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S.. Magalhaes To eat and not to be eaten: Do plant-inhabiting arthropods 
20044 tune their behaviour to predation risk? 

I I 

Generall introduction and outline 

Inn order to survive, grow and reproduce, animals need energy, which they 
acquiree by consuming other organisms, through herbivory or predation. 
Hence,, selection wil l act on foraging traits to increase the effectiveness of 
resourcee consumption. This results in organisms being frequently exposed 
too the risk of being killed. Therefore, selection wil l act on organisms to 
successfullyy avoid predation, by escaping, hiding, counterattacking and 
defendingg themselves (and/or their offspring). However, avoidance of 
predationn often goes at the expense of other fitness-determining activities, 
suchh as growing, mating or reproducing. To minimize these costs, prey 
shouldd tune their investment in predator avoidance to the risk of being 
killed.. Both the direct effect of antipredator behaviour on prey mortality 
andd its indirect effect on other fitness components wil l affect local 
populationn densities, which in turn wil l determine species distributions, 
populationn dynamics and community structure. Moreover, the ecological 
backgroundd in which prey is embedded may affect the efficiency of 
individuall  avoidance tactics, through frequency- or density-dependence. In 
thiss thesis, I investigate some of these aspects of the behaviour of 
predatorss and prey in several systems consisting of plant-inhabiting 
arthropods. . 

Variationn in predation risk 
Iff  all predators pose the same predation risk, selection may favour a single 
optimall  strategy to avoid predation. However, prey are exposed to 
differentiall  risks from different predator species or even from individual 
predatorss from the same species. Under this variation in predation risk, 
successfull  avoidance of predation requires specific responses to the risk 
posed.. In this section, I aim at identifying potential sources of variation in 
predationn risk. 

Voracityy varies among predator species. For example, predatory bugs 
mayy kil l twice as many prey as predatory mites, even when they feed on 
thee same prey (Sabelis and van Rijn 1997). Voracity may even vary 
considerablyy among closely related species. For instance, Typhlodromalus 

7 7 



GeneralGeneral introduction and outline 

aripoaripo and T. manihoti are predatory mites that feed on the same prey 
species,, the Cassava Green Mite, and predation rates of these two predator 
speciess differ by an order of magnitude of ten (Magalhaes et al. 2003 — 
Chapterr 2). Predation also varies with the predator stage, with older and 
largerr stages often being more voracious than younger and smaller stages. 
Conversely,, older prey stages are usually less vulnerable to predation than 
youngerr prey (Sabelis 1981, 1990, Woodward and Hildrew 2002, Nomikou 
ett al. 2004, Chapters 7 and 8). Furthermore, the motivation of an 
individuall  predator to attack prey wil l depend on the necessity of 
performingg other behaviour, such as finding mates, resting, etc., as well as 
onn the satiation level of the predator (McNamara et al. 2001, Chapter 6). 

Predationn rates are affected by intrinsic characteristics of the predators, 
butt they may also depend on the environment in which the predator-prey 
interactionn occurs. In habitats with complex structure, predators search 
longerr for each prey item and this can lead to lower predation rates 
(Kareivaa and Sahakian 1990, Grevstad and Klepetka 1992, Fordyce and 
Agrawall  2001). In addition, the presence of alternative food may affect 
predationn rate (van Rijn et al. 20O2). For example, the predatory bug Orius 
laevigatuslaevigatus feeds less on spider mites in presence of thrips, their preferred 
preyy (Venzon et al. 2002), and the quality of host plants affects predation 
ratee of plant-inhabiting omnivores (Agrawal and Klein 2000, Janssen et al. 
2003,, Chapter 3). Moreover, the predation rate of each predator is usually 
nott a linear function of prey density, but the proportion of prey eaten 
decreasess with increasing prey densities (Crawley 1992). Therefore, given 
equall  predator densities, the predation risk per individual prey is lower at 
higherr prey densities. 

Predationn rates may also differ in space and time; some predator species 
foragee in particular habitats only, leaving other habitats relatively free 
fromm predation. For instance, many fish attack daphnids and other 
organismss only near the surface of lakes, while deeper water layers are 
relativelyy safe for these prey (Elert and Ponhert 2000). Visual hunters 
usuallyy forage during the day, while other predators, such as owls, forage 
att night (Kotler et al. 1991). The predatory mite T. aripo forages in the 
apicess during the day but moves to the leaves at night (Onzo et al. 2003). 
Therefore,, patterns of predation exhibit spatial and temporal variation, 
evenn within a single species. 

Givenn this variation in predation risk, prey are expected to respond to 
predatorss through flexible antipredator behaviour. However, the reduction 
inn predation risk resulting from the display of antipredator behaviour 
shouldd outweight the costs associated with this behaviour. The next 
sectionn deals with this cost-benefit analysis and summarizes the various 
costss of antipredator behaviour. 
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Costss of avoiding predation and their effect on antipredator 
behaviour r 
Organismss have a limited amount of energy and/or time, which they need 
too allocate to several activities, such as foraging, growing, mating or 
reproducingg (Stearns 1992). The avoidance of predation is expected to 
requiree energy and/or time, and this may reduce the availability of these 
resourcess to other activities (Malcom 1992). A cost-benefit analysis of any 
behaviourr requires (1) the definition of a common currency for costs and 
benefitss (McNamara et al. 2001) and (2) disentangling costs from benefits. 
Commonn currencies can be time, energy, or any other currency that 
correlatess to fitness. The benefit of antipredator behaviour is the reduction 
inn predation due to this behaviour. I t can be measured by comparing 
predationn in absence of antipredator behaviour to predation when this 
behaviourr is displayed. Costs of antipredator behaviour are measured by 
comparingg the fitness of individuals that perform such antipredator 
behaviourr to that of individuals that do not. This should be assessed 
independentlyy of mortality due to predation, which is likely to vary 
betweenn these types of individuals. I here present an overview of costs 
associatedd to antipredator behaviour. 

