natural
enemies by choosing and releasing the necessary natural enemies from the many
species commercially available (van Lenteren, 2000; Enkegaard & Brødsgaard, 2006).
Thus, based on the abundance, diversity and potential risk of pest species, it is pos-
sible to adapt the strategies of natural enemy releases. For example, in organic
greenhouse production systems of sweet pepper in The Netherlands, aphids are
much more serious pests than thrips. In such cropping systems, it might be better to
use thrips predators that are more compatible with specialised aphid enemies.
Generalist predatory bugs that feed both on thrips and aphids (e.g., Orius spp.) might
be a good alternative for predatory mites, but intraguild predation by such predators
is also a potential risk (Christensen et al., 2002; Hosseini et al., 2010). We suggest
that more experiments are needed to evaluate multiple pest control with diverse
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assemblages of natural enemies, because essential information about species inter-
actions within these communities is still lacking. This is not only important for further
development of effective biological control strategies, but can also be used for test-
ing and extending theories on multispecies interactions.
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