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Onn the Evolutionary Coexistence of 
Specialistss and Generalists 

Martijj  n Egas, Ulf DieckmannX & Maurice W Sabelis 
XX Adaptive Dynamics Network, International Institute for Applied Systems Analysis, 

SchlossplatzSchlossplatz 1, 2361 Laxenburg, Austria 

Too be submitted to American Naturalist 

Inn a seminal paper, Wilson and Yoshimura (1994; On the coexistence of 
specialistss and generalists. American Naturalist 144: 692-707) have shown 
thatt temporal variability in the environment allows for coexistence of 
specialistss and generalists under a wide range of conditions. Here, we 
challengee this widely cited conclusion with an evolutionary analysis of 
theirr model, showing whether such coexistence is likely to evolve. We 
addresss several problems with this model that became apparent from 
resultss of the evolutionary analysis (even without temporal variability in 
thee system). Our results show that trade-offs in fitness-determining char-
acterss (such as carrying capacity or intrinsic growth rate) may have 
intriguingg effects on the evolution of specialisation when such trade-offs 
doo not map linearly onto a trade-off in fitness itself. The evolutionary 
analysiss shows that coexistence of specialists and generalists is not evo-
lutionarilyy attainable for any degree of temporal variability in the envi-
ronment,, habitat selection, and trade-off strength. These findings do not 
implyy that coexistence of specialists and generalists mediated by tempo-
rall  variability is evolutionarily unstable, but do call for an investigation 
intoo such stability. There remains much to be learned by studying the 
evolutionaryy attainability and stability of coexistence, whether systems 
aree driven to fluctuate by external factors (as in this study) or internal 
mechanisms. . 
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Introductio n n 

Onee of the major issues in ecology and evolutionary biology is to under-
standd the mechanisms promoting species coexistence (e.g., Anderlies and 
Beisnerr 2000; Richards et al. 2000; Wilson and Richards 2000). The aim 
iss to pinpoint the conditions under which n species can live together on 
<n<n resources, thereby violating the competitive exclusion principle 
(Hardinn 1960). One of the factors promoting diversity is temporal vari-
abilityy in the environment (e.g., Levins 1979; Abrams 1984; Brown 1989; 
Huismann and Weissing 1999). 

Wilsonn and Yoshimura (1994; W&Y ) connected coexistence to anoth-
err key topic: the evolution of specialisation. They used a simple model to 
examinee the effects of temporal variation on a community of two extreme 
specialistt species and one generalist species. Al l species can adaptively 
choosee between two habitats and face a trade-off in exploiting these habi-
tats.. Here, a so-called weak trade-off describes the situation where the 
generalistt is only slightly inferior to the specialists (i.e., yielding a con-
vexx fitness set; see w&Y) , whereas the generalist is greatly inferior to the 
specialistss with a strong trade-off (or concave fitness set). The analysis 
showedd that temporal variability often allows the coexistence of extreme 
specialistss and generalist, i.e., given strong enough habitat selection and 
aa weak enough trade-off. The paper is widely cited for this message; how-
ever,, the analysis on which it is based was limited in its scope. Specifically, 
wee expect that an evolutionary analysis may well provide a much nar-
rowerr set of conditions for coexistence of specialists and generalists. 

Twoo related issues illustrate how an evolutionary analysis could chal-
lengee the conclusions of W&Y . First, the coexistence of two extreme spe-
cialistss and the generalist may not be evolutionarily stable. For instance, 
inn an environment with high temporal variability, there may well be 
selectionn on the specialists for generalisation, thereby leaving no room 
forr the generalist ('squeezing out' the generalist). Second, coexistence 
mayy not be evolutionarily attainable. By this, we mean that gradual evo-
lutionaryy change cannot lead from a monomorphic population to the 
coexistencee of three phenotypes. For instance, when the individuals are 
constrainedd in their foraging ability, again in an environment with high 
temporall  variability, we expect the evolution of a monomorphic popula-
tionn of generalists. It is still possible that extreme specialists can invade 
andd coexist with the generalist (as the analysis of w&Y shows), but this 
cannott arise from gradual evolutionary change. 

