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Specialisationn is a widespread biological phenomenon, particularly a-
mongg herbivorous arthropods, and its evolutionary explanation therefore 
posess important questions. In this paper we study the evolutionary dyna-
micss of herbivore specialisation, allowing for ecological feedback into the 
evolutionaryy process. We take into account (sub-)optimal foraging behav-
iourr of the herbivores, a quality gradient of plant types and explicit plant 
populationn dynamics. Herbivore adaptation can occur with respect to two 
metricc characters: the level of specialisation in feeding efficiency and the 
pointt on the plant quality gradient at which the herbivore's feeding effi-
ciencyy is highest. This allows us to link the evolution of specialisation to 
ecologicall  character displacement. Our model yields broad conditions for 
thee adaptive radiation of a herbivore population into many specialised 
phenotypess through evolutionary branching, for basically any level of 
sub-optimall  foraging (where plant utilisation is to some degree deter-
minedd by the relative gain of each plant type). Because we incorporate the 
processs of evolutionary branching, both the number of phenotypes in the 
model,, their level of specialisation and the amount of character displace-
mentt among them are the result of the evolutionary dynamics, which in 
turnn depends on the characteristics of the species. Lower levels of sub-
optimall  foraging lead to lower degrees of specialisation. Foraging costs 
alsoo influence the level of specialisation and hence limit the number of 
speciess that can be 'packed' in the resource gradient, whereas the amount 
off  character displacement evolving between the different phenotypes 
dependss on the level of sub-optimal foraging, but not on foraging costs. 
Underr the broad conditions for evolutionary branching, our model pre-
dictss that host race formation and sympatric speciation are likely in her-
bivorouss arthropods when mating is host-plant associated. 
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Introductio n n 

Manyy herbivorous arthropods are specialised: they exploit only one or a 
feww host plant species (Jaenike 1990; Schoonhoven et al. 1998). This obs-
ervationn has led many researchers to investigate underlying mechanisms 
thatt may explain why specialists dominate (Berenbaum 1996). A general 
assumptionn underlying most of the proposed hypotheses is that herbi-
voress face a fitness trade-off in exploiting different host plants. Under 
thiss assumption, a specialist gains a higher fitness on one host plant at 
thee expense of its fitness on other host plants, while a generalist is a 'Jack 
off  all trades but a master of none' (Levins 1962, 1968; MacArthur and 
Levinss 1964; Lawlor and Maynard Smith 1976; Rosenzweig 1981, 1987; 
Brownn and Pavlovic 1992). These studies predict specialisation to evolve 
underr a strong trade-off, i.e., when density-independent fitness of a spe-
cialistt on its resource is higher than that of a generalist on all resources 
combined.. However, when the herbivores are assumed to forage optimal-
ly,, specialisation is also selected for under a weak trade-off, i.e., when a 
specialistt gains less than it looses on other hosts. This is because optimal 
foragingg allows the specialist to avoid paying the cost of reduced fitness 
onn other host plants (Wilson and Yoshimura 1994). 

Thee studies mentioned above predict the possibility of stable coexis-
tencee of specialists in systems with two resource types. However, the 
dynamicss of evolution leading to such polymorphisms have not been con-
sideredd - except for a reanalysis of the evolutionary dynamics of the 
modell  by Brown and Pavlovic (1992), see Meszéna et al. (1997). In this 
paper,, we explore (i') under which conditions frequency-dependent selec-
tionn may lead to different phenotypes or species, (ii)  whether such poly-
morphismss may include more than two types (when a resource gradient 
insteadd of two resources is considered), and (Hi) what consequences this 
mayy have on the level of specialisation of the different phenotypes on the 
differentt resources. 

AA suitable tool to study frequency-dependent evolutionary processes 
iss the theory of adaptive dynamics (Metz etal. 1996; Dieckmann and Law 
1996;; Dieckmann 1997; Geritz et al. 1998). In this recently developed 
frameworkk the dynamical process of adaptation is described, based on its 
inherentlyy stochastic nature. Moreover, it can be used to investigate evo-
lutionaryy branching, the process by which a population consisting of one 
phenotypee splits up in two subpopulations with different phenotypes, as 
aa result of directional selection towards a regime of disruptive selection. 
Specialisationn is easily envisaged as such a branching process, which sub-
sequentlyy may lead to host race formation and sympatric speciation 
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becausee it results in selection for assortative mating (Dieckmann and 
Doebelii  1999; Doebeli and Dieckmann 2000; Kisdi and Geritz 2001). 

Too investigate the conditions that may lead to stable polymorphisms, 
caree must be taken to allow ecological feedback into the evolutionary 
processs (Heino et al. 1998). Therefore, to extend the theory on the evo-
lutionn of specialisation, our model includes (i) explicit resource dynam-
icss (generally absent in the previous studies, but see Lawlor and Maynard 
Smithh 1976; Rosenzweig 1981 for exceptions), [ii)  physiological charac-
terisationn of the herbivore growth rate, (Hi) a gradient of plant resour-
ces,, and (iv) a range of herbivore foraging behaviour, varying between 
randomm foraging and optimal foraging. 

Whenn foraging behaviour is considered in the evolution of specialisa-
tion,, it is typically assumed to be either fixed-preference behaviour 
(Lawlorr and Maynard Smith 1976) or optimal foraging behaviour 
(Rosenzweigg 1987). However, both are extreme types of behaviour, sel-
domlyy expressed by plant-eating arthropods. Instead of showing a fixed 
preference,, herbivores generally adjust their feeding habits in a density-
dependentt manner, and they clearly violate assumptions underlying opti-
mall  foraging models, such as omniscience, cost-free movement and 
immediatee redistribution (Kennedy and Gray 1993). Herbivorous insects 
mayy show host-plant selection behaviour, ranging from highly adaptive 
{i.e.,{i.e., increasing the fitness of selective insects) to non-adaptive (Mayhew 
1997),, the extent to which is largely determined by life-history charac-
teristicss (Griinbaum 1998; Schoonhoven et al. 1998: chapter 5; see also 
Wardd 1987, 1992). Whether sub-optimal foraging promotes specialisa-
tionn is therefore an important open question. 

Previouss models for the evolution of specialisation were framed in an 
environmentt with two resource types. Often settings were such that her-
bivoress could attain the same fitness on either of the two resources, when 
specialisingg on one of them. However, insect herbivores can usually 
choosee among many plant species, which differ in quality no matter how 
welll  the herbivores adapt to the host plant Therefore, in our model we 
includee a quality gradient of resources. The gradient can represent 
plantss differing in concentration of toxic compounds, or in nutrition (e.g., 
nitrogenn content). 

