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Introductio nn — Foragin g Behaviou r 
andd th e Evolutio n of Specialisatio n in 

Herbivorou ss Arthropod s 

Ecologica ll  specialisatio n in herbivorou s arthropod s 

Thiss thesis deals with the evolution of ecological specialisation. 
Underr which conditions does a population or species evolve to spe-
cialisee on a subset of ecological resources? The question is old: 
undoubtedlyy I could find a reference for it in Darwin's (1859) 
OriginOrigin of Species if I would want to, for instance near his descrip-
tionn of nature as a 'tangled bank'. In this thesis, I hope to show that 
thee topic is still very much alive today. 

'Specialist'' and 'generalist' are typical examples of terms that 
defyy definition, even though they make intuitive sense (other 
exampless in this chapter include 'learning', 'species' and 'cue'). 
Definitionss of specialist and generalist rest on arbitrary bound-
aries,, e.g., feeding on more or less than a specified number of plant 
genera.. Of course, this is because specialist and generalist are rel-
ativee terms in a continuum of specialisation. For example, ever 
sincee the renaissance scientists are specialising on increasingly 
smallerr fields of science (such as evolutionary ecology, rather than 
thee natural sciences and philosophy). Today, we can recognise gen-
eralistt scientists and their specialist ('expert') colleagues, yet the 
generalistt scientist in no way compares to the homo universalis of 
oldd — who, if any, deserves the titl e generalist. I think it is in the 
humann nature to categorise (or discretise) everything we observe. 
Thiss is one of the reasons why biologists wil l never cease to dis-
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cusss the nature of species (see also Hey 2001) - or, for that matter, the 
numberr of specialist herbivores in any random community of insects on 
plants.. Luckily, we do not need to agree on a definition of specialist and 
generalistt in order to study specialisation. 

Inn plant-insect biology, host plant specialisation receives a lot of 
attentionn (Dethier 1954; Ehrlich and Raven 1964; Levins and Mac Arthur 
1969;; Bernays and Graham 1988; Thompson 1994; Berenbaum 1996; 
Schoonhovenn et al. 1998) because so many herbivorous insects are 
stronglyy specialised (Futuyma and Gould 1979; Chapman 1982; reviews 
inn Strong et al. 1984; Bernays and Chapman 1994). Since the seminal 
paperr by Fox and Morrow (1981), it is widely recognised that even gen-
eralistt species can represent a collection of locally specialised popula-
tions.. Moreover, studies on the genetic structure in insect populations 
frequentlyy show discrete groups (demes) at sometimes surprisingly small 
spatiall  scale: insects feeding on a tree species may even adapt to different 
individuall  trees (Edmunds and Alstad 1978; Mopper 1996)! 

Thee pattern that large numbers of herbivorous insects are specialised 
iss based on observations of insect species on host plants in the field. This 
typee of data does not exclude the possibility that many insect species can 
feedd on a wide range of host plants. For instance, a caterpillar may thrive 
onn several host plant species, yet occurs only on one because the female 
butterfliess lay their eggs on only one. Should we refer to this species as 
aa specialist? Its natural distribution suggests that it is very specialised 
(andd is counted as such in the data producing the pattern of specialised 
arthropodd herbivores), but if we were to consider resource utilisation as 
aa criterium it is not. 

Thee observed pattern of specific host use can be explained by forag-
ingg theory: if you have the choice between several host plants that vary 
inn quality (measured as fitness when utilising this host), you choose the 
highestt quality species (see e.g., Levins and MacArthur 1969; Rosenzweig 
1981,, 1987). Optimal foraging theory predicts that the ideal herbivorous 
arthropodd wil l occur on only a specific subset of plant species if their 
qualityy exceeds some marginal value. 

However,, foraging theory cannot explain the evolution of specialisa-
tionn in herbivorous arthropods. It is designed to explain animal behav-
iour,, not evolutionary change, and several aspects of the evolution of spe-
cialisationn are still in want of explanation. First, there is usually a good 
correlationn between specificity according to occurrence in nature and 
specificityy according to utilisation — herbivorous arthropods are also spe-
cialisedd when the criterion is based on resource utilisation. Second, there 
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aree ample examples of sister species in a clade of herbivorous arthropods 
thatt seem to have radiated onto a clade of plant species (e.g., Farrell 1998; 
Farrelll  and Mitter 1990, 1994; Futuyma and McCafFerty 1990; Futuyma 
etet al 1995; Termonia et al. 2001). If the group of sister species as a total 
iss able to adapt to a group of hosts, why does each sister species utilise 
onlyy its own specific selection of these hosts? 