Inn this paper, we address the latter challenge by presenting an evolu-
tionaryy analysis of the w&Y model. We use the framework of adaptive 
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dynamicss (Metz et al. 1996; Dieckmann and Law 1996; Dieckmann 1997; 
Geritzz et al. 1998) to evaluate the conditions leading to the evolution of 
coexistingg specialists and generalists. Adaptive dynamics can be used to 
investigatee evolutionary branching, the process of a population consist-
ingg of one phenotype splitting up in two subpopulations, each with a dif-
ferentt phenotype. Evolutionary branching offers a route to coexistence, 
inn the following way In a monomorphic population, the generalist wil l 
evolvee (Fig la), but this strategy may not be evolutionarily stable under 
alll  conditions. When evolutionary branching occurs, two phenotypes are 
formed,, which gradually diverge through specialising on one of the two 
habitatss (Fig lb). Subsequently, these two species may again undergo 
evolutionaryy branching, resulting in two extreme specialists and two 

a a 

specialis tt  on habita t 2 specialis t on habita t 1 specialis t on habita t 2 specialis t on habita t 1 

Efficiencyy in habitat 1, e1 

Efficiencyy in habitat 2, e2 

Efficiencyy in habitat 1, e1 

Efficiencyy in habitat 2, e2 

Figg 1 The evolutionary pathway to coexistence of two specialists and one gen-
eralistt species, (a) Evolution towards the generalist strategy, (b) Evolutionary 
branchingg produces two specialists, (c) Secondary evolutionary branching pro-
ducess four phenotypes, (d) two of which may converge on the generalist strate-
gyy whereby one goes extinct. 
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moree generalist species (Fig lc). The two generalist species converge 
andd one of the two may go extinct, leaving the other generalist in evolu-
tionarilyy stable coexistence with the two specialist species (Fig id). 

Previouss studies have shown that increased temporal variability 
selectss for generalists instead of specialists {e.g., Levins 1962; Rosen-
zweigg 1987; w&Y and references therein). Thus, intuitively, we expect 
thatt high temporal variability will prevent the evolution of coexisting 
specialistss and generalists, with the generalist as the evolutionary sta-
blee endpoint of evolution (as in Fig la). Intermediate levels of variation 
mayy lead to the evolution of three phenotypes coexisting on two distinct 
resources.. However, we may probably expect coexistence at an evolu-
tionaryy timescale under more restricted conditions than w&Y predict. 

Inn the next section, we introduce a model equivalent to the w&Y 
model.. Then, we address several problems with this model that became 
apparentt from results of the evolutionary analysis (even without tempo-
rall  variability in the system), which forced us to modify the original 
model.. Next, we analyse the evolutionary dynamics in the modified 
modell  and show that coexistence of specialists and generalists is not evo-
lutionarilyy attainable. We discuss the implications of our findings for 
coexistencee of specialists and generalists and outline how trade-offs in 
fitness-determiningfitness-determining characters (such as carrying capacity or intrinsic 
growthh rate) affect the evolution of specialisation when such trade-offs 
doo not map linearly onto a trade-off in fitness itself. 

Thee w&Y mode l 
W&YY described the population dynamics of three species and two habi-
tatss with the following system of discrete-time Ricker equations: 

NNi,t+l=^i,t+l=^ NNij,tij,t exexVV r 
11 XlM+N2jrt+NHt 

MM  L v ev A ; J\ (i) 

Here,, the reproduction ratio of the population is described by an expo-
nentiall  function, where r is the intrinsic growth rate (assumed to be 
equall  for all species), N^t is the number of species i in habitat j at time t, 
KjKj  is the carrying capacity of habitat j for a species uniquely specialised 
onn that habitat, and etj is the level of specialisation, or relative efficiency, 
off  species i on habitat j . W&Y used a different set of parameters to 
describee the level of specialisation in the two specialists and the general-
ist,, but to facilitate our evolutionary analysis we have rewritten this to ey 
withoutt loss of generality. The levels of specialisation on the two habitats 
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aree determined by an assumed trade-off, acting on the carrying capaci-
tiess of the species. W&Y used fixed phenotypes with set values for the 
trade-off,, but as we want to study the evolution of this trait we specified 
thee following, continuous trade-off function: 