Byy including a gradient of resources, we link the evolution of special-
isationn to ecological character displacement. Ecological character dis-
placementt is the process by which natural selection on competing species 
inn a community (or phenotypes in a population) leads to increased differ-
encess in the distribution of a quantitative character (such as the efficien-
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cyy of resource use) over a resource axis (Slatkin 1980). Several authors 
havee investigated this process, using ecological or quantitative genetic 
modelss (e.g., MacArthur and Levins 1967; Roughgarden 1972; May and 
MacArthurr 1972; Slatkin 1980; Case 1981; Taper and Case 1985, 1992a; 
forr a review, see Taper and Case 1992b). To our best knowledge, howev-
er,, the effects of sub-optimal foraging and of the simultaneous evolution 
off  specialisation on the evolution of ecological character displacement 
havee not yet been studied (see Brew Q1982, 1984Q, for studies on niche 
shiftt under essentially optimal foraging conditions on an ecological 
timescale).. Moreover, previous studies have assumed a fixed number of 
phenotypess with a fixed level of specialisation. Because we incorporate 
intoo our model the process of evolutionary branching, both the number 
off  phenotypes, their level of specialisation, and the amount of character 
displacementt among them are the result of the evolutionary dynamics, 
whichh in turn are driven by the ecological characteristics of the species. 

Plant-herbivor ee populatio n dynamic s 

Beforee describing the methods for analysis of the evolutionary dynamics, 
wee define the ecological dynamics, i.e., the population dynamics of plants 
andd herbivores and the foraging behaviour of the herbivores. 

Dynamic ss alon g the plan t gradien t 
Wee assume that the plant types in our model can be arranged along a 
qualityy axis q. The growth rate of the density of plants p(q) with quality 
qq is described by a differential equation, composed of two parts (eq. l). 
Thee first part represents logistic growth of plants of quality q, with 
intrinsicc growth rate r[q) and carrying capacity K(q). The second part 
describess density-dependent harvesting by the herbivores, in standard 
Lotka-Volterraa form. 

^pfaH'faM») -- -c-crrhu[q)p[q) hu[q)p[q) 
(1) ) 

Here,, the constant cfis the feeding rate per plant per herbivore, h is the 
numberr of herbivores and u(q) is the resource utilisation spectrum, 
describingg the proportional utilisation of plants with quality q (derived 
below,, in the section Foraging behaviour). 

Feedingg efficienc y 
Inn exploiting different plant types, the herbivores face a trade-off for 
feedingg efficiency on these plants. Herbivores can either increase their 

54 4 



ChapterChapter 3 — Adaptive Dynamics of Specialisation 

efficiencyy of using a narrow range of plant qualities, thereby leaving a 
largee part of the resources unused, or they can increase the range of plant 
qualitiess utilised, but thereby decreasing their feeding efficiency on each 
off  these plant types. In insect-plant biology it is often assumed that this 
trade-offf  is of a physiological nature [e.g., Bernays and Graham 1988; 
Futuymaa and Moreno 1988; Jaenike 1990). However, for the model con-
sideredd here, the trade-off can stem from any constraint that affects feed-
ingg efficiency, e.g., involving morphological characters of the insect's 
mouthpartss and plant leaf surface. Therefore, the interpretation of the 
resultss of our study need not be restricted to physiological trade-offs. 

Thee trade-off is modelled by assuming a Gaussian distribution of 
feedingg efficiency along the resource gradient. Hence, the efficiency dis-
tributionn over plant qualities e(q) can be described by the two parameters 
off  a Gaussian distribution: its mean |X and standard deviation a. Assu-
mingg such a normal distribution requires that the quantitative character 
iss controlled by many loci of small effect (Falconer 1981). The polygenic, 
complexx metabolic machinery of herbivores likely qualifies as such a 
character.. Also, Gaussian distributions are commonly used in studies on 
ecologicall  character displacement, both in ecological (Roughgarden 
1972;; Case 1981) and in quantitative genetic models (Slatkin 1980; Taper 
andd Case 1985; Drossel and McKane 1999). 

Thee two parameters (J, and o describe two different aspects of exploi-
tation.. The mean u. represents the mean of the plant quality range on 
whichh the herbivore phenotype is focused. The standard deviation repre-
sentss the level of specialisation: a low value of a implies a relatively high 
efficiencyy in a narrow range of the resource gradient, whereas a high 
valuee results in a relatively low efficiency, but in a wide range of the plant 
spectrum. . 

Foragin gg behaviou r 
Inn optimal foraging theory, it is assumed that foraging decisions are 
takenn on the basis of complete information on expected fitness (the gain 
functionn or gain curve; Stephens and Krebs 1986). As we wil l assume the 
growthh rate of the herbivore to depend on the total food intake rate it 
achievess (defined below, in the section Herbivore growth), the intake rate 
iss the currency in which to express the gain function. The gain g(q) that 
ann individual herbivore can extract from plants of quality q is then 
definedd as its intake rate when feeding on those plants only. This is a 
productt of plant quality, feeding rate, and feeding efficiency, 

g(q)g(q) = qcfp(q)cc-e(q) ^ 
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Here,, cjis the feeding rate constant of (eq. l) and cc is a scaling constant 
forr conversion of plant biomass into herbivore biomass. The parameter q 
enterss this function to scale the gain of plant biomass with respect to its 
quality. . 

Wee assume that the herbivores forage dynamically. Thus, the distrib-
utionn of herbivores over the plants can change continuously in time 
(Krivann 1997). In this way, optimally foraging herbivores wil l always feed 
onn plants of the quality that yields the highest gain, and wil l redistribute 
ass soon as their feeding decreased the plant density of that quality such 
thatt plants of different quality yield the same gain. 

Too describe sub-optimal levels of foraging, the utilisation spectrum 
u{q)u{q) of plants of quality q is taken to be proportional to g(q)a, 

u(q)--u(q)--

withh the denominator ensuring proper normalisation of the probability 
distributionn u(q). The parameter a can take any value in the range [0, 
+00),, and can be viewed as describing the herbivore's foraging accuracy. 
Settingg a to zero yields non-selective feeding, whereas when a goes to 
infinity ,, the utilisation function u(q) describes dynamical optimal forag-
ingg (Fig l). Values of a in between these two extremes result in selective 

10 0 
c c 
o o 

a a 
2 2 
Q_ _ 

0.44 0.6 0.1 

Plantt  quality , q 

Figg 1 Utilisation spectra along the plant quality gradient, for different values 
off  the parameter a. The spectrum for a = 1 (solid thick line) is simply propor-
tionall  to the relative gain distribution, and thus represents a dynamical analogue 
off  the ideal free distribution. The other spectra are for a — 0 (dashed line; non-
selectivee foraging: herbivores use all existing plant qualities with equal probabi-
lity) ,, a = 0.1 (dotted line), a = 2 (solid thin line) and a -> oo (vertical arrow; 
optimall  foraging: herbivores use only the plant quality with highest gain). 
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butt sub-optimal foraging. For example, setting a to unity implies a util-
isationn spectrum that is proportional to the relative gain obtainable from 
eachh plant type (note that this is a dynamical analogue of the classical 
ideall  free distribution [Tretwell and Lucas 1970]). 