Avoidancee of predators may result in less time being available for 
foraging.. Conversely, predation risk may be higher while prey are 
searchingg for food. This is known as the trade-off of 'to eat or to be eaten' 
(Abramss 1984, Anholt et al. 2000, Martin et al. 2003). For example, while 
foraging,, prey may become more conspicuous to predators (Lima 1998) or 
decreasee their degree of vigilance and thus increase the risk of being 
attackedd (Godin and Smith 1988). The decision to search for food or to 
avoidd being eaten wil l depend on the state of the prey. For instance, a well-
fedd prey may stop feeding and hide when perceiving the presence of a 
predator,, but prolonged hiding may lead to a higher risk of death due to 
starvationn (Villagra et al. 2002). Prey are expected to behave in such a way 
thatt their fitness is maximized, and this may result in accepting the risk of 
predationn to avoid death through starvation or the reverse (McNamara et 
al.. 2001). Prey may respond to predation risk by foraging in a safe habitat 
evenn when this habitat is less profitable in terms of food intake than a 
dangerouss habitat (Kotler et al. 1991, Pallini et al. 1998). Prey in less 
profitablee but safer habitats may also produce less offspring. For example, 
guppiess that live in habitats with high predation risk have more access to 
foodd than guppies in low-risk habitats, and this translates into higher 
fecundityy in high-risk habitats (Reznick et al. 2001). Finally, avoiding 
predationn may go at the expense of mating opportunities (Sih and Krupa 
1996). . 

Givenn these costs, prey should avoid predation only when predation risk 
iss sufficiently high and invest in feeding, growing, mating, reproducing or 
inn other activities otherwise (Charnov et al. 1976, Lima and Bednekoff 
1999,, Luttbeg and Schmitz 2000). Hence, antipredator behaviour is 
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expectedd to vary when different predator species pose unequal predation 
risks.. Indeed, cucumber beetles respond to the presence of dangerous wolf 
spiderss by feeding less, while the presence of less-dangerous but 
taxonomically-relatedd spiders does not induce a change in behaviour 
(Snyderr and Wise 2000). 

Variationn in antipredator behaviour 
Sincee predation risk varies in space and time, successful avoidance of 
predationn requires an adjustment to the spatial and temporal foraging 
patternn of each predator species. Indeed, mayflies avoid fishes that forage 
duringg the day by being active at night only, but they avoid stoneflies, 
whichh do not exhibit a temporal foraging pattern, by reducing activity in 
generall  (Huhta et al. 1999). Freshwater snails avoid fish by moving to a 
coveredd habitat where fish cannot penetrate, but they avoid crayfish by 
movingg to surface waters, which are not visited by these predators (Turner 
ett al. 1999). Therefore, several prey species respond specifically to the 
predatorr species they are exposed to (Sih et al. 1998, Magalhaes et al. 2002 
-- Chapters 4 and 5) and these specific responses result in more efficient 
antipredatorr behaviour. 

Althoughh prey may display efficient antipredator behaviour towards one 
predatorr species, they are usually attacked by different species of 
predators.. The successful avoidance of one predator species may increase 
preyy vulnerability to another predator species, a phenomenon known as 
'riskk enhancement' (Charnov et al. 1976, Sih et al. 1998). For example, 
aphidss fall from alfalfa leaves to avoid leaf predators, but this enhances 
theirr risk of being eaten by soil-dwelling predators (Losey and Denno 
1999).. Thus, even when prey are capable of responding specifically to each 
predator,, they may still be caught between the devil and the deep-blue sea. 

Sincee predation risk may vary with the prey stage, these may also differ 
withh respect to antipredator behaviour (Stoks and Blok 2000). In addition, 
olderr and invulnerable prey may protect their vulnerable offspring from 
predators,, by ovipositing in safe sites away from predators, but not avoid 
predatorss themselves. For example, whiteflies may visit any plant but 
avoidd ovipositing on plants with predators that are dangerous to their 
offspringg (Nomikou et al. 2003). Moreover, older stages that are 
invulnerablee to predation may also defend their offspring from predators 
byy chasing away or killin g predators that threaten their offspring (Asoh 
andd Yoshikawa 2001, Cocroft 2002). This protective parental care can be 
seenn a special case of antipredator behaviour (Chapter 8). 

Perceptionn of predators 
Thee capacity of prey to respond differently to each predator species 
dependss on the preys' perception of specific cues associated with these 
predators,, conveying reliable information on predation risk. Such cues may 
bee visual (Freitas and Oliveira 1996), vibrational (Bernstein 1984, Snyder 
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andd Wise 2000), acoustical (Spangler 1988) or olfactory (Dicke and Grostal 
2001).. Cues may be emitted by conspecifics, such as prey alarm 
pheromoness (Kislow and Edwards 1972, Peacor 2003), by the predators 
themselvess (Turner et al. 1999) or they may be associated with the diet of 
predatorss (Venzon et al. 2000, Persons et al. 2001, Stabell et al. 2003, 
Chapterr 6). 