„s„s  . „S i 

Thee strength of the trade-off is governed by the parameter s (Fig 2). By 
thiss definition, the trade-off is weak when s > 1 (convex relation between 
enen and «&) and the trade-off is strong when s < 1 (concave relation 
betweenn en and e&). 

Temporall  variability was modelled by randomly varying the values of 
K\K\ and 7fg symmetrically around the mean in each generation, according 
too a uniform distribution. The relative variation ryfor habitat jis defined 
byy {Kj tmax - Kj>min)/Kj. W&Y varied the carrying capacities either inde-
pendentlyy or reciprocally (i.e., when K\ is high K2 is low and vice versa). 
Reciprocall  variation may arise when two habitats differ in an abiotic fac-
torr only in a relative sense (e.g., habitat 1 is always warmer than habitat 
2,, irrespective of the average temperature of the environment), and the 
speciess has an optimum for its growth in this factor. Then, variation in 
thee global mean value over the two habitats causes conditions in one 
habitatt to change towards the optimum for the organism, and in the 
otherr habitat away from the optimum. Reciprocal variation is important 
inn that it relaxes the conditions for coexistence, because it ensures that 
eachh generation one of the two habitats is underpopulated (allowing the 
generalistt to choose that habitat to reproduce in). However, since reci-
procall  variation is a rather special case, we only analyse the case of inde-

Figg 2 Various shapes of the trade-
offf  function (eq. 2) for different val-
uess of the trade-off strength s. The 
trade-offf  is strong (or concave) for 
ss < 1, and weak (or convex) for s > 1. 

0.55 1 

Efficienc yy in habita t 1, e 
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pendentlyy varying carrying capacities which necessarily give rise to 
moree stringent conditions for coexistence. 

W&YY assume that individuals are distributed over the two habitats 
accordingg to an ideal free distribution (iFD; Fretwell and Lucas 1970). 
Becausee there are three species, the IFD cannot be derived analytically but 
insteadd has to be solved numerically. w&Y explored departures from IFD 
byy distributing only a fraction g according to the calculated IFD and a 
fractionn 1 — g randomly with a probability Ki/(K\+Kq) to enter habitat i. 
Thee fraction g scales the distribution of a consumer over the two patch-
ess continuously between optimal (g = l) and completely random (g= 0). 

Inn our evolutionary analysis, we assess the invasion fitness of mutants. 
Thee invasion fitness of a mutant is defined as the long-term growth rate 
off  that mutant when rare in a population of individuals with a resident 
strategyy (cf. Metz et al. 1992). In this way, the residents determine the 
environmentt in which the mutant is 'tested'. If the mutant can grow in 
thee resident population, its invasion fitness is positive; if the mutant can-
nott grow in the population, its invasion fitness is negative. By replacing 
thee role of the resident and the mutant strategies, we can assess whether 
thee mutant strategy wil l replace the resident (given that the underlying 
populationn dynamics yield one stable attractor; see Geritz et al. 1998). To 
calculatee invasion fitness in this model with random temporal variation 
inn the environment, we have to simulate the population dynamics. 
Simulationss were run over 50000 generations, and invasion fitness was 
calculatedd as the sum of In [^reproduction ratio J over all generations, 
dividedd by the number of generations, to obtain the long-term growth 
rate. . 