Ecologica ll  theory : competitio n and fitnes s trade-off s 

Fromm an ecological perspective, there is not much theoretical work to 
providee insight into these aspects of specialisation in herbivorous arthro-
pods.. Basically, for evolution towards specialised resource (host) utilisa-
tionn in a species, individuals competing for two resources should be sub-
jectt to a strong fitness trade-off between the two resources (Levins 
1962).. This prediction, based on a random distribution of consumers 
overr two discrete resources, states that specialisation evolves when gen-
eralistss have greatly reduced fitness compared to specialists, such that 
thee fitness benefit of specialising on one resource is higher than the fit-
nesss cost on the alternative resource. 

However,, herbivorous arthropods are not generally known to be ran-
domlyy distributed over their resources. On the contrary, they generally 
displayy foraging behaviour. Studies on the evolution of specialisation that 
havee incorporated foraging behaviour, made use of the theory of optimal 
foraging.. The foraging theory is called optimal because it assumes that 
individualss make their foraging decisions based on perfect knowledge of 
thee different resources in the environment (omniscience) and without 
travell  time between the different resources. These assumptions imply 
thatt an individual immediately starts feeding on the resource that yields 
highestt fitness. Evolutionary theory incorporating optimal foraging pre-
dictss that for the evolution of specialisation the strength of the fitness 
trade-offf  does not matter: any trade-off suffices (Rosenzweig 1981, 1987). 
Throughh optimal foraging behaviour, a specialist can feed exclusively on 
thee host it is specialised on, thereby avoiding the cost of lower fitness 
fromm feeding on the alternative resource. 

Thesee models, with or without foraging behaviour, all assume that 
resourcee competition regulates population size. However, many insect-
plantt biologists doubt that competition is an important factor in the pop-
ulationn dynamics of herbivorous arthropods (e.g., Lawton and Strong 
1981;; Strong et al. 1984), and favour abiotic factors and predation instead. 
Bernayss is investigating the hypothesis that host specificity in herbivo-
rouss insects evolves due to selection pressure from generalist predators 
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(Bernayss 1988; Bernays and Graham 1988; Bernays 2001). She argues 
thatt neural limitations make generalists inefficient at information pro-
cessingg and therefore slower in deciding on which host plant to feed, 
whichh would make them more vulnerable to predation risk. In recent 
years,, though, population regulation by density-dependent processes 
receivess increasing support, especially in species where predation is not 
veryy strong (e.g., Denno et at. 1995; Dempster and McLean 1998). While 
'thee jury is out' on this issue, I feel free to join the latter view. A popula-
tionn of arthropod herbivores on a host plant wil l locally deplete their 
resource,, which wil l affect their birth and death rates. Moreover, I do not 
subscribee to Bernays' hypothesis. First, the stage of selecting a host plant 
iss short compared to e.g., feeding and ovipositing. Second, the stage of 
hostt selection is not more risky than other stages in lif e — generally, lif e 
reallyy is dangerous for herbivorous arthropods when they are on the host 
plant,, because that is where most predators are as well. Therefore, even 
thoughh generalists are slower in deciding on which host plant to feed, 
thiss is very unlikely to result in a higher predation rate. Instead, I would 
arguee that predators generally impose a mortality on herbivore species 
whichh is non-selective with respect to the herbivore's diet. This is 
becausee they are usually generalists and are usually not found on a spe-
cificc plant species, but seek out those plants with a high density of herbi-
vores.. The only exception I can see is when herbivores are 'invisible' to 
theirr predators on a specific plant species, i.e., when the plant provides 
enemyy free space. 