Herbivor ee growt h 
Whilee feeding on the resources, the herbivores acquire a certain intake 
rate,, based on the plant types they utilise and the efficiency with which 
theyy can utilise these plant types. Therefore, the total intake rate ƒ is the 
productt of gain and proportional utilisation, integrated over the resource 
gradient, , 

==  \g{q)u{<l)dq 
(4) ) 

Thee per capita birth and death rates of the herbivores are functions of 
thiss intake rate. Individuals can produce offspring if their intake rate 
exceedss a threshold Imin. Above this threshold, the birth rate 6(7) is a sat-
uratingg function of intake (Fig 2). The death rate d(T) is asymptotically 
decliningg from the starvation mortality dmax towards a background mor-
talityy dmm (Fig 2). 

birthh rate 

deathh rate 

00 ƒ I 

Intakee rate, I 

Figg 2 Characteristic forms of birth rate and death rate as functions of intake 
rate.. The birth rate is a saturating function of the intake rate I, with a threshold 
intakee rate Imin below which reproduction is not possible. The death rate 
decliness from the starvation death rate dmax to the background death rate dmin. 
Inn the model, we used the following functions: 6(7) = èm&r{l-exp[Vé(/m/„  - lf})+ 
andd a\T) - dmin + (dmajr - <4i/B)-expQ-<y.T]. Here, bmax is the maximum birth rate, 
CbCb is a scaling constant determining the slope of increase, and the function + 
mapss any negative values to zero. For the mortality rate, c<j is a scaling constant 
determiningg the slope of decrease. The two lines intersect at the equilibrium 
intakee rate I. 
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Thee herbivore per capita growth rate is defined as b(J) - a\I) and the pop-
ulation-levell  growth rate is obtained by summing the per capita growth 
ratess of all individuals. Note that this growth rate is zero for an intake 
ratee /that satisfies b(ï) = a\ï). 

Specialisationn cost 
AA foraging cost for specialists is modelled as a decrease in the utilisation 
off  plants when a decreases. This describes situations in which specialists 
needd more time to search for the specific host plants they are specialised 
onn and therefore spend less time exploiting those host plants. The cost is 
simplyy modelled by multiplying the utilisation spectrum it(q) with a 
Hollingg type II function for a, C(G) — o7(a + cs), with the half-saturation 
constantt cs measuring the cost of specialisation. 

Adaptiv ee dynamics 

Processess of adaptation through mutation and selection are inherently 
stochastic.. Mutants arise by chance, and, while rare, are subject to sub-
stantiall  demographic stochasticity: due to demographic 'accidents', even 
advantageouss mutants tend to go extinct many times before they become 
fixedfixed in a population (Kimura 1983). Descriptions of evolutionary change 
aree also considerably complicated by the action of frequency-dependent 
selection:: under such conditions, selection pressures experienced by a 
givenn phenotype critically depend on which other phenotypes currently 
aree resident in the evolving population (Maynard Smith 1982). 

Thee theory of adaptive dynamics describes stochastic evolutionary 
processess under frequency-dependent selection and offers techniques for 
simplifyingg their analysis (Metz et al 1992, 1996;Dieckmann 1994, 1997; 
Dieckmannn and Law 1996; Geritz et al. 1997, 1998). Individual-based 
models,, including both demographic and mutational stochasticity, are the 
naturall  starting point for such a framework. These models, however, are 
veryy time-consuming and often cumbersome to study. Therefore, in addi-
tionn to individual-based models, we wil l base our investigation on a de-
terministicc approximation, the canonical equation of adaptive dynamics 
(Dieckmannn and Law 1996). In this approximation, population dynamics 
aree treated deterministically and the evolutionary change arising from 
smalll  mutational steps deterministically follows the local gradient of the 
fitnessfitness landscape around a resident phenotype. Assuming that mutations 
occurr with low probability (mutation-limited evolution), adaptation can 
bee studied by evaluating the fate of mutants in populations consisting of 
onee or more resident phenotypes at their ecological equilibrium. 
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Moree specifically, the fitness landscape is specified by the invasion fit-
nesss of mutant phenotypes, which is defined as the long-term per capita 
growthh rate of a rare mutant in the environment determined by the res-
identt population at its ecological equilibrium. A resident phenotype can 
bee replaced by mutant phenotypes with positive invasion fitness. 
Accountingg for the demographic stochasticity of such advantageous 
mutants,, the resultant rate of phenotypic rate of change is proportional 
too the local fitness gradient (Dieckmann and Law 1996). When the adap-
tivee dynamics eventually reaches a phenotype at which the fitness gradi-
entt vanishes, it has attained a so-called evolutionarily singular point. 

Singularr points can be of several types (Dieckmann 1997; Geritz etal 
1998),, two of which are encountered in this study: continuously stable 
strategiess and evolutionary branching points. A continuously stable 
strategyy (ess) is a strategy that is an evolutionary attractor (i.e., a singu-
larr point that is convergence stable under the canonical equation) and 
thatt also cannot be invaded by any neighbouring phenotype (ie.y the sin-
gularr strategy is locally evolutionarily stable). By contrast, an evolution-
aryy branching point (EBP) is an evolutionary attractor that is not evolu-
tionarilyy stable (Metz etal 1992, 1996; Geritz etal 1998). Mutants close 
too such a singular phenotype have a chance to mutually invade each other 
andd form a stable dimorphism. The resulting dimorphic adaptive dynam-
icss allows for two resident phenotypes in the population and describes 
thee initial phenotypic divergence and subsequent evolutionary change in 
thee two subpopulations. Such a pair is again expected to converge to a 
singularr point, the evolutionary stability of which can once more be 
determinedd by evaluating whether mutants of small effect around the 
singularr point are able to invade. 

Inn the individual-based model, all individual herbivores can be 
assignedd different phenotypes (u., a) and demography as well as muta-
tionss are treated stochastically. Based on herbivore birth and death rates, 
thee waiting times for the next birth or death event to take place are 
drawnn from an exponential probability distribution (Van Kampen 1981; 
Dieckmannn 1994; Dieckmann et al 1995). During a birth event, the phe-
notypee of offspring individuals can either be faithfully inherited from 
theirr parent, or it can be affected by mutation. The latter occurs at prob-
abilityy pm, and the mutant phenotype is then drawn from a normal dis-
tributionn with standard deviation sm around the parental phenotype. 

Whereass the deterministic approximation is a versatile tool for inves-
tigatingg the adaptive dynamics under low degrees of polymorphism 
(monomorphicc and dimorphic evolution) it becomes tedious thereafter. 
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Thee individual-based model therefore has two complementary advan-
tages.. First, it allows checking the robustness of conclusions obtained 
fromm the deterministic approximation when relaxing the simplifying 
assumptionn that approximation is based on. Second, it is naturally suited 
forr investigating adaptive dynamics involving multiple evolutionary 
branchingg events, which give rise to higher degrees of polymorphism. 

Result s s 

Inn this section, we first briefly examine the two extreme cases of non-
selectivee foraging and optimal foraging. After discussing the case of non-
selectivee foraging, we show how the biologically unrealistic case of opti-
mall  foraging behaviour leads to unrealistic evolutionary outcomes. 
Therefore,, the remainder of this paper focuses on sub-optimal foraging. 

Non-selectiv ee foragin g 
Plant-herbivoree systems in which the herbivores cannot express any 

preferencee for plant qualities in their foraging behaviour are modelled by 

aa uniform utilisation function with a = O. By determining the equilibri-

umm plant densities p(q\ (Appendix I, eq. A 1.3), we show that p(q) is 

negativelyy correlated with h , the equilibrium number of herbivores: a 

higherr number of herbivores at equilibrium depresses the equilibrium 

plantt densities to a lower level. 