Sincee cues associated with predation risk mediate the outcome of the 
interactionn between predators and prey, selection is expected to operate on 
thesee cues. For example, predators may evolve to become less detectable by 
prey,, and prey may be selected to detect predators more accurately (Adler 
andd Grünbaum 1999). Since predators are expected to avoid emitting cues 
thatt signal them, prey should capitalize on cues that predators cannot 
avoidd producing, such as mating pheromones (Adler and Grünbaum 1999). 
Onn the other hand, predators may detect cues that prey produce to signal 
dangerr to conspecifics (Hoffmeister and Roitberg 1998). Indeed, some 
predatorss use prey alarm pheromones to locate their prey (Teerling et al. 
1993,, Mathis et al. 1995, Allan et al. 1996). This adds to the puzzle of the 
evolutionn of alarm pheromones: why should prey signal danger to their 
conspecificss if this increases their own conspicuousness to predators? 
Experimentss on the evolution of these alarm signals are still lacking. 

Consequencess of antipredator behaviour for populations 
Spatiall  and temporal distributions of predators and prey may result from 
predationn itself, but also from antipredator behaviour (Moody et al. 1996, 
vann Baaien and Sabelis 1999, Adler et al. 2001, Bolker et al. 2003, Werner 
andd Peacor 2003). For example, plants with herbivorous two-spotted spider 
mitess and their predators, the mite Phytoseiulus persimilis, harbour fewer 
spiderr mites than plants without predators, not only because P. persimilis 
feedd on spider mites but also because spider mites avoid plants with these 
predatorss (Pallini et al. 1999). Antipredator behaviour may also affect the 
spatiall  and temporal distribution of prey within a single plant. For 
example,, daphnids and other organisms in lakes show daily vertical 
migrationn in response to predator cues, resulting in surface waters being 
relativelyy deprived of prey during daytime (Sih and Krupa 1996, Elert and 
Pohnertt 2000). Similarly, some arthropods respond to the presence of 
predatorss by migrating vertically within a plant, which may affect the 
within-plantt distribution of predators and prey, as well as the dynamics of 
tritrophicc interactions (Magalhaes et al. 2002 - Chapter 4, Persons et al. 
2002).. Antipredator behaviour can also strongly affect the structure of 
communities;; the avoidance of bass predators by bluegill sunfish affects 
speciess composition of the zooplankton in lakes (Turner and Mittelbach 
1990).. Likewise, the antipredator behaviour of grasshoppers in response to 
spiderss in old fields leads to changes in the relative composition of plant 
speciess (Schmitz et al. 1997). 
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Inn general, a higher efficiency of prey in avoiding predators increases 
thee persistence of predator and prey populations (Ives and Dobson 1987, 
Krivann 1997, 1998, van Baaien and Sabelis 1999). However, including prey 
antipredatorr behaviour in predator-prey models affects the stability of the 
equilibriaa in different ways. For example, refuges where prey avoid being 
killedd contribute more to stability when they are used by a fixed number of 
preyy than when refuges harbour a fixed proportion of the prey population 
(Crawleyy 1992). Moreover, the effect of refuges on stability varies with the 
detailss of refuge use. For example, when prey that use a refuge can still be 
killedd by predators, but with a decreased probability, refuges contribute to 
stabilityy if resource limitation inside the refuge is high, provided that the 
predationn rate of predators outside the refuge is sufficiently low. However, 
whenn resource limitation inside refuges is low, refuges are likely to 
destabilizee the predator-prey interaction (McNair 1986). When prey and 
predatorss distribute themselves over patches of different quality, the room 
forr stable equilibria decreases (van Baaien and Sabelis 1993), but 
persistencee is increased (van Baaien and Sabelis 1999). Experiments on 
thee role of refuges in population dynamics in terrestrial systems are 
scarce.. Murdoch et al. (1996) showed that populations of red scales reach 
higherr numbers on trees where they have access to refuges from 
parasitoidss (i.e., cavities in the bark of trees) than on plants without 
refuges,, although refuge use did not affect the stability of the system 

Whenn prey are attacked by two predator species, specific antipredator 
behaviourr in response to each predator may promote persistence, whereas 
aa behaviour that reduces prey conspicuousness to all predators decreases 
persistencee (Matsuda et al. 1993, 1994). In more complex webs, the effect 
off  antipredator behaviour on population dynamics depends on the position 
off  the predator and the prey in the food web. For example, two predators 
thatt feed on a common prey may also kil l each other, a phenomenon 
termedd intraguild predation (Polis and Holt 1992). A general criterion for 
thee persistence of systems with intraguild predation is that the intraguild 
preyy should be a better competitor for the shared resource than the 
intraguildd predator (Holt and Polis 1997). If the shared prey avoids the 
intraguildd prey and not the intraguild predator, this wil l increase the prey 
densityy at which the population of the intraguild prey can persist because 
aa smaller proportion of the prey population wil l be available for the 
intraguildd prey. Therefore, this antipredator behaviour reduces the 
competitivee ability of the intraguild prey relative to the intraguild predator 
andd may thus reduce the parameter space in which intraguild prey and 
intraguildd predators can coexist. Conversely, if the shared prey is more 
effectivee at avoiding the intraguild predator, antipredator behaviour is 
likelyy to contribute to persistence. By avoiding intraguild predators, 
intraguildd prey may also reduce i ts opportunities to feed on the shared 
prey,, which is also expected to reduce the persistence of systems with 
intraguildd predation (Chapter 6). Hence, in a system with intraguild 

12 2 



GeneralGeneral introduction and outline 

predation,, the relative strength of the interactions wil l hinge on which 
preyy exhibits the antipredator behaviour and on which predator is avoided. 
Therefore,, the effect of antipredator behaviour on the dynamics of 
populationss should be considered within a food-web context. 