Anotherr important assumption in all the models is that individuals 
facee a fitness trade-off for utilising different resources. This fitness trade-
offf  is a necessary ingredient for the evolution of specialisation. Usually, 
thee term 'fitness trade-off' is interpreted in a population genetic sense as 
aa negative correlation among genotypes for fitness on two different 
hosts,, or as antagonistic pleiotropy Alternatively, it can be described in 
termss of Levins' (1962) fitness set (see also Rosenzweig 1987). Here, the 
fitnesss set for a species on two different host plants is the collection of 
pairss of fitness values (measured as density-independent growth rates) of 
alll  possible phenotypes. If these pairs are plotted as points in a graph, we 
typicallyy obtain a 'cloud' of dots that is bounded - species do not exhibit 
ann unconstrained variation in fitness. When the outside boundary of the 
fitnesss set has a negative slope, there is a fitness trade-off: no one pheno-
typee can maximise fitness on both host plants simultaneously. It seems 
plausiblee that physiological constraints on arthropod performance 
ensuree the existence of fitness trade-offs, but so far experimental evi-
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dencee in herbivorous arthropods is ambiguous (see e.g., Futuyma and 
Morenoo 1988; Jaenike 1990; Via 1990; Schoonhoven et al. 1998). Does 
thiss mean that such trade-offs are rare or that it is difficult to measure 
them?? This question wil l be discussed in some detail below, because the 
existencee of fitness trade-offs plays such a crucial role in the literature on 
evolutionn of specialisation, as well as in this thesis. 

Severall  theoretical arguments support the idea that genetic trade-offs 
aree difficult to measure. Fry (1993) described the 'general vigour' prob-
lem:: when there are many loci with positive genetic covariance across 
hosts,, antagonistic pleiotropy may be masked. In other words, individu-
alss are performing well on both hosts for many characters — hence, they 
havee general vigour. Joshi and Thompson (1995) have offered a second 
explanationn for the lack of evidence for trade-offs. If performance is poly-
genicallyy controlled and only some loci have antagonistically pleiotropic 
alleles,, one can only measure a trade-off when the population has adapt-
edd to both hosts and is at or near genetic equilibrium. Therefore, when 
performancee is measured on a novel and a normal host (as is commonly 
thee case), negative genetic correlations between performance on the two 
hostss wil l usually not be found. It is quite difficul t and requires a lot of 
experimentall  effort to reliably demonstrate the existence of a fitness 
trade-off.. I think Joshi and Thompson's explanation is the prime reason 
whyy trade-offs among hosts have not been readily documented. It would 
seemm premature to conclude that the lack of experimental evidence for 
fitnesss trade-offs is evidence for their absence. 

Ass an example, let us have a look at some of the data I collected dur-
ingg the experiments described in Chapter 4. In Fig la, you can see the 
typicall  result when a group of genotypes is tested for a fitness compo-
nentt (in this case, developmental rate) on two hosts: general vigour. Each 
dott in the graph represents the performance of offspring from one female 
spiderr mite (Tetranychus urticae); half of the offspring was tested on 
cucumber,, and the other half on tomato. The cloud of dots show a posi-
tivee correlation, indicating that offspring developing faster on cucumber 
alsoo tend to develop faster on tomato. Fig. lb, on the other hand, shows 
aa result that is expected when a trade-off is present. In this case, when 
offspringg survival is higher on cucumber, it tends to be lower on tomato. 
Thee two graphs are from two different mite strains: Fig la is from a 
strainn adapted to tomato, and Fig lb from a strain adapted to cucumber. 
Bothh strains have a known evolutionary history on their respective host 
plantss of at least ten years (  250 generations) before they were brought 
too our laboratory where they were grown on a (presumed) neutral host 
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Figg 1 A trade-off in survival and development rate of Tetranychus urticae on 
cucumberr and on tomato? Egg clutches from single females feeding on cucum-
berr were split; one half of the offspring was reared on cucumber and the other 
halff  on tomato (data from Chapter 4). Hence, each dot in the graphs represents 
offspringg of one mother, (a) Offspring development rate on cucumber and on 
tomatoo from a strain of T. urticae adapted to tomato. There is a clear and signif-
icantt positive correlation (Pearson's r = 0.536, Bartlett %2 — 5.921, d.f. = 1, 
p<0.05),p<0.05), indicating 'general vigour' in this fitness component, (b) Offspring sur-
vivall  rate on cucumber and on tomato from a strain of T. urticae adapted to 
cucumber.. There is a clear and significant negative correlation (Pearson's r = -
0.447,, Bartlett j} - 4.126, d.f. = 1,/><0.05), indicating that there may be a trade-
offf  in this fitness component. 