Thee ecological equilibrium cannot be obtained analytically, and there-

foree this also applies to the invasion fitness of mutants. However, we can 

inferr from the result that p{q) is negatively correlated with h , the 

mutantt intake rate / can only be larger than the equilibrium intake rate 

ƒƒ when the mutant strategy leads to a higher h than the resident strat-
egy.. This implies an optimisation principle for the evolution of the effi-
ciency:: evolution leads to a singular strategy that maximises the equilib-
riumm herbivore density by minimising the equilibrium density of plants. 
Thiss singular strategy is evolutionarily stable, because mutants with this 
strategyy can always invade populations with a different strategy, where-
ass no other strategy can invade a population with the singular strategy. 

Whichh exploitation strategy wil l result from this optimisation princi-
ple?? First, note that the function q -K(q) reflects the maximum potential 
intakee g(q) (i.e., the intake a herbivore can gain from plant quality q at its 
carryingg capacity, when the herbivore has entirely specialised on exploit-
ingg this plant quality). Second, under non-selective foraging the plant 
densitiess at ecological equilibrium are proportional to their carrying 
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capacitiess (Appendix I, eq. A 1.3). Hence, the potential gain at ecological 
equilibriumm is proportional to q -K(q) and the total intake over the resour-
cee gradient is maximised when the mean u. is at the maximum of q -K(q) 
andd the standard deviation a decreases to zero. In other words, to achieve 
maximumm benefit from a resource distribution with carrying capacities 
K(q),K(q), herbivores have to allocate their highest utilisation efficiency to that 
particularr plant quality that allows for the maximum possible intake; 
increasingg the feeding efficiency for these plants by specialisation then 
leadss to increased intake rates. Simulations, tracking the evolutionary 
changee in the strategy (u, o~), confirm this result. Under non-selective 
foraging,, there is always one plant type with the highest gain and it 
alwayss pays to specialise on that type, even though non-selective herbi-
voress cannot help but use the entire gradient of plant phenotypes. 

Optima ll  foragin g 
Too understand the ecological dynamics for the case of optimal foraging, 
describedd by values of a approaching infinity, the following reasoning can 
bee applied. As a starting point, assume that all plant types are at their 
carryingg capacity and a herbivore type with strategy (u, o) enters the 
system.. Typically, one plant type offers the highest gain to this herbivore 
type.. The herbivores start depleting the plant with current maximal 
gain,, thereby decreasing the gain they reap from feeding on this plant 
type.. At some point, adjacent plant qualities yield gains equal to the ini-

55 / 
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Figg 3 A gain curve of 'table mountain' shape for an optimally foraging herbi-
voree population at equilibrium (solid line) and when all plants are at their car-
ryingg capacity (dashed line; obscured by the solid line in the ranges of the 
resourcee gradient that the herbivores do not use). The plateau top of the 'table 
mountain'' corresponds to a gain g(q) = I. 
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tiallyy used plant type, and thus the herbivores start using this range of 
plantt qualities with equal probability. This process continues until the 
herbivoress have reached their equilibrium density. At equilibrium, the 
gainn distribution over the quality gradient looks like a 'table mountain' 
(Figg 3). Al l plant qualities in the range used by the herbivores yield equal 
gainn (at equilibrium this gain equals the equilibrium intake rate I; see 
Appendixx II) , and the utilisation spectrum looks like a rectangle: equal 
utilisationn of all used plant qualities and no utilisation of all others. Plant 
qualitiess with a gain lower than I are not used by the herbivores and 
thereforee their equilibrium densities remain at carrying capacity. 

Againn calculation of the ecological equilibrium prevents determining 
thee invasion fitness analytically. Yet we can deduce that in this particular 
situationn there exists no evolutionary singular point for any herbivore 
phenotype.. This is due to the interplay of optimal foraging and evolution: 
anyy phenotype can maximise its fitness through optimal foraging, but 
anyy resident (monomorphic) population can always be invaded by any 
mutantt of small effect, since a mutation in the efficiency function always 
leadss to a higher efficiency for at least one plant quality. This plant qual-
ityy then yields a higher gain than /, and, as the mutant can forage opti-
mally,, it starts using this plant type and attains a positive growth rate. 

Forr situations with more than one type of herbivore, the same line of 
reasoningg applies, and thus any mutant can always invade if its mutated 
efficiencyy function yields a gain higher than I on any of the plant quali-
ties.. However, this conclusion changes as soon as the gradient of plant 
qualitiess is entirely used by the herbivores. In that case, it can easily be 
seenn that mutants with a more generalised efficiency strategy are not 
ablee to invade: they always find their plant quality with highest gain 
exploitedd to a level lower than I. On the other hand, mutants with a more 
specialisedd efficiency strategy can always invade a more generalist 
'niche-sharer'' (i.e., a phenotype with a larger value of o, but the same 
valuee of |x). Therefore, evolution under optimal foraging leads to an infi -
nitee diversity of extreme specialists. 

Sub-optima ll  foragin g - deterministi c approximatio n 
Casess of sub-optimal foraging, involving values of a between zero and 
infinity ,, are analysed through numerical simulations. For this purpose, 
thee resource axis is discretised. First, we describe an example of the evo-
lutionaryy dynamics, where we have set a = 1 (i.e., the dynamical analogue 
off  the ideal free distribution, with utilisation being proportional to gain) 
andd cs = 0 (i.e., no cost of specialisation). 

62 2 



ChapterChapter 3 — Adaptive Dynamics of Specialisation 

Startingg with a monomorphic population (a population with only one 
residentt phenotype), the trajectories of evolutionary change lead to a 
globallyy attractive singular strategy (Fig 4a). At the ecological equilibri-
umm for this singular strategy, the herbivores homogeneously utilise 
almostt the entire resource gradient (Fig 4b), showing that they have 
managedd to flatten the gain curve much like the 'table mountain' achieved 
byy optimal foragers. By assessing the invasion fitness of mutants around 
thiss singular point, it is found to be a branching point: when the fitness 
gradientt for both p and 0 has declined to zero, mutants of small effect can 

2 2 
0. . 

0.44 0.6 0.8 

Plantt  quality , q 

Figg 4 Evolution of the efficiency strategy in a monomorphic population under 
sub-optimall  foraging, (a) Evolutionary phase portrait, with two isoclines and 
directionss of evolutionary change. There is one isocline for the mean p and one 
forr the standard deviation a. The singular point, where the two isoclines cross, 
iss a branching point, (b) The utilisation spectrum along the resource gradient at 
ecologicall  equilibrium determined by the singular strategy. Parameters: 
K(q)=50+10-NK(q)=50+10-N0A0A(q-0.5),(q-0.5), r(q)=l,  Wr=1.0, cpO.0025, £^=400, Cb=l.O, cj=3.0, 
ccss=0,=0, 4*t t=l A 6m»,=0.02, W=0.2, a=1.0. 
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stilll  invade the resident population (in contrast to a singular point of ess-
type;; Geritz et al. 1998). Hence, the population becomes dimorphic. 

