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General discussion

As emphasized in the introduction to this thesis, interactions between a pest and a
natural enemy in agricultural systems are often embedded in complex food

webs. The questions at the heart of this thesis are first, whether patterns expected
from food web theory can be identified from the dynamics of arthropod communities
in greenhouse crops (partly created through releases of natural enemies), and sec-
ond, how interactions in these food webs affect the suppression of pest species. In
this chapter I highlight and discuss the findings of this thesis.

Arthropod communities on plants often include generalist predators that feed on
multiple prey. Compared to a situation with only one prey and one predator, theory
on predator-mediated interactions between prey predicts lower equilibrium densities
of the prey species in the long term, (apparent competition; Holt, 1977). I studied
such indirect interactions between the pest species thrips, whiteflies and spider
mites as a shared prey of generalist predatory mites. In CHAPTER 3, I show that these
predators mediate apparent competition between thrips and whiteflies under non-
equilibrium conditions. This effect was not reciprocal; only whiteflies were negative-
ly affected by this predator-mediated interaction. Moreover, I present evidence that
effects of apparent competition were strengthened by positive effects of a mixed diet
of thrips and whiteflies on juvenile survival and developmental rate of the generalist
predatory mites. Given that populations are well mixed and predators feed on both
prey in the ratio in which they are encountered, a positive effect of mixed diets would
result in a higher predator growth rate and consequently in an increase of equilibri-
um densities of the predator and a decrease of those of the prey.

The opposite effect of apparent competition may occur when increases in the
density of one prey species result in satiation of the shared predators or in predator
switching (when a predator eats disproportionately more of the most common type
of prey), consequently reducing the consumption of the second prey species
(Murdoch 1969; Abrams & Matsuda 1996). This effect is apparent in the short-term,
when the densities have not yet reached an equilibrium (transient dynamics),
because eventually, the predator populations will increase because of the higher
densities of prey (Abrams & Matsuda 1996) and result in apparent competition.
Apparent mutualism may also occur in the long term when population densities do
not reach equilibria, but show cycles, resulting in repeated satiation of the shared
predators and repeated reduced predation on the other prey (Abrams et al., 1998). In
CHAPTER 4, I investigated if such population fluctuations of whiteflies result in long-
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term positive effects between whiteflies and thrips. In a first greenhouse experiment,
population cycling was induced by releasing high densities of the two pest species
at once. Because the larger juvenile stages and the adults of both pests are invulner-
able to predation by the predatory mites, young stages that escape from predation
due to predator satiation will reach adulthood and create a new generation of off-
spring. This in turn would result again in predator satiation, releasing thrips and
whiteflies from control. The results of this experiment indeed showed that pest
releases at once result in a high density of the second generation of whiteflies, which
significantly delay the suppression of thrips populations. In a second experiment, this
cycling was prevented by releasing the same densities of whiteflies as above, but
spread over several weeks, resulting in a continuous presence of whitefly eggs as
food for the predatory mites. This resulted in an opposite effect as was found in the
first experiment: repeated releases of whiteflies had a negative effect on thrips pop-
ulations compared to treatments in which no whiteflies were present. This was prob-
ably caused by a strong numerical response of the predators to the presence of prey
stages that are suitable for consumption. Hence, I found that both positive and neg-
ative predator-mediated interactions between prey can occur, as predicted by the
theory on these interactions (Holt, 1977; Abrams & Matsuda, 1996). To my best
knowledge, this is the first study to show the occurrence of both these interactions
within the time-scale of a single cropping cycle.

Theory on apparent competition concerns interactions between two prey species,
but real communities may be more complex because predators feed on more than
two prey species. In CHAPTER 5, I increased the food web complexity in cucumber by
adding spider mites as a third pest species to the system of thrips, whiteflies and the
generalist predator Amblyseius swirskii. The predator is not an effective predator of
spider mites, because it is strongly hindered by the webbing produced by the spider
mites. I show that not only whiteflies, but also spider mites are controlled better by
the presence of thrips through apparent competition. Densities of yet another pest,
spider mites, were even more suppressed when both thrips and whiteflies were pres-
ent. This study points at another interesting aspect of apparent competition: gener-
alist predators can have significant effects on prey species which they cannot sup-
press successfully in the absence of other prey. Such effects were, to my knowledge,
not shown before in the literature on experiments testing for apparent competition.