14 4 



IntroductionIntroduction — Foraging Behaviour and the Evolution of Specialisation 

plant,, Lima bean. Hence, for both strains this test was performed with a 
novell  host plant and a normal host plant. This may explain why Fig la 
doess not show a fitness trade-off. However, to prove this requires select-
ingg this strain of mites for performance on both tomato and cucumber for 
aa large number of generations, to ensure that the mites adapt to both 
hostss and are near genetic equilibrium. For much the same reasons, the 
resultt in Fig 1 b is no hard evidence of a trade-off. Since this mite strain 
iss not adapted to tomato, the genetic variation for survival on tomato 
presentt in the strain could exhibit any correlation with the genetic vari-
ationn for survival on cucumber. Moreover, when the negative correlation 
iss a linkage disequilibrium not due to antagonistic pleiotropy, selection 
forr performance on both tomato and cucumber for a large number of gen-
erationss may lead to genotypes that can combine high survival on 
cucumberr with high survival on tomato. It is this type of experiment, 
selectionn for a 'Master-of-all-trades' (which wil l take several years for T. 
urticae),urticae), that can provide strong evidence for a fitness trade-off 
(Mackenziee 1996). This may be one reason why evolutionary biologists 
workingg with micro-organisms have had more success (see Reboud and 
Belll  1997; Cooper and Lenski 2000; Holt 2000). 

I tt is possible, however, that our gut feeling about the existence of 
physiologicall  constraints and trade-offs is misleading us. The lack of 
experimentall  evidence for trade-offs may be due to the fact that they are 
reallyy absent. Some have accepted this as their working hypothesis and 
developedd theory on the evolution of specialisation without trade-offs. 
Forr instance, Fry (1996) argues that specialised host choice can evolve in 
thee absence of genetic trade-offs (in this case defined as loci with alleles 
thatt are beneficial on one host, but deleterious on another), as long as 
reactionn norms for fitness on the different hosts cross. As an alternative 
too trade-offs, the mutation-selection balance under hard selection gener-
allyy causes mean fitness on one of two hosts to be higher (see also 
Kaweckii  et al 1997), which creates selection for alleles that increase pref-
erencee for that host. Van Tienderen (1991) had already shown that the 
outcomee of evolution of generalists and specialists for soft and hard 
selectionn models are qualitatively different. Other models for the evolu-
tionn of specialisation without trade-offs emphasize effects of deleterious 
mutationss or Red-Queen plant-herbivore coevolution (Kawecki 1994, 
1997,, 1998; Whitlock 1996). At present strong evidence for an important 
rolee of coevolution between plants and herbivorous arthropods is lacking 
(butt for an example, see Berenbaum and Zangerl 1998), and many insect-
plantt biologists adhere to the view that insects adapt to their host plants 
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butt plants show no strong evolutionary response to their insect herbi-
voress (see e.g., Schoonhoven et al. 1998). Deleterious mutations are at pre-
sentt virtually impossible to measure directly, and indirectly only with 
complicatedd experiments and under a lot of assumptions. Therefore, it is 
tooo early to seriously assess the role of deleterious mutations in special-
isationn of herbivorous arthropods. Plant-herbivore coevolution and dele-
teriouss mutations are not included as topics in this thesis. 

Ecologicall theory: spatial structure? 

Ann extension of the theory to spatially structured populations (e.g., in a 
metapopulation)) is, to my opinion, sorely lacking and has only just start-
edd (see also Thompson 1994, 1999; Gomulkiewicz et al. 2000 for 
Thompsonss 'Geographic Mosaic Theory of Coevolution'). Nagelkerke 
andd Menken (2001) present first theoretical results from a Levins-type 
metapopulationn model, which show that spatial structure allows coexis-
tencee of specialists and generalists, when generalists are always outcom-
petedd by specialists in local patches. However, when the generalist 
speciess acquires some 'competitive power' (i.e., sometimes wins competi-
tionn in a patch) it can globally outcompete the specialist species. Hence, 
thee basic question is now carried over to the metapopulation setting: why 
aree there any specialist species? I expect that such basic ingredients as a 
fitnessfitness trade-off among habitats and foraging behaviour of the con-
sumers,, both favouring specialisation, wil l soon be included to develop a 
neww metapopulation theory of specialisation. 

Hostt race formation - speciation through specialisation 

Thee evolution of specialisation in herbivorous arthropods may lead to 
hostt race formation through specialisation on different host plants. Host 
racess are populations that are adapted to different host plants and are 
partiallyy reproductively isolated as a consequence of host-associated 
adaptationss (Diehl and Bush 1984). Host race formation is a first step 
towardss sympatric speciation: the formation of new species in the face of 
genee flow (Howard and Berlocher 1998). Therefore, in herbivorous 
arthropodss there is a strong, natural link between the evolution of spe-
cialisationn and speciation. 