Too show the pattern of invasion fitness for different combinations of 
residentt and mutant strategies, pairwise invasibility plots (PIPS) are used 
(seee Van Tienderen and De Jong 1986; Geritz etal. 1998; see also Figs 3, 
55 and 6 for examples). In such plots, each point represents a combination 
(pair)) of mutant and resident trait values, for which the invasion fitness 
off  the mutant can be calculated and drawn in the plot. The PIP shows 
areass of positive and negative invasion fitness. Along the main diagonal 
(wheree the mutant trait values equal those of the resident) invasion fit-
nesss is necessarily zero, and usually there is one other isocline of zero 
invasionn fitness. Where this isocline intersects the main diagonal, a sin-
gularr point is located that represents an equilibrium point in the evolu-
tionaryy dynamics. Whether evolution leads towards this point can be 
determinedd from the PIP by studying the sign structure. For instance, if 
wee start left of the singular point and invasion fitness above the diagonal 
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iss positive and below the diagonal negative, mutants with a value closer 
too that of the singular point can invade and wil l replace the resident. For 
singularr points that are evolutionary attractors, the evolutionary stabili-
tyy can also be read from the PIP by checking whether the vertical line 
throughh the singular point lies within an area of negative invasion fitness 
(noo mutants can invade anymore) or positive invasion fitness (mutants on 
bothh sides can invade a resident population with the singular strategy). 
Inn the latter case, evolutionary branching can take place when the model 
allowss for coexistence of two types through mutual invasibility (i.e., 
becausee strategy pairs exist where each strategy when rare can invade a 
residentt population of the other strategy) (see Geritz et al 1998). 

Problem ss wit h th e w& Y mode l 

Inn analysing the evolutionary dynamics of the w&Y model, we obtained 
resultss that contradict with or deviate from all previous predictions on 
thee evolution of specialisation (Levins 1962, 1968; MacArthur and 
Levinss 1964; Lawlor and Maynard Smith 1976; Rosenzweig 1981, 1987; 
Brownn and Pavlovic 1992). It appeared that the evolutionary dynamics of 
thee w&Y model even differs from what W& Y expected themselves. Since 
thesee deviating and probably wrong predictions already emerge in a con-
stantt environment, they must be intrinsic to the formulation of the dif-
ferencee equations. Below, we scrutinize two of the assumptions presumed 
too be crucial for understanding why the w&Y model gives the wrong pre-
dictions:: the rule for departure from IFD, and the character on which the 
trade-offf  acts. We propose modifications of the w&Y model that remedy 
thee deviation from current theory. 

Departur ee fro m IFD 
Thee w&Y model predicts the evolution of an extremely specialised 
speciess under arbitrarily weak trade-offs, contrary to all predictions pub-
lishedd so far, including the one by w&Y themselves. Pair wise invasibility 
plotss show that the generalist is an evolutionary repeller under all for-
agingg conditions except those producing the 'fully random' and 'IFD' dis-
tributionss (Fig 3). Hence, the model predictions are structurally unstable 
forr deviations from IFD. The reason for this lack of robustness can be 
understoodd as follows. A rare mutant in a resident population wil l always 
maximisee its fitness by foraging in the habitat for which it is more spe-
cialisedd than the resident. Hence, the IFD of a mutant, plotted for all pos-
siblee strategies is a discontinous step-function. Importantly, the 'random' 
rulee for deviations from IFD retains this characteristic (Fig 4a), leading to 
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Fi gg 3 Pairwise invasibility plots (showing the invasion fitness of mutants in a 
residentt population) for different values of the 'optimal foraging' parameter g. 
Whitee areas indicate positive invasion fitness, grey areas negative. The trade-off 
iss weak (s = 6.67), r = 1.3 and Kt - K% - 100 (like in W&Y) . Note the increas-
inglyy smaller wedged area of negative invasion fitness around the diagonal 
(goingg from [a] to [f]) , indicating that the generalist strategy {ex

s = <?2
S = 0.5) 

iss an evolutionary repeller. (a) g = O; (b) g - 0.1; (c) g = 0.25; (d) g - 0.5; (e) g -
0.75;; ( f )g= 0.9. 