Defensee strategies and fitness measures 
Inn this thesis, I mainly focus on the optimal antipredator behaviour from 
thee perspective of an individual prey that ignores the strategies displayed 
byy conspecifics. Thus, the contribution of a behavioural strategy to 
individuall  fitness is assumed to be independent of the behaviour of other 
individuals.. This perspective is chosen to simplify the hypotheses under 
testt and to detect cases where i t does not hold when confronted with 
experimentall  tests. It may well be more realistic to consider that the 
efficiencyy of each behavioural strategy (and thus its contribution to fitness) 
i ss expected to depend on the frequency of different strategies in the 
population,, as well as on population density. For example, when the 
populationn density of pollocks is low, they find a refuge from avian 
predationn in a habitat with algae, whereas schooling is more effective at 
highh pollock densities (Rangeley and Kramer 1998). Predation risk also 
affectss the outcome of models of ideal free distributions of prey, where the 
decisionn to occupy specific patches is frequency dependent, both in 
unstructuredd (Moody et al. 1996) and structured (Adler et al. 2001) 
populations.. Frequency dependence can also affect the evolution of prey 
signallingg danger to their conspecifics (e.g. alarm pheromones). Van 
Baaienn and Jansen (2003) predict that the frequency of honest alarm calls 
variess in time. These dynamics are determined by the temptation to cheat 
andd by strategies of neighbours (honest users or cheaters). Whether alarm 
cuess are honest or dishonest is crucial in determining the effectiveness of 
preyy escape behaviour. 

Evenn if the efficiency of a particular antipredator behaviour is 
independentt of density and of frequency, other individual traits may not 
be.. Which life-history trait is subject to density dependence wil l determine 
whichh fitness measure to use (Mylius and Diekmann 1995). This, together 
withh frequency dependence, wil l affect the evolutionary dynamical 
trajectory.. The end point(s) of this trajectory may translate into a 
behaviourall  strategy that is different than the one predicted under the 
assumptionn of a fixed fitness landscape. Therefore, identifying an 
antipredatorr behaviour that is optimal for the individual does not mean we 
havee identified the antipredator behaviour that wil l be selected for in an 
adaptivee dynamic world. 

Therefore,, the avoidance of predators by prey depends on the 
characteristicss of predators and prey, but also on the ecological setting in 
whichh the interaction occurs. Conversely, antipredator behaviour is part of 
thee ecological setting of species, and therefore contributes to our 
understandingg of the evolutionary ecology of species interactions. In the 
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nextt section, I wil l present an overview of my contribution to the study of 
antipredatorr behaviour. 

Thesiss outline 
Inn the first part of my thesis (Chapters 2 and 3), I focus on factors that 
affectt predation risk. In Chapter 2, I show that the predatory mites 
TyphlodromalusTyphlodromalus aripo and T. manihoti are spatially segregated within 
cassavaa plants, thereby posing different predation risks to their common 
prey,, the Cassava Green Mite (Mononychellus tanajoa). Moreover, 
predationn rates and numerical responses of these predators vary 
differentiallyy with prey density. 

Inn Chapter 3, I describe how host-plant species affect the diet choice of 
thee omnivorous Western Flower Thrips (Frankliniella occidentalis) feeding 
onn plants (cucumber or sweet pepper), eggs of a herbivorous spider mite 
(Tetranychus(Tetranychus urticae) and eggs of a specific predator of these spider mites 
{Phytoseiulus{Phytoseiulus persimilis). The relative predation risk of the eggs of these 
twoo mite species depends on the host-plant species on which the 
interactionn occurs. 

Inn the second part of this thesis (Chapters 4 to 8), I focus on the 
antipredatorr behaviour of prey in response to varying predation risk. 
Chapterr 4 describes the antipredator behaviour of the Cassava Green Mit e 
inn the system described in Chapter 2. Because the two predator species are 
differentiallyy distributed within the plant, prey may escape predation by 
verticall  migration to predator-free plant strata. I show that prey indeed 
seekk refuge from predation in strata with lower predation risk. 
Antipredatorr behaviour is thus displayed within a single plant. Moreover, 
Cassavaa Green Mites respond specifically to each predator species: when 
exposedd to T. manihoti, the leaf-dwelling predator, they migrate to the 
apicess while they migrate to the leaves in response to T. aripo, the 
predatorr living in the apices. The prey do not respond to Euseius fustis, a 
predatoryy mite that poses a low predation risk. These responses are 
mediatedd by odours produced by the predators. 