Duringg this process of evolutionary branching, one branch (subpopu-
lation)) initially is specialising on higher-quality plants while the other 
branchh becomes more generalist and focuses on lower-quality plants (Fig 
5a).. This initial direction of evolutionary change can be understood by 
consideringg that at the branching point low-quality plants are under-
exploited.. Therefore, mutants can do better by either specialising on 
higher-qualityy plants or by becoming generalist on lower-quality plants. 

Ass the two branches diverge in trait space, their mutual impact 
throughh the feedback on their plant densities declines. This can be seen 
byy comparing the utilisation spectra of the two branches as they change 
overr evolutionary time (Fig 5d,e). To facilitate this comparison, it is use-
full  to define two characteristics: the intersection point q* of the two util-
isationn spectra and their total overlap Au. The intersection point q* is 
thatt plant quality on the resource axis at which the proportional utilisa-
tionss of the two phenotypes are equal, and can be viewed as the border 
betweenn the primary foraging ranges of the two spectra. By contrast, the 
totall  utilisation overlap Au (i.e., the roughly triangular areas in Fig 5d,e,f, 
peakedd at q*) measures the amount of competition between the two phe-
notypes.. Plotting the two characteristics against each other reveals two 
distinctt phases in the adaptive process that follows after evolutionary 
branchingg (Fig 5b). 

Inn the first, 'character displacement' phase, competition drives the 
twoo branches apart: the total utilisation overlap quickly declines, while 
thee intersection point shifts towards higher qualities. This is a fast 
process,, indicating large fitness benefits for avoiding competition. Both 
herbivoree types evolve strategies that lead them to forage on distinctly 
differentt plant quality ranges (Fig 5e). During this phase, the lower-qual-
ityy branch increases in abundance, by exploiting an increasingly wider 
rangee of the resource gradient, while the number of individuals in the 
higher-qualityy branch declines (Fig 5c). At the end of this phase, total 
utilisationn overlap is minimised (and with it the strength of competition 

Figg 5 (overleaf) Analysis of dimorphic evolution, (a) Evolutionary trajectories 
off  the two resident phenotypes. Starting from the primary evolutionary branch-
ingg point, arrows indicate the direction of subsequent evolutionary change. 
Utilisationn spectra from positions 1, 2 and 3 are presented in panels (d)-(f), 
respectively,, (b) Covariation of total utilisation overlap between the two pheno-
typess (Au) and the intersection point of the two utilisation spectra (q*). The first, 
fastt phase of evolutionary change features character displacement, strongly 
reducingg the utilisation overlap, and the second, slow phase is characterised by 
coevolutionarycoevolutionary niche shift: the intersection point shifts to higher plant qualities, 
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butt the total utilisation overlap remains essentially constant, (c) Resultant 
changess in herbivore densities (the generalist low-quality phenotype has the 
higherr densities; total herbivore density is shown by the thick line. Total herbi-
voree density increases until the end of the character displacement phase (posi-
tionn 2). (d) Initial utilisation spectra of the two phenotypes in the population 
[[correspondingg to position 1 in panels (a)-(c)]. (e) Utilisation spectra of the two 
phenotypess at the end of the character displacement phase [corresponding to 
positionss 2 in panels (a)-(c)J. (f) Utilisation spectra of the two phenotypes at the 
dimorphicc singular strategies, i.e. at the coevolutionary equilibrium [corre-
spondingg to positions 3 in panels (a)-(c)]. Parameters are as in Fig 4. 
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betweenn the two phenotypes, Fig 5b,e), resulting in utilisation spectra 
thatt come close to the rectangular shapes of optimal foragers. 

Thiss situation is the starting point of the second, 'coevolutionary 
nichee shift' phase. The higher-quality branch now experiences selection 
forr specialisation: generalists cannot invade into that branch, as the res-
identt phenotype already uses the entire range of resources between the 
high-qualityy border of the resource axis and the part dominated by the 
lower-qualityy branch. Specialisation in the higher-quality branch reduces 
itss realised niche width on the resource axis. This, in turn, gives evolu-
tionaryy opportunity for the lower-quality branch to expand its niche 
width.. During this second phase the intersection point starts a slow but 
steadyy progression to higher plant qualities, whereas the total utilisation 
overlapp essentially remains constant (Fig 5b). The result is a reversal of 
thee direction in the evolutionary trajectory of the lower-quality branch 
(Figg 5a). The total number of herbivores remains constant during this 
phasee (Fig 5c). 

Thee evolutionary dynamics of the dimorphic population end up in a 
pairr of singular points, with the lower-quality type more generalised and 
thee higher-quality type more specialised (Fig 5a,f). The two singular 
pointss are again branching points, so that subsequent evolutionary 
changee leads to trimorphic and quadrimorphic populations. 

Thee evolutionary dynamics described for this example representa-
tivelyy describes a general pattern that applies to a wide range of sub-opti-
mall  foraging under low specialisation costs. Evolution in a monomorphic 
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Figg 6 Singular strategies (u., a) for different values of the cost of specialisation, 
CtCt and of the level of sub-optimal foraging, a. Solid circles: a = 0.01, open circles: 
aa = 0.1, open diamonds: a = 0.5, solid triangles: a = 1.0, open squares: a = 5.0, 
openn triangles: a = 10. Other parameters as in Fig 4. 
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populationn always leads to a singular point at which evolutionary branch-
ingg can take place, and the initial direction of dimorphic evolution after 
branchingg is always characterised by one branch becoming more spe-
cialisedd on higher plant qualities (towards the extensively used range of 
thee resource gradient) and the other branch becoming more generalised 
onn lower plant qualities (towards the under-exploited range of the 
resourcee gradient). 

Trackingg the singular point of a monomorphic population through 
traitt space for different values of the cost of specialisation cs shows that a 
higherr cost of specialisation indeed selects for more generalist pheno-
typess (Fig 6). For increasing values of a the singular strategy is less spe-
cialisedd for low cs but more specialised for extremely high cs (cs >3; Fig 
6).. Whether the singular point is a branching point also depends on the 
costt of specialisation (Fig 7). Below a critical cost, evolutionary branch-
ingg results in specialised subpopulations of herbivores. Above the critical 
cost,, the evolutionary dynamics result in a monomorphic population with 
aa generalist phenotype; this critical cost is higher if a is higher, i.e., if the 
herbivoress are better foragers. 