ann inordinate fitness benefit for mu tan ts arbi trar i ly close to the resident 

phenotype.. W h en we replaced the ' random' rule by a 'percept ion-error' 

rulee to remove the discontinuity, we also overcame the discont inui ty in 
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thee results and thereby the lack of model robustness. The new rule is 
basedd on the assumption that foragers can make foraging errors (relative 
too the IFD) depending on the difference in fitness (or In [growth r a t e j )^ 
-f\-f\ between the two habitats, scaled by a foraging accuracy parameter a. 
Whenn there is no fitness difference, the foragers are distributed accord-
ingg to the carrying capacities. An increasing difference in fitness results 
inn an increasing proportion of the population using the higher-fitness 
habitat.. We used the following equation to describe the probability p\ of 
usingg habitat 1: 

KKAA 1 
P\P\ = 

KK22 l + exp[fl(/2-/i)] 
(3) ) 

5 5 

O) ) 

c c 

a> > 
o o 
£ £ 
'B 'B 
to to n n o o 
i-i-
Q. . 

QT T 

n n 
(0 0 

a> > 

'S S 
f f 
ra ra 
n n 
o o 

0.5--

-9=1 1 

0.5 5 

g=0.75 5 

g=0.5 5 

g=0.25 5 

-g=0 0 

a=0 0 

Mutan tt  efficienc y in habita t 1, e * 

Figg 4 The foraging rule of W&Y (a) and our rule, based on perception error (b). 



ForagingForaging Behaviour and the Evolution of Specialisation in Herbivorous Arthropods 

Here,, fitness in habitat / i s given by fi = r [ l - N;/(e;Kj)]. By varying a in 
thee range [O, +00), we can vary the distribution of consumers from ran-
domm to IFD (Fig 4b). 

Wheree to put the trade-off? 
Thee second assumption that may be responsible for the deviating predic-
tions,, was the trade-off in the model. W&Y state that — in the absence of 
habitatt selection - concave fitness trade-offs (i.e., stronger than linear; 
ss < 1) select for specialists, and convex trade-offs (weaker than linear; 
ss > 1) select for generalists. However, we show that this depends on the 
trade-offf  structure: is the trade-off in the carrying capacities, in the 
intrinsicc growth rate, or in both? 

Inn the absence of habitat selection, individuals are randomly distrib-
utedd according to the carrying capacities of the two habitats (i.e., a - O). 
Inn this case, the model has a one-dimensional feedback loop (through the 
totall  population size), which implies that evolution is optimising 
(Meszénaa et al. 2000, Meszéna and Metz 2001). Hence, we can predict 
evolutionaryy steady states from the effects of the traits on the equilibri-
umm consumer density: higher densities are always selected for. 
Unfortunately,, there is no analytical solution for the equilibrium con-
sumerr density in the w&Y model (with the trade-off acting on the carry-
ingg capacities), except when the consumer is the generalist. Numerical 
analysiss of the latter case, using PIPS, revealed a surprising pattern. 
Startingg from a weak trade-off, evolution leads to the generalist strategy 
(Fig.. 5, bottom right). This is what would be expected from theory (e.g., 
Levinss 1962, 1968; Lawlor and Maynard Smith 1976). However, the sys-
temm becomes bistable when the trade-off is strengthened (Fig. 5, bottom 
middle):: depending on the initial phenotype, the population evolves to 
specialisationn or generalisation. The evolutionary bistability occurs here 
becausee the generalist strategy has a local maximum equilibrium densi-
ty,, and the two (symmetrical) phenotypes with some degree of speciali-
sationn on one of the two patches have local minima. In this example, this 
actuallyy results in selection for specialisation in a small part of the para-
meterr space with a weaker-than linear trade-off (not shown in Fig 5). 
Whenn the trade-off is strengthened well beyond the linear case (s — l), 
thee bistability disappears, leaving the generalist strategy with the mimi-
mumm equilibrium density. Hence, there is always selection for increased 
specialisationn (Fig 5, bottom left), which again meets the expectations. 