Shouldd we think of host race formation as a divergence in diet - the 
splittingg of a generalist species into two specialist sister species (e.g., Rice 
1987)) - , or as a host shift - one specialist species 'buds off' another spe-
cialistt species (e.g., Bush and Smith 1997)? Bush, Feder and co-workers 
aree in favour of the host shift hypothesis, but I think it is hard to prove 
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onee hypothesis or the other after the process has already taken place. 
Take,, for example, the famous case of the apple maggot fly  Rhagoletis 
pomonellapomonella (Feder 1998; Filchak et al. 2000). Since its introduction to 
North-Americaa in the mid- 1800s, this species of fruit fly has started to 
usee apple as a host plant in addition to its native host plant, hawthorn. 
Thee working hypothesis of Bush, Feder and co-workers is that some flies 
movedd from the ancestral host to the new host, and that subsequently 
hostt fidelity maintained two partially isolated races that are adapting to 
theirr own host plant. The alternative hypothesis, divergence in diet, 
wouldd claim that the ancestral species incorporated apple in the diet 
whenn apple was introduced, and then split up in one host race on haw-
thornn and one on apple due to disruptive selection, stemming from phe-
nologicall  differences between the two host plants (Feder 1998; Filchak et 
al.al. 2000). In both cases, what we would (and do) observe at present in the 
field,field, is one host race on hawthorn and another on apple. Hence, the cur-
rentt pattern of host use cannot differentiate between the two hypotheses. 
Inn this thesis I wil l focus on the first pattern, divergence in diet. 

Recently,, several papers have appeared in which the evolution of spe-
cialisationn was studied in clades of herbivorous insects by mapping their 
hostt plant use on their phylogenetic tree (Menken et al. 1992; Kelley and 
Farrelll  1998; Janz et al. 2001; Wahlberg 2001). In this way, it is possible 
too reconstruct the degree of specialisation in the ancestral species of the 
phylogeny,, to answer questions such as: is a specialist an evolutionary 
deadd end? However, diets do not fossilise, and the most parsimoneous 
modell  for dietary changes through the phylogenetic tree may well be 
foundedd on an erroneous assumption that diets evolve at the same time 
scalee as speciation events occur. For instance, this method would cor-
rectlyy predict the diet of the ancestral species just before it splits into two 
specialisedd species that have divided the diet, but in earlier evolutionary 
historyy the ancestral species may have been more or less specialised. In 
thee case of speciation via host shifts, this method necessarily is hopeless-
lyy wrong in predictingg diets of ancestral species. Nevertheless, such work 
doess produce hints to factors, important for specialisation among sister 
speciess (e.g., plant secondary chemicals, larval acceptance of host plants 
ass food), which can subsequently be investigated to strengthen the phy-
logeny-basedd hypothesis on evolution of host plant specialisation. 

Thi ss thesi s - framewor k and outlin e 

Inn this thesis, I investigate conditions required for the evolution of spe-
cialisationn in herbivorous arthropods. Theory only provides us with pre-
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dictionss when foraging behaviour is either absent (ie., random distribu-
tionn of individuals over resources) or optimal (e.g., ideal free distribution). 
Sincee both types of foraging behaviour are not realistic for herbivorous 
arthropodd species (although mathematically convenient), I place special 
emphasiss on the range of foraging behaviours in between these two 
extremes.. How selective do foragers need to be for specialisation to 
evolve?? Is this degree of selectivity uncommon or commonplace among 
herbivorouss arthropods? I wil l report on both theory (using the frame-
workk of adaptive dynamics) and experiments (using the two-spotted spi-
derr mite Tetranychus urticae). 

Theoreticall framework and experimental system 
Inn evolutionary ecology, theoretical studies usually investigate evolu-
tionaryy change in ecological characters assuming clonal reproduction. A 
famouss concept is that of the evolutionarily stable strategy, or ESS, 
definedd as a strategy that when adopted by a population makes that pop-
ulationn uninvadable for a rare mutant with a different strategy (Maynard 
Smithh 1982). A rare mutant with a slightly different strategy from the 
residentt population can invade if it has a positive long-term growth rate 
inn that population. In the past decades, however, it has been realised that 
ann ESS is not necessarily attainable by gradual evolutionary change [i.e., 
thee strategy can be evolutionarily stable, but not convergence stable), nor 
thatt a strategy that can be reached by gradual evolutionary change is 
necessarilyy a fitness maximum [i.e., the strategy can be convergence sta-
ble,, but not evolutionarily stable). There are four different, pairwise inde-
pendentt stability criteria, which have now been brought together in the 
frameworkk called adaptive dynamics (Metz et al. 1996; Dieckmann 1997; 
Geritzz et al 1998). 