Chapterr 5 reports on the response of spider mites (T. urticae) when 
exposedd to two predatory mites that pose different risks. Spider mites 
producee a silky web that protects them from most predators, which are 
hinderedd by the threads (Sabelis 1981). However, some specialist 
predators,, such as P. persimilis, can cope with this web and are attracted 
too it, thus their predation rate is higher inside this structure than in 
unwebbedd areas (Sabelis 1981). I t was found that spider mites avoid 
webbedd areas in response to P. persimilis, but stay inside the web in 
presencee of Iphiseius degenerans, a predator that is hindered by this 
structure.. Hence, antipredator behaviour is specific to each predator. The 
behaviourall  response to the presence of each predator results in the 
highestt prey fitness (measured as the number of future dispersing 
offspringg prey - Metz and Gyllenberg, 2001). 
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Sincee prey are often part of complex food webs, they may avoid 
predatorss with which they also compete for food (intraguild predators). The 
predatoryy mite Neoseiulus cucumeris and the predatory bug Orius 
laevigatuslaevigatus both feed on thrips, but Orius may also kil l N. cucumeris. 
Chapterr 6 focuses on the antipredator behaviour of N. cucumeris towards 
Orius,Orius, their intraguild predators. It was found that iV. cucumeris avoids 
plantss with Orius and thrips. The diet of Orius prior to encountering a 
preyy is essential for eliciting prey avoidance: N. cucumeris avoid volatile 
cuess of Orius that were fed thrips but not of Orius fed other diets, 
includingg conspecifics. The predatory mite reduces its activity levels on a 
patchh with thrips receiving odours of Orius that had fed on thrips, leading 
too less captures of thrips by the predatory mite, compared to a patch 
receivingg odours of Orius fed a different diet. However, the diet of Orius 
doess not affect the predation risk of N. cucumeris. 

Whenn the size distribution of predators and prey overlap, larger prey 
stagess are often invulnerable to predator attack. However, smaller 
predatorr stages may be vulnerable to attacks by other organisms, even by 
largerr prey stages. Hence, large prey may kil l small predator stages. This 
killin gg may serve as a diet supplement (Janssen et al. 2003), but it also 
openss the way to another form of antipredator behaviour: counterattack. 
Counterattackk reduces the growth rate of predator populations, thus 
reducingg future predation risk. In Chapter 7, I show that counterattack 
mayy also reduce the immediate predation risk of larvae of the Western 
Flowerr Thrips that kil l the eggs of their predator, I. degenerans. When 
encounteringg patches with killed predator eggs, these predatory mites are 
deterredd and prefer to settle on other patches. In this way, the prey that 
aree present on patches with killed predator eggs run a lower risk of being 
predated.. Hence, by killin g predator eggs and thus deterring adult 
predators,, vulnerable prey stages can reduce their own predation risk. 

Soo far, I have provided examples of organisms that avoid being eaten 
themselves.. To increase their fitness, individuals are also expected to 
defendd their offspring. Therefore, protective parental care can be seen as a 
speciall  case of antipredator behaviour. In Chapter 8, I show that I. 
degeneransdegenerans females defend their eggs against the predation by thrips, by 
guardingg their eggs and killin g more thrips in the vicinity of their own 
eggs.. Such a predation pattern is not observed if eggs are unrelated to the 
I.I. degenerans female tested. The predatory mites recognize their eggs 
basedd on cues from the eggs themselves and cues left on the substrate 
wheree they have oviposited. 

Finally,, the third part of this thesis concerns the consequences of 
antipredatorr behaviour for the dynamics of local populations. Chapter 9 
reportss on how refuge use by prey affects population dynamics. Western 
Flowerr Thrips use the web produced by herbivorous spider mites as a 
refugee from predation by the predatory mite N. cucumeris. The mobility of 
N.N. cucumeris is hampered by the silken threads of the web, and this 
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reducess the predation rate of this mite. The developmental rate of thrips is 
lowerr inside than outside the web, since they compete with spider mites for 
plantt food (Pallini et al. 1998). Despite this cost, thrips reached higher 
numberss on plants with web than on plants without web. A parameter-rich 
stage-structuredd model of the predator-prey system showed that 
incorporatingg the cost of refuge use as a reduction in developmental rate 
andd the benefits as a decrease in predation rate is sufficient to adequately 
describee the dynamics of this system. 

Inn summary, I show that the predation risk of plant-inhabiting 
arthropodss varies and that antipredator behaviour is tuned to this 
variation.. In addition, some cues that trigger antipredator behaviour are 
identified.. By exposing prey to these cues rather than to the predators 
themselves,, the effect of predators on prey mortality is disentangled from 
thatt on prey behaviour. The benefit that prey gain from displaying such 
behaviourr is assessed by exposing prey to predators while preventing prey 
fromm performing antipredator behaviour. To prevent animals from 
performingg antipredator behaviour, either the access to refuges or safe 
habitatss is removed or animals are not offerred the cues that trigger such 
behaviour.. I show that decisions on whether or not to avoid predators have 
importantt consequences for the fitness of organisms as well as for the 
dynamicss of populations. 

Acknowledgements Acknowledgements 
II  would like to thank Martijn and especially Arne and Mous for many 
insightfull  comments, and Irene and Lurdes for providing the 
infrastructuree (shelter and food) that facilitated the writing of this text. 