Anotherr surprising result is that the precise strength of the trade-off 
forr which the transitions occur, depends on the value of the intrinsic 
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Figg 5 Representative gallery of pairwise invasibility plots for different values of 
thee strength of the trade-off s (horizontal), the foraging accuracy a (vertical) and 
temporall  variability v (tiled). White areas indicate positive invasion fitness, grey 
areass negative. Other parameters: r — 1.8 and K\ = Kg — 100. 

growthh rate r. In the Appendix we show that the generalist strategy is 
alwayss selected against (and hence the evolutionary bistability is absent) 
whenn 5 < r — 1 (in our numerical example s < 0.3). Both the occurrence 
off  the evolutionary bistability and the dependence of selection regimes 
onn r were not anticipated by w&Y. This discrepancy between expectation 
andd results can be explained by the fact that the theoretical predictions 
aree based on a trade-off in (density-independent) fitness associated with 
feedingg in habitat 1 and habitat 2 (see e.g., Levins 1962), whereas in the 
modell  a trade-off is implemented in the carrying capacities. Since the car-
ryingg capacities do not linearly translate into fitness, the theoretical pre-
dictionss do not carry over to this model. 

Clearly,, we are in for surprises if we consider the trade-off acting on 
carryingg capacity alone. Moreover, several individual-based derivations 
off  the Ricker model show that r and K are related (Royama 1992; 
Dieckmannn and Law 2000; Sumpter and Broomhead 2001; Van Dooren 
2001),, e.g., K— r/ lnQl/( l- l /n)^] , where n = number of cells, or maximum 
populationn size (Sumpter and Broomhead 2001), or K = r/s(l-k), where s 
—— neighbourhood area of one individual and k — competition intensity 
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(Royamaa 1992). Generally, r depends on individual reproduction (or BQ) 
andd K is linearly dependent on r, with a proportionality constant depend-
ingg on individual properties that determine the maximum population 
size.. Hence, assuming a trade-off in r alone is impossible (because K is 
linearlyy related to r) unless the proportionality constant in K exactly 
compensatess for the trade-off in r. However, assuming a trade-off in K 
alonee is possible (because K has parameters independent of r). A trade-off 
affectingg both r and K is most likely, though. 

Therefore,, we also consider the case with the trade-off in both K and 
r.. In the Appendix it is shown that assuming this trade-off structure 
causess the results to come closer to the generally acknowledged theoret-
icall  expectation that the generalist is selected for under a weak fitness 
trade-offf  and a specialist under a strong fitness trade-off. Evolution leads 
too the generalist when r < (s- 1)2!/*. To satisfy this condition, smust be 
largerr than one [i.e., the trade-off must be weak). Furthermore, we have 
nott found bistability in the model for any parameterisation of r and s. 
However,, the evolutionary outcome still depends on the growth rate r. 

I tt is easy to show that the third, unrealistic case, with the trade-off 
actingg only on the instantaneous growth rate r is neutral to evolutionary 
changee without temporal variability. Given that we do not see a biologi-
callyy plausible way to assume a trade-off in r without assuming the same 
trade-offf  in K, we wil l not consider this case further. 

Evolutionar yy analysi s 

Inn the next two sections we wil l analyse the effects of temporal variabil-
ityy and foraging accuracy on the evolution of specialisation starting from 
aa monomorphic population [i.e., one phenotype in the population), and 
thenn from a dimorphic population (when dimorphism arises through evo-
lutionaryy branching) to assess the possibility for evolution towards high-
err degrees of polymorphism. In each section we wil l start from the base-
linee case of no temporal variation. In some cases we can obtain analytical 
resultss for the effects of foraging accuracy which can guide our under-
standing.. Then we explore the effects of temporal variability through 
numericall  analysis. 