Sub-optima ll  foragin g - individual-base d mode l 
Thee evolutionary dynamics of the herbivore population after the process 
off  monomorphic convergence and dimorphic divergence as descirbed 
abovee is now analysed with the help of the individual-based model. The 
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Figg 7 Critical values of the cost of specialisation, cs for different levels of sub-
optimall  foraging, a. Above the line, the singular point is a CSS: at evolutionary 
equilibriumm the population consists of one phenotype with a generalist strategy. 
Beloww the line, the singular point is an evolutionary branching point: the popu-
lationn splits up in two or more phenotypes with increasing degrees of speciali-
sation.. Other parameters as in Fig 4. 
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resultss show a pattern of repeated branching [i.e., adaptive radiation) in 
thee ^-dimension, leading to a large number of specialised types in the 
populationn (Fig 8 gives an example). The individual-based model also 
allowss us to check the evolution of the herbivore system under small but 
finit ee (as opposed to infinitesimally small) mutation steps. Notably, the 
'coevolutionaryy niche shift' phase is generally absent: branching occurs 
inn one or both of the two branches before this phase sets in. This shows 
thee versatility of two-dimensional evolutionary change. When the fitness 
gradientt is very small in one direction (as in the 'coevolutionary niche 
shift'' phase), and favours evolutionary branching in the other direction, 
smalll  mutation steps are likely to produce such branching. 

Inn the polymorphic evolutionary equilibrium, the number of pheno-
typess depends on the degree of sub-optimal foraging, a: higher values of 
aa allow for more phenotypes to coexist in the population (Fig 9a). This 
iss because more selective foragers can better focus their foraging effort, 
evenn when they are specialised. At the same time, the phenotypes are less 
specialisedd when they are more selective foragers (Fig 9b). Increasing 
thee cost of specialisation decreases the number of branches that can coex-
istt along the resource gradient (Fig 9a). Because the herbivores evolve a 
lowerr degree of specialisation when the cost for specialisation is higher 

11 1 1 r= - 1 1 T 1 1 1 1 r™—i — 

00 0.2 0.4 0.6 0.8 1 0 0.1 0.2 0.3 
Mean,, \i Standar d deviation , « 

Figg 8 Results of the individual-based model. The left panel shows the adaptive 
radiationn of phenotypes over the resource gradient, involving repeated events of 
evolutionaryy branching (black branches consist of more than 200 individuals, 
darkk grey branches 100-200 individuals, and light grey branches less than 100 
individuals).. The right panel shows the change in standard deviation o. 
Specialisationn increases with the number of branches. Parameters: %=0.005, 
/>m=0.OOO3,, K(q)=50+ 10-N0A(q-O.5), r(q)-3, bmax-\.0, cj^O.0025, £^=400, cj=1.0, 
«y=3.0,, Cj=0.1, 4xt r=10, 6mra=0.02, /„„„=0.2 , CX=1.0. 
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(Figg 9b), the number of types that 'squeeze into' the resource gradient 
goess down (limiting similarity). 

Thee degree of ecological character displacement can be expressed by 
thee so-called d/w ratio (May and McArthur 1972). Here, d stands for the 
distancee between two adjacent phenotypes as measured by the means \it 
off  their efficiency distributions, d— | JXi —10.2 |. In the d/w ratio, the dis-
tancee d'vs, then considered relative to the width w of the efficiency distri-
butionn of the focal phenotype, which is here taken as the standard devia-
tionn a of the efficiency distribution. In this way, each comparison of a pair 
off  adjacent phenotypes gives two values of the d/w ratio (one for each 
phenotype)) and the total number of d/w ratios is 2(number of branches 
-- 1). The d/w ratio is an expression of the displacement in the funda-
mentall  niches of the phenotypes, not of their realised niches (which are 
keptt roughly separate, due to their foraging behaviour). It turns out that 
thiss measure of character displacement remains fairly constant along the 
gradient.. Values for d/w increase from roughly 2 to 6 as a decreases from 
11 to 0.1, but are not significantly affected by the foraging cost of special-
isationn (Fig 9c). The latter result is expected, since this foraging cost 
doess not affect foraging ability, so that the separation between pheno-
typess along the resource axis (which is caused by this ability) remains 
unchanged.. Thus, the amount of ecological character displacement of 
herbivoree phenotypes depends critically on their degree of sub-optimal 
foragingg behaviour. 

Discussio n n 

Wee have shown that, assuming density-dependent (but sub-optimal) for-
agingg and a fitness trade-off among plant types in a gradient of plant 
quality,, the evolutionary dynamics of herbivore exploitation leads to evo-
lutionaryy branching (splitting up of the herbivore population into sub-
populationss with different strategies, which subsequently undergo char-
acterr displacement [Ti g 5"2). The driving mechanism behind this evolu-
tionaryy branching process is frequency-dependent selection emanating 
fromm (sub-)optimal foraging. Evolutionary branching occurs for a wide 
rangee of foraging behaviour (from optimal foraging [a —» °ô  t o v e r v 

weaklyy density-dependent foraging [ a -» 0]), and costs of specialisation 
(Figg 7). Therefore, our findings may apply to a broad variety of animal 
consumerss with different levels of density-dependent foraging. Repeated 
branchingg leads to adaptive radiation of the herbivores over the resource 
gradientt (Fig 8; see also Schluter 2000a,b), with the level of specialisa-
tionn increasing within the branches. 
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Fi gg 9 Characteristics of the polymorphic evolutionary equilibrium for different 
levelss of sub-optimal foraging, a, and cost of specialisation, cs. (a) Number of 
branchess (open dots: a = 0.1; solid dots: a = 0.5; solid squares: a = 1.0). Note 
thatt for a = 0.1 evolutionary branching only occurs for cs - 0. (b) Average level 
off specialisation o among the branches, (c) Average character displacement d/w 
amongg the branches. Other parameters as in Fig 8. 
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Evolutionar yy dynamic s of specialisatio n 
Inn the literature on the evolution of specialisation, two types of foraging 
behaviourr have been studied: non-selective (random) and optimal forag-
ing.. Here, we have extended such considerations to a continuum between 
thesee two extreme, by themselves rather unrealistic types of foraging. In 
ourr model, non-selective foraging of the herbivores (a = 0) does not lead 
too the evolution of polymorphism, but instead results in one continuous-
lyy stable strategy (ess). The CSS is a specialist strategy, because the 
resourcess differ in maximum potential gain. There is always one plant 
typee with the highest gain and it always pays to specialise on that type, 
evenn though herbivores are necessarily using the entire gradient of plant 
phenotypes. . 

Byy contrast, optimal foraging allows any mutant to invade any 
monomorphicc resident population. This is because any mutant can attain 
aa positive growth rate on the plant quality that it is best adapted to, and 
optimall  foraging then allows it to feed exclusively on plants with that 
plantt quality. Therefore, this particular model situation has no formal 
branchingg point for any phenotype and evolution proceeds to an unreal-
istic,, infinite diversity of extremely specialised herbivores, each exploit-
ingg an infinitely narrow part of the resource gradient. Hence, limiting 
similarityy between the phenotypes approaches zero, and species packing 
onn the resource gradient is infinite. 

Inn their original study on limiting similarity, MacArthur and Levins 
(1967)) actually made predictions very similar to our conclusion for opti-
mall  foraging, by proving that rectangular utilisation spectra in general 
alloww for infinite species packing, although they did not give a biological 
interpretationn of such curves. Here, we have shown that rectangular utili -
sationn spectra apply to consumers capable of dynamical optimal foraging. 