16 6 



GeneralGeneral introduction and outline 

References s 

Abrams,, P. A. 1984. Foraging time optimization and interactions in food 
webs.. Am. Nat. 124: 80-96. 

Adler,, F. R. and Grunbaum, D. 1999. Evolution of forager responses to 
induciblee defenses. In: Tollrian, R. and Harvell, C. D. (eds.), The 
ecologyy and evolution of inducible defenses. Princeton University 
Press,, pp. 259-285. 

Adler,, F. R., Richards, S. A. and de Roos, A. M. 2001. Patterns of patch 
rejectionn in size-structured populations: beyond the ideal free 
distributionn and size segregation. Evol. Ecol. Res. 3: 805-827. 

Agrawal,, A. A. and Klein, C. N. 2000. What omnivores eat: direct effects of 
inducedd plant resistance to herbivores and indirect consequences for 
diett selection by omnivores. J. Anim. Ecol. 69: 525-535. 

Allan,, R. A., Elgar, M. A. and Capon, R. J. 1996. Exploitation of an ant 
chemicall  alarm signal by the zodariid spider Habronestes bradleyi 
Walckenaer.. Proc. R. Soc. London Ser. B 263: 69-73. 

Anholt,, B. R., Werner, E. E. and Skelly, D. K. 2000. Effect of food and 
predatorss on the activity of four larval ranid frogs. Ecology 81: 3509-
3521. . 

Asoh,, K. and Yoshikawa, T. 2001. Female nest defense in a coral-reef fish, 
DascyllusDascyllus albisella, with uniparental care. Behav. Ecol. Sociobiol. 51: 
8-16. . 

Bernstein,, C. 1984. Prey and predator emigration responses in the acarine 
systemm Tetranychus urticae-Phytoseiulus persimilis. Oecologia 61: 
134-142. . 

Bolker,, B., Holyoak, M., Krivan, V., Rowe, L. and Schmitz, O. J. 2003. 
Connectingg theoretical and empirical studies of trait-mediated 
interactions.. Ecology 84: 1101-1114. 

Charnov,, E. L., Orians, G. H. and Hyatt, K. 1976. Ecological implications 
off  resource depression. Am. Nat. 110: 247-259. 

Cocroft,, R. B. 2002. Antipredator defense as a limited resource: unequal 
predationn risk in broods of an insect with maternal care. Behav. Ecol. 
13:: 125-133. 

Crawley,, M. J. 1992. Natural enemies - The population biology of 
predators,, parasites and diseases. Blackwell Scientific Publishing. 

Dicke,, M. and Grostal, P. 2001. Chemical detection of natural enemies by 
arthropods:: an ecological perspective. Annu. Rev. Ecol. Syst. 32: 1-23. 

Elert,, E. and Pohnert, G. 2000. Predator specificity of kairomones in diel 
verticall  migration of Daphnia: a chemical approach. Oikos 88: 119-
128. . 

Fordyce,, J. A. and Agrawal, A. A. 2001. The role of plant trichomes and 
caterpillarr group size on growth and defence of the pipevine 
swallowtaill  Battus philenor. J. Anim. Ecol. 70: 997-1005. 

Freitas,, A. V. L. and Oliveira, P. S. 1996. Ant as selective agents on 
herbivoree biology: effects on the behaviour of a non-myrmecophilous 
butterfly.. J. Anim. Ecol. 65: 205-210. 

17 7 



GeneralGeneral introduction and outline 

Godin,, J.-G. J', and Smith, S. A. 1988. A fitness cost of foraging in the 
guppy.. Nature 333: 69-71. 

Grevstad,, F. S. and Klepetka, B. W. 1992. The influence of plant 
architecturee on the foraging efficiencies of a suite of ladybird beetles 
feedingg on aphids. Oecologia 92: 399-404. 

Hoffmeister,, T. S. and Roitberg, B. R. 1998. Evolution of signal persistence 
underr predator exploitation. Ecoscience 5: 312-320. 

Holt,, R. D. and Polis, G. A. 1997. A theoretical framework for intraguild 
predation.. Am. Nat. 149: 745-764. 

Huhta,, A., Muotka, T., Juntunen, A. and Yrjonen, M. 1999. Behavioural 
interactionss in stream food webs: the case of drift-feeding fish, 
predatoryy invertebrates and grazing mayflies. J. Anim. Ecol. 68: 917-
927. . 

Ives,, A. R. and Dobson, A. P. 1987. Antipredator behavior and the 
populationn dynamics of simple predator-prey systems. Am. Nat. 130: 
431-447. . 

Janssen,, A., Willemse, E. and van der Hammen, T. 2003. Poor host plant 
qualityy causes omnivore to consume more predator eggs. J. Anim. 
Ecol.. 72: 478-483. 

Kareiva,, P. and Sahakian, R. 1990. Tritrophic effects of a simple 
architecturall  mutation in pea plants. Nature 345: 433-434. 

Kislow,, C. J. and Edwards, L. J. 1972. Repellent odour in aphids. Nature 
235:: 108-109. 

Kotler,, B. P., Brown, J. S. and Hasson, O. 1991. Factors affecting gerbil 
foragingg behavior and rates of owl predation. Ecology 72: 2249-2260. 

Krivan,, V. 1997. Dynamic ideal free distribution: effects of optimal patch 
choicee on predator-prey dynamics. Am. Nat. 149: 164-178. 