Monomorphi cc evolutio n 
Inn all our simulations, evolution in a monomorphic population yields the 
generalistt strategy (i.e., satisfying e\K\ = e^Ko) as the only singular strat-
egyy in the PIP (except, when the trade-off is in /if only, for the small range 
off  parameter values where evolutionary bistability occurs). In the 
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Figg 6 Effects of temporal variability on the properties of the evolutionary sin-
gularr point. Shown are pairwise invasibility plots (white areas: mutant can 
invade;; grey areas: mutant cannot invade; in all cases r = 1.3, s = 6.67 \j.e., a very 
weakk trade-off], and Kj — K2=  100) for three levels of temporal variability in K. 
(a-c)) Trade-off in A" only (cf. W&Y ) ; a = 0.25; (a) v - 0 (no variation), (b) v- 1.0, 
(c)) v — 1.8. With high variation in the environment, the singular point becomes 
evolutionaryy unstable, (d-f) Trade-off in both if and r, a = 0.4; (d) v = 0 (no vari-
ation),, (e) v = 1.0, (f) v = 1.8. Contrary to the other trade-off structure, with high 
variationn in the environment the singular point becomes evolutionary stable. 
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absencee of temporal variability, we analysed the evolut ionary stabil i ty of 

thiss s ingular point (see Appendix). If a resident populat ion of general ists 

cannott be invaded by nearby mutants, the general ist s t ra tegy is cont in-

uouslyy stable (a CSS); if it can be invaded by nearby, more specialised 

mutants,, the s t ra tegy is an evolut ionary b ranch ing point. For both t rade-

offf  s t ruc tures the general ist s t ra tegy changes from a CSS to an evolutio-

s s 

Trade-of ff  in K onl y Trade-of f in bot h K and r 
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Fi gg 7 (a-b) Critical boundary of foraging accuracy a and trade-off strength s to 
resultt in specialisation through evolutionary branching or, below the lines, in 
thee generalist as continuously stable strategy (ess). The grey areas can be 
excluded,, because there the generalist is an evolutionary repeller. (a) Solid line: 
noo variability {y — 0), other lines from top to bottom v—O.9. (on top of the solid 
line),, v - 0.6, v — 1.0, v= 1.4, v = 1.8. (b) Solid line: no variability (v = 0), other 
liness from top to bottom v= 1.8, v— 1.4, v — 1.0, v = 0.6, v - 0.2 (on top of the 
solidd line), (c-d) Critical boundaries of foraging accuracy a and trade-off 
strengthh s to lead to an interior pair of specialist singular strategies (below the 
lines),, or to end up with a pair of extreme specialists (above the lines). The grey 
hatchedd area can be excluded, being the domain of CSSs in Figs (a-b). Line cod-
ingg corresponds to the variabilities in Figs (a-b). The thick line indicates the 
criticall  boundary for branching in absence of temporal variability; note that the 
verticall  scale is different from figs (a-b). Other parameter values: K\ = K& = 100, 
r == 1.3. 
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naryy branching point when the foraging accuracy of the consumers is 
increasedd (Fig 7a,b). When the trade-off acts only on K, there is - given 
aa certain value of r— a linear relationship between the foraging accuracy 
andd the strength of the trade-off for which this transition takes place (see 
Appendix);; when the trade-off acts on both K and r, the relationship is 
mathematicallyy more complex (see Appendix). 

Simulationss revealed the same transition boundary for different val-
uess of temporal variability in the carrying capacities (v\ = v% ranging 
fromm 0.2 to 1.8). This again yielded a surprising difference between the 
twoo trade-off structures (Fig 7a,b). When the trade-off is in both K and 
r,, higher temporal variability increases the foraging accuracy that allows 
forr evolutionary branching. This is what we expected, based on the argu-
mentt that higher variability favours the generalist. On the contrary, with 
thee trade-off in K only, the reverse is true: higher temporal variability 
heree allows for evolutionary branching with a lower foraging accuracy. 
Thesee opposite effects are illustrated in Fig 6, showing several PIPS that 
differr only in temporal variability where the singular strategy changes 
fromm an evolutionary branching point to a ess (left; trade-off in K only) 
orr vice versa (right; trade-off in both K and r). 

