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Introduction and thesis outline

Predator-prey interactions play an important role in shaping dynamics of populations
of organisms. Whereas early theory has focused on interactions between popula-

tions of one species of prey and one species of predator (Volterra 1926, Lotka 1932,
May 1999), there is increasing emphasis on multispecies food webs involving more
complex interactions (Rosenheim et al. 1995, Janssen et al. 1998, Sih et al. 1998,
Brodeur and Boivin 2006). In this thesis, I study the interactions between two or more
prey species that share the same predator. Possible interactions in such systems are
predation, competition for resources between the prey species and indirect interactions
among the prey that are mediated by the predator. Predator-mediated interactions
include apparent competition and apparent mutualism (Holt 1977, Morris et al. 2004).
Theory predicts that adding a population of a new prey species to a system consisting
of one predator and one prey results in a lower equilibrium density of the resident prey,
even when the two prey species do not compete for resources (apparent competition;
Holt 1977, 1984). This is because the equilibrium density of the shared predator increas-
es with the increased equilibrium density of the added prey species. This interaction can
even lead to exclusion of the resident prey species (Holt 1977, Bonsall and Hassell
1997). In the short term, before reaching an equilibrium, two prey species that share a
predator may also affect each others’ densities positively because an increase in the
numbers of one species may lead to predator satiation, resulting in decreased preda-
tion on the other species (apparent mutualism: Holt and Lawton 1994, Abrams and
Matsuda 1996, Holt 1997). This predator satiation, however, occurs on a short time
scale, because the higher availability of prey will result in a numerical response of the
predator, which in turn leads to more predators that have to share the food (Holt and
Kotler 1987). Consequently, there will be less prey per predator and predators will cease
to become satiated. Like other predator-prey systems, two prey and a shared predator
can also show cyclic dynamics. Models predict that such population cycles weaken
apparent competition, or may even result in apparent mutualism. Such long-term appar-
ent mutualism occurs when population densities of one prey show cycles, resulting in
repeated satiation of the shared predators and repeated reduced predation on the other
prey (Abrams et al. 1998, Brassil 2006). In short, theory predicts positive as well as neg-
ative effects of the indirect interaction between prey through a shared predator.
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The theory discussed so far assumes that predators encounter and attack both prey
simultaneously. In reality, this will often not be the case; predators may be capable of
searching for only one of the prey species at a time. For example, when the two prey
species occupy different patches or habitats, an individual predator obviously has to
choose for which prey it will forage, and while hunting for one species, it cannot hunt
for the other. Because predators tend to leave habitats in which their foraging yields
are relatively low (Charnov 1976a), this provides the remaining prey individuals in this
habitat with a refuge, thereby promoting coexistence of prey species sharing a pred-
ator (Holt 1984).
When predators have to switch from feeding on one prey to feeding on another, they
are expected to devote more attention to the more abundant or more profitable prey
until its density declines, after which they will switch to feeding on the other prey
species (Murdoch 1969). In this case, the proportion eaten of a particular prey changes
from less than expected to more than expected as the relative abundance of that prey
increases (Murdoch 1969). Such switching may be the result of predators developing
a ‘specific search image’ for abundant and profitable foods (Tinbergen 1960). Given
that all species reach stable equilibrium densities, theory predicts the occurrence of
positive indirect effects of one prey population on the equilibrium densities of others
when predators exhibit switching (Abrams and Matsuda 1996, 2003).
Whereas with switching, the predator forages for either one prey or the other, but
never for both, optimal foraging theory predicts that predators should forage exclu-
sively for one prey species or for both (Charnov 1976b). This theory assumes that the
predator encounters both prey in the same patch, and that predators forage in such
a way as to maximize their net energy or food intake per unit time. Specifically, it pre-
dicts that generalist predators should switch from eating only prey of high quality to
eating a mixture of prey when the density of the high-quality prey falls below a
threshold (Charnov 1976b, Stephens and Krebs 1986). In systems with two prey
species sharing a predator, such adaptive foraging can result in apparent competi-
tion or apparent mutualism (Holt 1983).
However, it is clear that the diet choice of a predator is not always density depend-
ent, it can also be driven by the need of various nutrients. Herbivores are known to
select an opimal diet through consuming various plant species (Waldbauer and
Friedman 1991, Bernays and Bright 1993, Bernays et al. 1994, Singer and Stireman
2001). For example moose need to eat low-energy aquatic plants in order to obtain
sufficient sodium (Belovsky 1978). Diet mixing in predators received relatively little
attention (Greenstone 1979, Toft and Wise 1999), but predators are also known to
prefer mixed diets for nutritional reasons (Tinbergen 1981), for example to obtain
amino acids and fatty acids (Greenstone 1979, Uetz et al. 1992). Positive effects of
mixing high- and low-quality prey, such as increased survival and fecundity, have
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been demonstrated for several arthropods (Uetz et al. 1992, Toft 1995, Evans et al.
1999, Toft and Wise 1999, Harwood et al. 2009, see also Chapter 2).