Predator-mediated apparent competition may not only occur among herbivores,
but also between herbivores and other natural enemies that are preyed upon by gen-
eralist predators. In CHAPTER 6, I demonstrate that generalist predatory mites used for
the control of thrips, whiteflies and spider mites, also feed on eggs of the midge
Aphidoletes aphidimyza, which is a predator of aphids. Because the predatory mites
do not feed on aphids, I refer to this interaction as hyperpredation. As explained
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above, theory on apparent competition predicts that the presence of one prey lowers
the equilibrium densities of the second prey. For hyperpredation, this would mean that
increases in the densities of the prey of the hyperpredator will result in lower equilib-
rium densities of the specialist natural enemy, which would consequently release the
prey of the specialist from control. I show that hyperpredation of predatory midges by
predatory mites in the presence of thrips or pollen as food, indeed releases aphids
from control. If hyperpredation depends on the density of both prey of the hyper-
predator, than it is not immediately obvious how it will affect the dynamics of the two
predator-prey systems. It might therefore be interesting to develop models on these
kinds of interactions to further understand the possible long- and short-term effects.
This is even more so if the two herbivores in this system may interact directly or
through induced plant defences. In order to predict the extent to which hyperpreda-
tion affects pest control, it might be useful to study preferences of hyperpredators for
the other natural enemy in comparison with the pest it should control.

CHAPTER 7 gives an example of the complexity of interactions in an arthropod
community, where effects of one interaction may override the effects of another. I
show that the possible release of aphids from control by predatory midges and par-
asitoids through intraguild predation by a generalist predatory bug was apparently
outweighed by the direct negative effects of this predatory bug on aphids. Thus
some effects that are potentially positive for prey species in food webs (such as
intraguild predation) may be weak in comparison with other, negative effects of gen-
eralist predators.

Summarizing, the experiments presented in this thesis contribute to testing food
web theory, specifically the theory of apparent competition. The results may contribute
to a better understanding of the dynamics in complex food webs, and at the same time
may help in developing biological control systems. One difficulty in comparing the
experimental results with the existing theory is that agro-ecosystems often consider
short-term (transient) dynamics, whereas theory is often based on equilibrium dynam-
ics (Briggs & Borer, 2005). Theory and experiments on transient effects would be help-
ful for predicting and understanding species interactions in biological control systems.
The findings in this thesis show that experiments in greenhouse ecosystems as model
systems with relatively low species diversity and comparatively simple food webs can
contribute to the evaluation and development of food web theory.

The questions that remain are how the interactions outlined above affect biological
control and what this all means for the future of biological control in greenhouses. This
thesis shows that both density-mediated interactions and behaviour-mediated inter-
actions are common in greenhouse crops and affect the results of biological control.
Especially the use of generalist predators will give rise to various types of interactions
and to increased connectivity in food webs. Generalist predators were long consid-
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ered as less effective than specialist natural enemies (Huffaker & Messenger, 1976;
Hokkanen & Pimentel, 1984; van Lenteren & Woets, 1988; Hoy, 1994). Moreover,
recent criteria for risk assessment of natural enemies consider the use of generalist
predators as less desirable than specialist natural enemies (van Lenteren et al., 2006).
However, the experiments in this thesis show effective control of thrips, whiteflies, spi-
der mites and aphids by generalist predators (CHAPTERS 2, 3, 5 and 7). The evaluation
of generalist predatory mites for thrips control in CHAPTER 2, together with the earlier
results on whitefly control (Nomikou et al., 2002), were the reason for Koppert
Biological Systems to start selling the predator A. (= Typhlodromips) swirskii on a com-
mercial scale in 2005 (see www.allaboutswirskii.com). Nowadays, this predator is
used in more than 20 countries and successfully applied in cucumber, sweet pepper,
eggplant and some ornamental crops (Cock et al., 2010). 

The role of generalist predators was recognized earlier by Murdoch et al. (1985),
who argued that the biggest advantage of generalist predators is the persistence of
populations (see also Chang & Kareiva, 1999; Symondson et al., 2002). In contrast,
augmentative releases of specialist natural enemies often involve problems with tim-
ing, costs and quality of the natural enemies. The quality of specialist natural enemies
depends on the host species on which they are reared and on the conditions during
storage or transport (van Lenteren, 2003; Vasque & Baker, 2004). This quality is espe-
cially important when pests are controlled curatively by releases of (often specialist)
natural enemies. In that case, pest control mainly depends on the effects of the
released natural enemies. In contrast, the quality of the released generalist natural
enemies will be less important when they are preventively released, and the offspring
of the released natural enemies are responsible for pest control. 