Krivan,, V. 1998. Effects of optimal antipredator behavior of prey on 
predator-preyy dynamics: The role of refuges. Theor. Pop. Biol. 53: 
131-142. . 

Lima,, S. L. 1998. Nonlethal effects in the ecology of predator-prey 
interactions.. BioScience 48: 25-34. 

Lima,, S. L. and Bednekoff, P. A. 1999. Temporal variation in danger drives 
antipredatorr behavior: the predation risk allocation hypothesis. Am. 
Nat.. 153: 649-659. 

Losey,, J. E. and Denno, R. F. 1999. Factors facilitating synergistic 
predation:: the central role of synchrony. Ecol. Applications 9: 378-
386. . 

Luttbeg,, B. and Schmitz, O. J. 2000. Predator and prey models with 
flexiblee individual behavior and imperfect information. Am. Nat. 155: 
669-683. . 

Magalhaes,, S., Brommer, J. E., Silva, E. S„  Bakker, F. M. and Sabelis, M. 
W.. 2003. Life-history trade-off in two predator species sharing the 
samee prey: a study on cassava-inhabiting mites. Oikos 102: 533-542. 

Magalhaes,, S., Janssen, A., Hanna, R. and Sabelis, M. W. 2002. Flexible 
antipredatorr behaviour in herbivorous mites through vertical 
migrationn in a plant. Oecologia 132: 143-149. 

18 8 



GeneralGeneral introduction and outline 

Malcom,, S. B. 1992. Prey defence and predator foraging. In: Crawley, M. J. 
(ed.)) Natural enemies - The population biology of predators, 
parasitess and diseases. Blackwell Scientific Publishing, pp. 225-264. 

Martin,, J., Lopez, P. and Cooper, W. E. 2003. When to come out of a 
refuge:: balancing predation risk and foraging opportunities in an 
alpinee lizard. Ethology 109: 77-87. 

Mathis,, A., Chivers, D. P. and Smith, J. R. 1995. Chemical alarm signals: 
predatorr deterrents or predator attractors? Am. Nat. 145: 994-1005. 

Matsuda,, H., Abrams, P. A. and Hori, M. 1993. The effect of adaptive 
antipredatorr behavior on exploitative competition and mutualism 
betweenn predators. Oikos 68: 549-559. 

Matsuda,, H., Hori, M. and Abrams, P. 1994. effects of predator-specific 
defencee on community complexity. Evol. Ecol. 8: 628-638. 

McNair,, J. N. 1986. The effect of refuges on predator-prey dynamics: a 
reconsideration.. Theor. Pop. Biol. 29: 38-63. 

McNamara,, J. M., Houston, A. I. and Collins, E. J. 2001. Optimality 
modelss in behavioral biology. SLAM review 4: 413-466. 

Metz,, J. A. J. and Gyllenberg, M. 2001. How should we define fitness in 
structuredd metapopulatio models? Including an application to the 
calculationn of evolutionary stable dispersal strategies. Proc. R. Soc. 
Londonn Ser. B 268: 499-508. 

Moody,, A. L., Houston, A. I. and McNamara, J. M. 1996. Ideal free 
distributionn under predation risk. Behav. Ecol. Sociobiol. 38: 131-143. 

Murdoch,, W. W., Swarbrick, S. L., Luck, R. F., Walde, S. and Yu, D. S. 
1996.. Refuge dynamics and metapopulation dynamics: an 
experimentall  test. Am. Nat. 147: 424-444. 

Mylius,, S. D. and Diekmann, O. 1995. On evolutionary stable lif e histories, 
optimizationn and the need to be specific about density dependence. 
Oikoss 74: 218-224. 

Nomikou,, M., Janssen, A. and Sabelis, M. W. 2003. Herbivore host plant 
selection:: whitefly learns to avoid host plants that harbour predators 
off  her offspring. Oecologia 136: 484-488. 

Nomikou,, M., Janssen, A., Schraag, R. and Sabelis, M. W. 2004. 
Vulnerabilityy of Bemisia tabaci immatures to phytoseiid predators: 
consequencess for oviposition and influence of alternative food. 
Entomol.. Exp. Appl. 110: 95-102. 

Onzo,, A., Hanna, R., Zannou, I., Sabelis, M. W. and Yaninek, S. J. 2003. 
Dynamicss of refuge use: diurnal, vertical migration by predatory and 
herbivorouss mites within cassava plants. Oikos 101: 59-69. 

Pallini,, A., Janssen, A. and Sabelis, M. W. 1998. Predators induce 
interspecificc herbivore competition for food in refuge space. Ecol. Lett. 
1:: 171-177. 

Pallini,, A., Janssen, A. and Sabelis, M. W. 1999. Spider mites avoid plants 
withh predators. Exp. Appl. Acarol. 23: 803-815. 

Peacor,, S. D. 2003. Phenotypic modifications to conspecific density arising 
fromm predation risk assessment. Oikos 100: 409-415. 

Persons,, M. H., Walker, S. E. and Rypstra, A. L. 2002. Fitness costs and 
benefitss of antipredator behavior mediated by chemotactile cues in 

19 9 



GeneralGeneral introduction and outline 

thee wolf spider Pardosa miluina (Aranae: Lycosidae). Behav. Ecol. 13: 
386-392. . 