Such effects have, to my knowledge, not been incorporated into the theory of appar-
ent competition. If mixed diets have a positive effect on predator survival or repro-
duction, it is easy to see from simple models of apparent competition that the equi-
librium densities of the prey sharing a predator will decrease. Equilibrium prey den-
sities are inversely related to the growth rate of the shared predator (Holt 1977),
hence, if the predators’ growth rate increases because of a mixed diet, prey equilib-
ria go down.
Besides the possible advantage of mixing diets in order to optimize nutrient uptake,
there is another advantage of mixed diets to predators. To my knowledge, this mech-
anism has received very little attention so far and I will therefore explain it in some
detail here. Predation rates of generalist predators are largely influenced by
antipredator behaviour of prey (Sih and Christensen 2001), such as fleeing, hiding
(Lima and Dill 1990) and counterattacking (Saito 1986, Janssen et al. 2002). To avoid
wasting energy or time on antipredator behaviour, which would otherwise have been
used for other essential activities, prey need to assess the risk posed by a predator
and tune their behaviour accordingly. To this end, chemical cues associated with
predators have shown to be helpful indicators (Chivers and Smith 1998). Many prey
species can distinguish chemical cues of predators that fed on conspecific prey from
those of predators that fed on heterospecific prey, and react stronger to the first
(Wilson and Lefcort 1993, Chivers et al. 1996, Laurila et al. 1997, Venzon et al. 2000,
Meng et al. 2006). If diet-related chemical cues enable prey to discriminate between
harmless and dangerous predators, predators might be able to ‘chemically disguise’
themselves by eating two given prey species alternatingly. Therefore, I suggest that
predators can increase their predation rate on a superior prey species by selecting a
mixed diet. Although this mechanism has been suggested a few times (Venzon et al.
2000, Lima et al. 2003, Meng et al. 2006), it has never been investigated.
As explained above, diet mixing does not only occur in generalist predators, but also
in herbivores (Belovsky 1978). Herbivores that mix plant food with animal food are
referred to as omnivores, i.e. they consume resources from different trophic levels
(Pimm and Lawton 1978). A special case of omnivory is called intraguild predation
(IGP, Polis and Holt 1989). It occurs when one species is an omnivore, a second
species is its prey and they share a third species as their food (Polis et al. 1989, Coll
and Guershon 2002, Janssen et al. 2007, Lucas et al. 2009). Theory has demonstrat-
ed that intraguild predators and intraguild prey can only persist when the intraguild
prey is the superior competitor for the shared food (Polis et al. 1989). This means that
the most efficient competitor for the shared prey can persist with this prey at low pro-
ductivity levels (Mylius et al. 2001, Kuijper et al. 2003), whereas at high productivity
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levels the IG-predator will exclude the IG-prey and this will result in an increase of the
equilibrium density of the prey (Holt and Polis 1997). The effect of IGP on the popu-
lation densities of the prey will, like in the case of apparent competition, depend on
prey preference of the IG-predator (Janssen et al. 1998) and antipredator behaviour
of the IG-prey (Magalhães et al. 2005).
Concluding, relatively simple food webs consisting of only two or three herbivores, a
plant and a predator are characterized by complex interactions, on the one hand,
through the occurrence of apparent competition, apparent mutualism and intraguild
predation, and on the other hand through the behaviour of predators and prey.
Additionally, the temporal and spatial scales on which these interactions occur will
intensify or weaken the effect of these interactions on population densities. 
The aim of this thesis is to study interactions determining prey densities in a simple
food web and how prey and predator behaviour influence the strength of these inter-
actions. I concentrate on predator-mediated interactions and diet choice, and do not
report on the interactions between the two herbivores mediated by the plant’s induced
defences.
Biological control systems, especially in greenhouses, offer an ideal opportunity to
assemble communities, in which relatively simple food webs can be studied experi-
mentally. In this thesis, I study such a simple food web to contribute to the knowl-
edge of the interplay between indirect predator-mediated interactions and behaviour
and improve biological control. I use a system consisting of a biological control agent
(the generalist predatory mite Amblyseius swirskii), three pest species (greenhouse
whitefly, two-spotted spider mite and the Western flower thrips) and cucumber plants
(see box ‘Experimental system’ for details and photos A-E). This offers the opportu-
nity to experimentally test the occurrence of apparent competition and apparent
mutualism, as well as to investigate behaviour of predators and prey that may affect
the population dynamics of the species involved.
In contrast with the time scale studied in most theoretical models on predator – prey
interactions, which often investigate the effects of interactions on equilibrium densi-
ties, the period of cropping in most agricultural systems is so short that equilibria
may not be reached (Briggs and Borer 2005). Predictions of interactions from stud-
ies that consider transient dynamics can be quite different from those that only con-
sider equilibrium dynamics (Janssen et al. 1998, Briggs and Borer 2005). For exam-
ple, using one predator species to control two pests at the same time seems to
favour biological control at first sight because it results in lower pest densities (appar-
ent competition), but theory on short-term dynamics of systems with multiple prey
that share a predator predicts that two prey species may also affect each other’s
densities positively (apparent mutualism: Holt and Kotler 1987, Holt and Lawton
1994, Abrams and Matsuda 1996, Abrams et al. 1998), which is not in favour of bio-