Movingg towards more realistic descriptions, sub-optimal foraging 
limitss the number of specialist phenotypes evolving. However, even 
extremelyy sub-optimal foragers (a < l) are able to flatten the gain curve 
considerablyconsiderably towards the 'table-mountain' shape of optimal foraging. 
Whenn two or more phenotypes exploit the resource gradient, they are 
foragingg in a distinctly separate manner, because they evolve a high 
degreee of ecological character displacement. Since specialisation in the 
phenotypee cannot be fully expressed in its foraging behaviour, the range 
off  exploited plant qualities exceeds that on which the phenotype actual-
lyy reaches its highest gain, thereby leaving less opportunity for other 
specialistss to invade the system. Therefore, the number of specialist phe-
notypess decreases when foraging behaviour is further away from opti-
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mal.. Adding a cost of specialisation to the foraging behaviour reduces the 
numberr of branches and their levels of specialisation. 

Thee primary branching point always allows for the monomorphic 
herbivoree population to split up into a specialist subpopulation on heavi-
lyy exploited plants of high quality and a generalist subpopulation on 
plantt qualities that are less extensively used. It is likely that this direc-
tionn of primary branching is a robust outcome, applying to a wide range 
off  possible distributions of herbivore carrying capacities and plant 
growthh rates. The reason for this lies in the asymmetry of the utilisation 
spectrum,, which derives from the assumptions that the herbivores can 
foragee in a density-dependent way and that the plants differ in quality. 
Thesee are the key characteristics that result in the generalist-specialist 
branchingg reported here. 

Al ll  subsequent branching events are directed towards specialisation. 
Hence,, in our model, specialisation seems to be an inevitable outcome of 
evolution.. Including additional mechanisms that, on their own, favour 
generalistss may obviously change this outcome. One possible mechanism 
thatt may counteract the evolution of specialisation is temporal variation 
inn the environment. This is thought to favour generalists, because they 
aree better able to compensate when specific resources are at low density 
duee to chance effects, seasonality, or unstable population dynamics 
(Slatkinn and Lande 1976; Rosenzweig 1987). Also, it has been shown that 
specialistss and generalists may coexist in temporally varying environ-
mentss on an ecological time scale (Levins 1979), especially when densi-
ty-dependentt habitat selection is considered (Brown 1989; Wilson and 
Yoshimuraa 1994). Whether such coexistence is evolutionarily stable, or 
cann be reached through gradual evolution, is an open question we are 
currentlyy investigating. 

Weakk trade-offs might provide another mechanism favouring gener-

alists,, especially when foraging is not or only weakly density-dependent. 

Inn our model, we could incorporate weak trade-offs by adding a cost of 

specialisationn to the efficiency distribution e[q) (so that \ eiq\dq decreas-

ess with a) instead of the utilisation spectrum u(q). However, within the 

frameworkk considered here, this appears to have very similar conse-

quences:: in particular, the intake rate of herbivores is unaffected by swap-

pingg the cost between u(q) and e(q). Simulations (not shown here) indeed 

confirmm that conclusions remain unaltered: a higher cost results in the 

evolutionn of a lower degree of specialisation. We can therefore conclude 

thatt weaker trade-offs do not generally select for generalists, even under 

conditionss of very sub-optimal foraging (a < l). 
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Ecologica ll  characte r displacemen t 
Ass our analysis has shown, the degree of ecological character displace-
mentt depends on the level of sub-optimal foraging, but not on the forag-
ingg cost of specialisation. The better the forager is able to home in on 
plantss with higher gains, the better it is at keeping its realised niche sep-
aratee from its competitors. Consequently, the degree of ecological char-
acterr displacement in the end wil l be lower for more discriminate for-
agers,, as evidenced by our findings on the d/w ratios. Costs of foraging 
doo not influence the d/w ratio, because they do not affect the ability of 
thee phenotypes to minimise competition with other phenotypes and for-
agee in distinctly separate ranges of the resource gradient. Such costs do, 
however,, influence the level of specialisation that is eventually evolving, 
andd hence limi t the number of phenotypes that 'fit ' in the gradient. 

Inn line with our findings, Mitchell (2000) recently showed a similar 
limi tt to species richness on a gradient as a consequence of increasing 
travell  costs. He also noted the possibility of evolutionary branching 
(referringg to such singularities as 'evolutionarily stable minima'). His 
study,, as well as all previous studies on ecological character displace-
ment,, consider evolutionary change for a fixed number of species or phe-
notypes.. In the present study, however, both the number of phenotypes 
inn the model and the amount of character displacement among them are 
thee result of the evolutionary dynamics, because we explicitly incorpo-
ratee the process of evolutionary branching. Therefore, the resulting d/w 
ratioo is not biased by an a priori  choice of the number of species. 

Previouss studies of ecological character displacement have shown 
conditionss that favour character displacement so that d/w > 1. An impor-
tantt factor is the shape of the carrying capacity distribution. Character 
displacementt is favoured when this distribution is uniform (MacArthur 
andd Levins 1967; Slatkin 1980; Taper and Case 1985). Recently, Drossel 
andd McKane (1999) proved this point for several distributions which are 
flatflat in the centre, and sharply falling off at the edges. The reason for this 
evolutionn of character displacement is that in such uniform distributions, 
movingg away in trait space has no fitness cost to outweigh the benefits of 
reducingg competition. Because in this paper we have taken into account 
foragingg behaviour, we have to consider the shape of the gain curve g(q) 
ratherr than the carrying capacity K(q). From our results over a wide 
rangee of values for a, it is clear that foraging behaviour leads to a flat-
teningg of the gain curve, and hence produces conditions that favour char-
acterr displacement, irrespective of the shape of K(q). 
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AA fundamental question is whether a single 'quality' resource axis is 
ann appropriate description for herbivorous arthropods. In general, the 
growthh rate of herbivorous insects appears to be limited by nutrients, 
ratherr than by energy (Schoonhoven et al 1998: chapter 4). Examples 
havee been reported of insects, balancing nutrients by switching to anoth-
err host plant, implying that more than one axis is needed to describe the 
requirementss of those insect herbivores (see Simpson and Raubenheimer 
1996).. Usually, one axis for proteins and one for carbohydrates will cap-
turee most variation in growth rate (Raubenheimer and Simpson 1999). 
However,, other axes may be important, e.g., due to secondary plant 
metabolitess (for instance, increasing toxicity or decreasing digestibility). 
Theoretically,, the effects of increasing environmental dimensions on the 
propertiess of branching points are still largely unknown. Yet, we propose 
thatt adding more axes to the resource environment will increase rather 
thann decrease the possibilities for frequency-dependent selection and 
evolutionaryy branching, since a multiplicity of resource axes provides 
moree opportunity for ecological character displacement. 