Thee most exciting feature of adaptive dynamics is the process of evo-
lutionaryy branching. Here, a monomorphic population [i.e., the popula-
tionn contains only one resident phenotype) evolves towards a trait value 
thatt is not evolutionarily stable. Hence, when close enough to this trait 
value,, the selection regime changes from directional to disruptive. 
Mutantss with a slightly smaller and a slightly larger trait value can 
invadee and, if the model settings allow for their coexistence (a stability 
criterionn called mutual invasibility), this splits the population in two dif-
ferentt 'branches'. Evolutionary branching is already in use as a paradigm 
forr speciation in sympatry. In this paradigm, disruptive selection on an 
ecologicall  character, causes selection for reproductive isolation 
(Dieckmannn and Doebeli 1999) - the onset of species formation. This 
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processs is also called 'adaptive speciation' by some, a term that wil l 
returnn in the final chapter of this thesis. 

Thee two-spotted spider mite Tetranychus urticae is an excellent exper-
imentall  model for laboratory and greenhouse experiments. The mites are 
easyy to culture, have a short generation time, are easy to handle, and sim-
plee to control. There is some evidence that spider mites may compete on 
hostt plants (e.g., Foott 1962, 1963). Moreover, T. urticae is generally 
recognisedd as an extremely generalist species, being recorded from more 
thann 900 different host plants (many of which are crop plants; Bolland et 
al.al. 1998). At the same time, it is the perfect example for Fox and 
Morrow'ss (1981) local specialisation, due to its small size and low dis-
persall  power; even host race formation has been implied (Gotoh et al. 
1993).. There are also advances in providing a molecular basis for the 
phylogenyy of Tetranychidae. Navajas (1998) made a first attempt at map-
pingg diet breadth of different groups of species in the Tetranychidae onto 
theirr common evolutionary tree (based on molecular data). The results 
indicatee that evolution of diet in the Tetranychidae is towards increased 
polyphagy.. However, for most tetranychid species the data on host plants 
reflectt a collection of locally specialised populations, which complicates 
anyy interpretation of Navajas' results. 

Outlin ee o f th e thesi s 
Inn Part One of this thesis, I extend the theory on evolution of specialisa-
tion.. Chapter 2 provides an evolutionary analysis of a model by Wilson 
andd Yoshimura (1994), which predicts the stable coexistence of two spe-
cialistt and one generalist species in two habitats that vary temporally in 
theirr carrying capacity The objective is to assess whether such coexis-
tencee may arise through gradual evolutionary change. Chapter 3 changes 
thee stage from a discrete set of habitats to a continuous distribution of 
resourcess in a gradient of plant quality. The combined evolution of spe-
cialisationn and feeding range in the gradient generically produces an 
adaptivee radiation (see Schluter 2000) of herbivore species over the 
resourcee gradient in this model. With respect to the level of foraging 
specificityy required, a common conclusion from the two Chapters is that 
almostt any level wil l do (depending on the strength of the fitness trade-
off).. Foraging behaviour does not place a strong constraint on the evolu-
tionn of specialisation. 

Inn Part Two, I investigate the foraging behaviour of the two-spotted 
spiderr mite Tetranychus urticae. In particular I test the assumption on 
flexibleflexible foraging behaviour in the models of Part One: depending on the 
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availablee resources and the number of competitors on each resource, con-
sumerss decide where they forage. This implies that they learn which 
resourcess are available in the environment, and that they assess their per-
formancee on a resource. Several experimental studies in this thesis show 
thatt T. urticae is able to learn: it changes behaviour with experience. 
Moreover,, the results are consistent with the idea that foraging decisions 
off  T. urticae individuals are based on performance on its resource. 

Inn Chapter 4, I show that T. urticae learns to prefer cucumber over 
tomatoo in a multiple-choice test and that this improves fitness of the 
individuall  mites, because cucumber allows for a higher oviposition rate 
andd an increased survival rate of adult females, as well as increased sur-
vivall  and developmental rate of their offspring. In Chapter 5, I show that 
spiderr mites can even distinguish plant quality: they learn to prefer 
cucumberr plants with a lower degree of feeding damage, which sustain a 
higherr oviposition rate of adult females and higher offspring survival. 