Roos-chap1.qxd  27-11-2011  12:58  Page 10



11

INTRODUCTION AND THESIS OUTLINE | CHAPTER 1

logical control. Thus, the experiments reported in this thesis also serve to show
whether shared predation results in better biological control.

Thesis outline
In Chapter 2, I address the question whether the dynamics of two prey species shar-
ing a predator is characterized by apparent competition or apparent mutualism. As
outlined above, most theory predicts that apparent mutualism occurs at a short time
scale, and long-term dynamics are characterized by apparent competition. It is not
clear however, when this transition from short-term to long-term dynamics occurs.
The dynamics of Western flower thrips and greenhouse whiteflies were studied, sep-
arately as well as together. Experiments were carried out in the presence of a popu-
lation of predatory mites on cucumber plants in small greenhouse compartments. In
this system, the time scale was set by the length of the growing season of the green-
house crop, which is about 10 weeks. In this period, there will be several generations
of pests and predators, but the system will not reach equilibrium, hence, it is unclear
whether the addition of a second pest will increase or decrease control of the target
species.
In Chapter 3, the question is whether pest species can escape from control by a
predator, and how this is affected by the presence of the second prey species. Again,
I study the effects of the two pest species, but now assessments were done more
frequently and earlier in the experiment, to investigate whether short-term positive
indirect effects of the two prey on each other occur. In contrast to the experiment
described in Chapter 2, pests and predators were released concentrated on one
plant. This was done to compare spatial dynamics of all three species and to assess
whether a temporal escape of one of the two prey occurs. Because the two pests
can disperse rapidly relative to the non-flying predator, prey can possibly escape
from predation in space and time.
In Chapter 4, the question is whether prey species diversity reduces populations of
non-prey species because of the increased numerical response of generalist preda-
tors on mixed prey populations. Because predators feeding on a mixture of food
sources often show increased survival and fecundity (Uetz et al. 1992, Toft 1995,
Evans et al. 1999, Toft and Wise 1999, Harwood et al. 2009), they can reach higher
densities. These high predator densities may significantly affect prey populations on
which the predators have small per capita effects. I perform a similar experiment as
in Chapter 2 and 3, but now I add a third pest species, the two-spotted spider mite
Tetranychus urticae Koch to investigate whether there might be effects of apparent
competition on prey that are only marginally suitable for the predator. This spider mite
species is an important greenhouse pest and often co-occurs with thrips and white-
flies. Spider mites are not good prey for the predator, and the predator cannot con-
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Experimental system

The experimental system consisted of the
generalist predatory mite Amblyseius swirs-
kii Athias-Henriot (Acari: Phytoseiidae), two
of its herbivorous prey species; the Western