Persons,, M. H., Walker, S. E„  Rypstra, A. L. and Marshall, S. D. 2001. 
Wolff  spider predator avoidance tactics and survival in the presence of 
diet-associatedd predator cues (Aranae: Lycosidae). Anim. Behav. 61: 
43-51. . 

Polis,, G. and Holt, R. 1992. Intraguild predation: the dynamics of complex 
trophicc interactions. Trends Ecol. Evol. 7: 151-154. 

Rangeley,, R. W. and Kramer, D. L. 1998. Density dependent antipredator 
tacticc and habitat selection in juvenile pollock. Ecology 79: 943-952. 

Reznick,, D., Butler, M. J. and Rodd, H. 2001. Life-history evolution in 
guppiess VII . The comparative ecology of high- and low-predation 
environments.. Am. Nat. 157: 126-140. 

Sabelis,, M. W. 1981. Biological control of two-spotted spider mites using 
phytoseiidd predators. Part 1. University of Wageningen. 

Sabelis,, M. W. 1990. How to analyse prey preference when prey density 
varies?? A new method to discriminate between effects of gut fullness 
andd prey type composition. Oecologia 82: 189-198. 

Sabelis,, M. W. and van Rijn, P. C. J. 1997. Predation by insects and mites. 
In:: Thrips as crop pests. CAB International, pp. 259-354. 

Schmitz,, O. J., Beckerman, A. P. and O'Brien, K. M. 1997. Behaviorally 
mediatedd trophic cascades: effects of predation risk on food web 
interactions.. Ecology 78: 1388-1399. 

Sih,, A., Englund, G. and Wooster, D. 1998. Emergent impacts of multiple 
predatorss on prey. Trends Ecol. Evol. 13: 350-355. 

Sih,, A. and Krupa, J. J. 1996. Direct and indirect effects of multiple 
enemiess on water strider mating dynamics. Oecologia 105: 179-188. 

Snyder,, W. E. and Wise, D. H. 2000. Antipredator behavior of spotted 
cucumberr beetles (Coleoptera: Chrysomelidae) in response to 
predatorss that pose varying risks. Environ. Entomol. 29: 35-42. 

Spangier,, H. G. 1988. Moth hearing, defense and communication. Ann. 
Rev.. Entomol. 33: 59-81. 

Stabell,, O. B., Ogbedo, F. and Primicerio, R. 2003. Inducible defences in 
Daphniaa depend on latent alarm signals from conspecific prey 
activatedd in predators. Chem. Senses 28: 141-153. 

Stearns,, S. C. 1992. The evolution of lif e histories. Oxford University 
Press. . 

Stoks,, R. and Block, M. 2000. The influence of predator species and prey 
agee on the immediate survival value of antipredator behaviours in a 
damselfly.. Arch. Hydrobiol. 147: 417-430. 

Teerling,, C. J., Gillespie, D. R. and Borden, J. H. 1993. Utilization of 
westernn flower thrips alarm pheromone as a prey-finding kairomone 
byy predators. Can. Entomol. 125: 431-437. 

Turner,, A. M., Fetterolf, S. A. and Bernot, R. J. 1999. Predator identity 
andd consumer behavior: differential effects of fish and crayfish on the 
habitatt use of a freshwater snail. Oecologia 118: 242-247. 

20 0 



GeneralGeneral introduction and outline 

Turner,, A. M. and Mittelbach, G. G. 1990. Predator avoidance and 
communityy structure: interactions among piscivores, planctivores and 
plankton.. Ecology 71: 2241-2254. . 

vann Baaien, M. and Jansen, V. A. A. 2003. Common language or Tower of 
Babel?? On the evolutionary dynamics of signals and their meanings. 
Proc.. R. Soc. London Ser. B 270: 69-76. 

vann Baaien, M. and Sabelis, M. W. 1993. Coevolution of patch selection 
strategiess of predators and prey and the consequences for 
evolutionaryy stability. Am. Nat. 142: 646-670. 

vann Baaien, M. and Sabelis, M. W. 1999. Nonequilibrium population 
dynamicss of'ideal and free' prey and predators. Am. Nat. 154: 69-88. 

vann Rijn, P. C. J., van Houten, Y. M. and Sabelis, M. W. 2002. How plants 
benefitt from providing food to predators when it is also edible to 
herbivores.. Ecology 83: 2664-2679. 

Venzon,, M., Janssen, A., Pallini, A. and Sabelis, M. W. 2000. Diet of a 
polyphagouss arthropod predator affects refuge seeking of its thrips 
prey.. Anim. Behav. 60: 369-375. 

Venzon,, M., Janssen, A. and Sabelis, M. W. 2002. Prey preference and 
reproductivee success of the generalist predator Orius laevigatus. 
Oikoss 97: 116-124. 

Villagra,, C. A., Ramirez, C. C. and Niemeyer, H. M. 2002. Antipredator 
responsess of aphids to parasitoids change as a function of aphid 
physiologicall  state. Anim. Behav. 64: 677-683. 

Werner,, E. E. and Peacor, S. D. 2003. A review of trait-mediated indirect 
interactionss in ecological communities. Ecology 84: 1083-1110. 

Woodward,, G. and Hildrew, A. G. 2002. Body-size determinants of niche 
overlapp and intraguild predation within a complex food web. J. Anim. 
Ecol.. 71: 1063-1074. 

21 1 



. . 