Chapterr 6 provides evidence of induced preference, as well as induced 
performancee on tomato plants in various strains of T. urticae. The spider 
mitess probably achieved induced performance by switching on detoxifi-
cationn mechanisms which allowed them to cope with the toxins incurred 
fromm feeding on tomato plants. The induced performance may subse-
quentlyy be the cue that leads to increased {i.e., induced) preference for 
thatt host plant. 

Inn Chapter 7,1 present experiments aimed to unravel the spatial scale 
att which learning about the host plant changes the foraging decisions 
andd thereby the distribution of mites over different host plants. The 
resultss of these experiments show that leaf-to-leaf contact was required 
forr spider mites to switch from the bad host plant (tomato) to the good 
onee (cucumber) - at this small scale, though, switching readily occurred. 
Withoutt contact between plants, the travel costs seem to be too high for 
thee benefit of exploiting a higher quality food plant. 

Inn Part Three of this thesis, I shift the emphasis to mechanisms that 
mayy promote speciation through specialisation. Chapter 8 focuses on 
Wolbachia,Wolbachia, a group of obligately endosymbiotic bacteria widespread in 
insects,, but also infecting other arthropods like mites and crustaceans 
(Stouthamerr et al. 1999). One of the main effects of Wolbachia infection is 
cytoplasmicc incompatibility (ci): infected males are reproductively 
incompatiblee with uninfected females. Interestingly, CI is Wolbachia-strain 
specific.. Consequently, two different Wolbachia strains can be mutually 
incompatiblee (bidirectionally incompatible; bici). Therefore, if two popu-
lationss of a species are locally specialising and become infected with two 
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suchh bici Wolbachia strains, they may be instantaneously reproductively 
isolated.. Recent reports show that Wolbachia can have an important role 
inn maintaining reproductive isolation in nature (Shoemaker et al 1999; 
Bordensteinn et al 2001). However, we still do not have a good under-
standingg of how one strain of Wolbachia is able to spread through popu-
lationss of its host — a necessary basis for investigation into the conditions 
underr which Wolbachia-induced bidirectional incompatibility may play a 
rolee in speciation of its host. 

Inn Chapter 8, I investigate the conditions that lead to infection of a 
hostt species with c\-Wolbachiay assuming that infection bears a fitness 
cost.. Traditional, single-species models predict that there is a threshold 
frequencyy for invasion: if the infection exceeds this threshold it can 
spread,, but below it the infection goes extinct. However, an infection in 
aa population wil l usually start with one infected female - well below the 
invasionn threshold. Still, many populations sampled in nature are infect-
ed.. Usually, it is assumed that drift carries the Wolbachia infection over 
thee threshold, but in Chapter 8 we show that drift does not increase the 
probabilityy of infection to levels high enough to account for the frequen-
ciess of infected populations observed. Alternatively, we offer three addi-
tionss to the theory that may allow Wolbachia infections to spread even 
whenn rare: metapopulation structure, sex ratio effects, and other fitness-
compensatingg effects. 

Chapterr 9 contains the synthesis of this book, where I review several 
conditionss promoting adaptive speciation (through specialisation) in 
agriculturall  pests. Adaptive speciation, as explained above, is used to 
describee the process where evolution promotes the splitting up of one 
speciess in two (evolutionary branching) through disruptive selection 
arisingg from the ecological feedback on the growth rate of individual 
phenotypes.. The chapter provides an argument why agricultural pests 
aree excellent objects for studying adaptive speciation, as exemplified by 
researchh on model systems such as the apple maggot fly Rhagoktis 
pomonellapomonella (Feder 1998), the pea aphid Acyrthosiphon pisum (Via 2001) and 
thee two-spotted spider mite Tetranychus urticae (Gotoh et al 1993) (but 
alsoo the fall armyworm Spodoptera frugiperda [Tashley Prowell 1998]]). 
Thee topics discussed include adaptive learning and its effects on forag-
ingg behaviour, adaptive mate choice and c\-Wolbachia. Premating barriers 
duee to adaptive learning of host plant quality and adaptive mate choice 
andd post-mating barriers due to symbiont-induced incompatibilities may 
welll  play a major role in the emergence of novel host races among 
arthropodd pests in agriculture. 
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