flower thrips Frankliniella occidentalis (Per-
gande) and the greenhouse whitefly Trialeu-
rodes vaporariorum (Westwood) (Nomikou
et al. 2001, see also Chapter 2), one non-
prey herbivore (Tetranychus urticae Koch)
and cucumber plants, Cucumis sativa L. (cv.
Aviance RZ). Western flower thrips and
greenhouse whitefly are major pest species
of various crops, such as cucumber, sweet
pepper and eggplant in Northern Europe
and North America (Byrne 1990, Lewis
1997). 
The Western flower thrips is native to North
America but has spread to other continents,
including Europe, Australia, and South
America. Thrips lay their eggs in the tissues
of the plant and feed on the flowers and
foliage by piercing a hole in the leaf with
their mandibles and subsequently ingesting
cell contents via their maxillary stylets
(Chisholm and Lewis 1984). When thrips
feed on developing tissues, affected cells
are unable to expand, resulting in distortion
of mature leaves, fruits and petals. When
thrips feed on expanded tissue, affected
cells become filled with air, which imparts a
silvery appearance. Thrips feed mainly on
leaf parenchyma and plant pollen, but also
on eggs of its natural enemies, the predato-
ry mites Iphiseius degenerans (Berl.) and
Amblyseius cucumeris (Oudemans), the
eggs of another predatory mite Phytosei-
ulus persimilis Athias-Henriot (Faraji et al.
2002, Janssen et al. 2002), which is not an
important enemy of thrips, and on the eggs
of another herbivore competing for the
same host plant, the two-spotted spider
mite T. urticae (Trichilo and Leigh 1986,
Pallini 1998, Agrawal and Klein 2000).
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The greenhouse whitefly is common throug-
hout the tropics and subtropics and in
greenhouses in temperate zones. Whiteflies
lay their eggs on the undersides of leaves.
Eggs are pale yellow in colour, but turn dark
prior to hatching. Newly hatched larvae,
known as crawlers, are the only mobile im-
mature life-stage. During the first and sec-
ond larval instars, they are translucent and
flat. During the fourth and final immature life-
stage, referred to as pupa, compound eyes
and other body tissues become visible as
the larvae grow and rise from the leaf-sur-
face (Byrne and Bellows 1991). The green-
house whitefly mainly feeds on crops such
as cucumber, eggplant, pepper, tomato,
sweet pepper and zucchini. The whitefly
crawlers and adults cause direct crop dam-
age by inserting their stylet into leaf veins
and extracting phloem sap and indirect
damage by decreased photosynthesis as a
result of sooty mould (Vet et al. 1980, Lei et
al. 1996). 
The predatory mite A. swirskii occurs in the
wild in Mediterranean countries, and is well
adapted to warm and humid climate condi-
tions. The development from egg to the
adult phase takes only five to six days at 26
°C and includes the following stages of
development: egg, larva, protonymph, deu-
tonymph, and adult. If sufficient food is
available, A. swirskii lays on average two
eggs per female per day. This predatory
mite has proven to be an effective control
agent for thrips (Messelink et al. 2006),
whiteflies (Nomikou et al. 2001, 2002, 2010)
and broad mites Polyphagotarsonemus
latus (Banks) (Acari: Tarsonemidae) (van
Maanen et al. 2010). It is also shown that A.

swirskii attacks chilli thrips (Scirtothrips
dorsalis Hood) (Arthurs et al. 2009) and
possibly also tomato russet mite (Aculops
lycopersici) (Park et al. 2010).
In Chapter 2 and 4, I additionally use the
predatory mite Euseius ovalis (Evans), an
effective control agent for thrips (Messelink
et al. 2006) and whiteflies (pers. obs.), and
the two-spotted spider mite T. urticae an
important greenhouse pest often co-occur-
ring with thrips and whiteflies.

(A) Greenhouse whitefly, Trialeurodes vaporariorum,
(B) Western flower thrips, Frankliniella occidentalis,
(C) Two-spotted spider mite, Tetranychus urticae,
(D) Predatory mite, Amblyseius swirskii,
(E) Predatory mite, Euseius ovalis.
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trol this prey. Here, I investigate whether the build-up of large populations of preda-
tors on thrips and whiteflies has an effect on spider mite dynamics.
In Chapter 5, the question is addressed whether not only predators, but also herbi-
vores profit from consuming mixed food sources. Thrips are known as omnivores
and intraguild predators; they feed on spider mites, with which they also share the
host plant (see box ‘Experimental system’). I investigated whether thrips feed on
whitefly stages, such as eggs and nymphs and whether a mixed diet of whiteflies and
plant tissue has a positive effect on life history parameters of thrips. This is impor-
tant, because prey species diversity may not only result in higher densities of gener-
alist predators, but could also favour herbivores that are intraguild predators of other
herbivores.
As outlined above, predation rates are not only affected by predator behaviour, but
also by antipredator behaviour of the prey (Sih and Christensen 2001). It has been
suggested that predators can ‘manage’ antipredator behaviour by feeding on a mix-
ture of prey (Lima 2003). This is because many prey species show stronger
antipredator behaviour in response to chemical cues from predators that fed on con-
specific prey than to cues of predators fed on prey of another species. Lima et al.
(2003) therefore assumed that antipredator behaviour in prey increases with the num-
ber of conspecific prey that are attacked by a predator. In Chapter 6, I test whether
predators that were marked with cues of whitefly indeed have higher predation rates
on thrips than predators marked with cues of thrips.
In the final chapter, I summarize the results and discuss differences between these
results and theory on apparent competition, apparent mutualism and diet choice,
and formulate the consequences of my results for biological control.
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