Foragin gg behaviou r of herbivorou s arthropod s 
Ourr results show that sub-optimal foraging strongly promotes the evo-
lutionn of specialisation. Foraging behaviour in insects has been poorly 
studiedd (Valladares and Lawton 1991), yet evidence of (varying degrees 
of)) adaptive host plant selection at the inter- and intraspecific level is 
accumulatingg and it has been recognised that plant species are not the 
unitt of discrimination for herbivorous insects (Janzen 1979; Rauscher and 
Papajj  1983). For example, Underwood (1994) describes the oviposition 
behaviourr of the butterfly Eucheira socialis in relation to intraspecific va-
riationn in the quality of its host plant. As E. socialis is extremely time-
limitedd (females usually oviposit within three hours after emergence) and 
adverselyy affected by wind, females seem unable to express any degree of 
hostt preference (even though there are marked differences in host plant 
quality).. This foraging behaviour would seem to correspond to a —» 0 in 
ourr model. Other examples document host selection behaviour ranging 
fromm fairly independent of plant quality (Robertson 1987), roughly dis-
criminatingg between good (>45% survival of larvae) and bad (<30% sur-
vivall  of larvae) host plants (Mor an and Whitham 1990), host plant selec-
tionn related to plant quality (e.g., Wainhouse and Howell 1983), selectiv-
ityy increasing with host plant density (Rauscher 1983) and fairly good 
differentiationn within individual trees (Whitham 1983). All insect species 
inn these examples are specialised on one or more plant species within one 
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genus,, and generally abiotic and life-history characteristics (like wind 
andd other wheather conditions, time to oviposit and mobility of larvae 
andd adult females) are stressed by the authors as constraints to optimal 
foragingg behaviour. However, it is clear that insect foraging behaviour 
usuallyy is to some extent adaptive - an important factor promoting the 
evolutionn of specialisation. 

Inn our analysis, we have taken into account a cost of foraging for spe-
cialists,, based on the argument that foraging wil l take more time for spe-
cialistss to locate their specific plant species. Only if this cost rises sharply 
withh the level of specialisation our model predicts the evolution of a gen-
eralistt species (also depending on the level of foraging optimality, a; Fig 
7).. Recently, however, foraging costs have been proposed for generalists; 
thesee are thought to arise from constraints on neuronal information pro-
cessing.. For instance, generalists may suffer increased exposure to pre-
dationn danger, due to slow decision making, or they may not be able to 
makee accurate decisions concerning host plant selection (Dall and Cut-
hil ll  1997; Bernays 2001). Recently, experimental evidence for these hypo-
thesess has been reported. Specialist aphids and grasshoppers make faster 
decisionss than their generalist conspecifics (Bernays 1998; Bernays and 
Funkk 1999), and the polyphagous butterfly species, Polygonia c-album and 
CynthiaCynthia cardui, do not discriminate between good- and bad-quality host 
plantss (as specialist conspecifics and congenerics do), resulting in the 
expectedd fitness costs (Janz and Nylin 1997). On the whole, therefore, it 
iss currently unclear whether foraging costs increase with the level of spe-
cialisationn - the only mechanism in the model that favours generalists. 

Hostt  race formation and sympatric speciation 
Increasingg attention is being paid to the notion that ecological feedback 
mayy lead to host race formation and sympatric speciation (e.g.y Orr and 
Smithh 1998; Dieckmann and Doebeli 1999; Doebeli and Dieckmann 
2000;; Schluter 2001; Via 2001). Two conditions are recognised as neces-
saryy for these processes to unfold: frequency-dependent selection, lead-
ingg to stable coexistence of phenotypes, and a degree of reproductive iso-
lation,, usually assumed to emerge from assortativé mating (Bush 1994). 
Evolutionaryy branching yields the first of these two conditions and, in 
thee model considered here, a population of herbivores easily splits up in 
twoo (and usually more) types. 

Becausee our model is based on asexual reproduction, we cannot elab-
oratee on the second condition, assortative mating. Felsenstein (1981) 
pointedd out that sexual reproduction works against the divergence of 
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sympatricc populations. Even though frequency-dependent selection may 
initiall yy produce linkage disequilibrium, recombination (through sexual 
reproduction)) tends to destroy this association. Felsenstein thus predict-
edd that unrealistically strong selection pressures would be needed for 
sympatricc speciation to proceed. However, other studies have shown that 
inn models with sexual reproduction, assortative mating may readily 
evolvee in the course of evolutionary branching (Dieckmann and Doebeli 
1999;; Kisdi and Geritz, 2001). Moreover, as pointed out by Rice (1987), 
thiss negative interaction between the processes of selection and repro-
ductionn may be circumvented when assortative mating can occur as a by-
productt of selection. This relaxes the conditions for sympatric speciation 
(Dieckmannn and Doebeli 1999; see also Drossel and McKane 2000). For 
herbivorouss arthropods, assortative mating may well be a by-product of 
hostt plant specialisation, producing host-associated mating (Bush 1975, 
1994).. Our results thus make host race formation and sympatric specia-
tionn plausible in herbivorous arthropods, through specialisation and eco-
logicall  character displacement. 
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Appendi xx I - Non-selectiv e foraging : a = 0 

Underr non-selective foraging, the herbivores are uniformly spread over 
thee plant quality gradient: the utilisation spectrum u(q) is flat. Since total 
utilisationn must equal one, the utilisation spectrum is then given by: 

u{q)u{q) = 
tfmax-tfmintfmax-tfmin ( A l . l ) 

Usingg this, we can solve for the equilibrium plant densities: 

>M-*)-4-$-r ^ ^ 
maxx fmin dt dt 

whichh gives 

(AA 1.2) 

Cfh Cfh 

(AA 1.3) 
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Thee second solution shows that (provided a positive equilibrium is 

attained)) p{q) is inversely dependent on the equilibrium number of her-

bivores.. In turn, the equilibrium number of herbivores can be expressed 

byy using the equation for p(q\ in the equilibrium intake rate 7, splitting 

upp the integral, and rewriting, 

// = _rf£ 
9max x 

CfC, CfC, 

*7maxx ^min 
jp(q)e(q)qdq jp(q)e(q)qdq 

CfC. CfC. 
9max x 

fcfc c c 

#maxx 'ïmin 
9min n 

ƒƒ e{q) q K(q) 1 --
ccffh h 

( ^ m a x - ^ m i n ) ^) ) 

dq dq 

(AA 1.4) 

whichh gives 

9i i 

 '— 
jj  \ i \ i cf'cc 

/,, Hnan 

Tmax x 

ƒƒ 4l)l K(q)-, f • • • dq 

LL (w-«-)-K«) (A1S) 

Appendixx II  - Optima l foraging: a —> °° 

Att ecological equilibrium, a monomorphic population of herbivores uses 

thee range of plant qualities that form the plateau top of the 'table moun

tain'' (see Fig 3), between <jfmin and qmax- Therefore, for q < qm[ n and q > 

qmax,qmax, the utilisation spectrum u(q) — 0, and hence the equilibrium plant 

densitiess are at their carrying capacities £ p(q\ = K{q\"]. 

Forr qm[ n < q < qmax the utilisation spetrum is constant: 

u[q)u[q) = 
9maxx ^min (A2 . 1 ) 

Ass follows from the assumption of optimal foraging, the gain g(q) is also 
constantt in the plant range used. Thus, we can simply solve for the equi
libriumm intake rate /: 

«maxx J \ 

1=1= \ g(q)u(q)<lq = ( ? m a x - ? r o i n ) = g ( ? ) 
*7maxx *7min 

<7minn (A2 . 2 ) 

Thiss equation shows that, at equilibrium, the maximum gain equals I. 
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