Another advantage of the use of generalist predators is that they can establish in
crops prior to pest infestation, which makes the system resilient to pest invasion. Thus
effective pest management becomes less dependent on the exact timing of releases
of natural enemies. In the near future, I expect that biological control systems in green-
houses will increasingly shift from augmentative releases of specialist natural enemies
to inoculative releases of generalist predators. For example, whitefly control was
mainly based on releases of specialist parasitoids for decades (van Lenteren & Woets,
1988; Avilla et al., 2004). This has changed since the introduction of generalist preda-
tory bugs and predatory mites that also feed on whiteflies. This has been so success-
ful in some crops that most, if not all, biological control is done by means of general-
ist predators (G. Messelink, personal observations). Thrips control has a long tradition
of using generalist predators, and in crops such as sweet pepper, these predators are
very effective (Ramakers, 2004). So far, biological control of aphids is mainly based on
frequent releases of specialist natural enemies such as parasitoids and predatory
midges (Ramakers, 1989; Blümel, 2004), which is expensive and often not successful
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(Bloemhard & Ramakers, 2008). Recent experiments showed that inoculative releas-
es of the generalist predator Macrolophus pygmaeus can also effectively control
aphids in sweet pepper (Messelink et al., 2011). Hence, I expect that future control of
aphids and other pests will increasingly be based on generalist predators.

An interesting aspect of using generalist predators is that pest control strongly
depends on the diversity of pests in the crop (CHAPTERS 3, 4 and 5). The fact that a
mixture of two pests can increase the survival and developmental rate of a general-
ist predator offers new opportunities to enhance pest control by optimizing the diet
for predators. Because many crops do not or hardly provide food for generalist pred-
ators, it may be possible to add food that is supplemental to the diet of a certain nat-
ural enemy species. Research should furthermore focus on ways to enhance estab-
lishment of generalist predators by offering alternative prey in open rearing systems
or banker plant systems (Huang et al., 2011), by food sprays (Wade et al., 2008;
Messelink et al., 2009), or by selecting plants that provide food or shelter in the crop
(Wäckers et al., 2005). Finally, it is desirable that future research focuses on select-
ing predators that are adapted to certain crop plants and perform well on the pests
and food sources present in these crops, rather than selecting natural enemies for
any particular pest species.

Summarizing, I conclude that it is important to consider all possible interactions
among species in arthropod food webs in order to detect interactions that are poten-
tially detrimental or beneficial for biological control. Detrimental effects can mainly be
expected from hyperpredators or hyperparasitoids (CHAPTER 6). In theory, intraguild
predation and apparent mutualism can also disrupt biological control. Hence, the
results of biological control of a particular pest species may be negatively affected
by the presence of other pests or natural enemies. However, I hope to have shown
that such negative effects can be outweighed by other, positive effects of generalist
predators. Furthermore, the use of a generalist predator for the control of two or
more pests can be advantageous for pest control, despite the possibility of apparent
mutualism (CHAPTERS 3, 4 and 5). Future research should focus on more complemen-
tarity and synergy among natural enemies. There are interesting examples of such
interactions, based on predator facilitation (Losey & Denno, 1998), pest stage com-
plementarity (Calvo et al., 2009) or microhabitat complementarity (Onzo et al., 2004).

Nowadays, there are unique possibilities to manipulate communities of natural
enemies by choosing from several species that are commercially available (van
Lenteren, 2000; Enkegaard & Brødsgaard, 2006). Thus, biodiversity can be created
and manipulated to maximise sustainable pest control. At the same time, such sys-
tems can be used to study the manipulation of biodiversity and species composition
on the dynamics of communities of plant-inhabiting arthropods under relatively con-
trolled conditions. Based on the abundance, diversity and potential risk of pest
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species, it is possible to adapt the strategies of natural enemy releases. In conclu-
sion, greenhouse experiments that evaluate multiple pest control with diverse
assemblages of natural enemies are not only needed to further develop biological
control strategies, but also offer excellent opportunities to test and, if necessary,
extend theories on multispecies interactions.
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