Dimorphi cc evolutio n 
Forr the parameter values that allow for evolutionary branching in a 
monomorphicc population, we simulated evolution starting from a dimor-
phicc population to find dimorphic sets of singular points. For these, we 
weree able to assess whether secondary evolutionary branching occurs, 
resultingg in higher degrees of polymorphism (as sketched in Fig lc,d). 
Generally,, in a large area of parameter space evolution leads to two 
extremee specialists (Fig 7c,d). When we found a dimorphic set of singu-
larr points inside the trait space of our model (e\, e$)t these were always 
evolutionarilyy stable strategies. Hence, gradual evolution in this model 
cannott result in coexistence of specialists and generalists, but wil l stop at 
aa monomorphic population of generalists or a dimorphic population of 
specialists. . 

Discussio n n 

Theoreticall  studies have shown that temporal variability in the environ-
mentt allows for higher numbers of species coexisting than Hardin's 
(1960)) competitive exclusion principle would predict (e.g., Levins 1979; 
Chessonn and Warner 1981; Chesson 1985; Ellner 1985). Evolutionary 
effectss of temporal variability on coexistence have rarely been studied, 
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howeverr (for the few examples, see Ellner 1985; Kisdi and Meszéna 1993, 
1995).. In this paper, we have considered the effects of temporal variabil-
ityy on the evolutionary pathway towards coexistence of specialists and 
generalistss (as illustrated in Fig 1), using a model analysed by Wilson 
andd Yoshimura (1994; W&Y ) for its potential to give rise to such coexis-
tence.. We showed that despite the fact that coexistence of two specialist 
populationss and one generalist population is possible, there is no evolu-
tionaryy pathway leading to this coexistence. In all simulations, evolution 
leadss to one generalist population, or to evolutionary branching of the 
generalistt population into two specialist populations (extreme specialists 
forr a wide parameter range), but not to higher degrees of polymorphism. 

Ass explained in the introduction, there are two related ways in which 
ann evolutionary analysis can challenge the conclusion from W& Y that 
coexistencee of specialists and generalists in temporally varying environ-
mentss is easily achieved. One is to check whether this coexistence is evo-
lutionarilyy attainable, and the other is to check whether it is evolutionar-
il yy stable. As we have shown here, the coexistence of two specialists and 
onee generalist is not evolutionarily attainable through gradual evolu-
tionaryy change — another mechanism is required to achieve this. One pos-
sibilityy is that a generalist phenotype can be created through a mutation 
withh large effect. However, genes of large effect do not commonly occur 
(butt see De Jong et at. 2000 for an exception). A second possibility is 
invasionn of a generalist into the two-specialist community by migration 
fromm another geographic locality. 

Thee finding that the coexistence of specialists and generalists is not 
evolutionarilyy attainable does not mean that such coexistence is evolu-
tionarilyy unstable. One scenario for evolutionary instability is that the 
twoo specialist species are selected to become increasingly specialised, to 
aa degree where they are outcompeted by the generalist species. Another 
scenarioo is that the two specialist species are selected to become less spe-
cialised,, to a degree where they 'squeeze out' the generalist species. The 
firstt scenario seems to be more likely, since the effect of the generalist 
speciess is to dampen the variation in growth rate of the specialists (by 
occupyingg a habitat in higher numbers if it is relatively empty and the 
otherr habitat is relatively full). This dampening effect probably favours 
increasedd specialisation, but whether this leads to loss of species is a 
questionn worthy of further study. If coexistence through temporal varia-
tionn in the environment is not generally an evolutionarily stable situ-
ation,, but arises relatively easily through migration of specialist and gen-
eralistt species, our model predicts continuous change in both the number 
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off  species and the degree of specialisation in the system over time - due 
too a complex interplay of ecological and evolutionary dynamics. 

Furthermore,, our results revealed surprising effects of a trade-off in 
carryingg capacity (but also of a trade-off in both carrying capacity and 
intrinsicc growth rate) on the evolution of specialisation, even without 
temporall  variability. These effects emphasise that (i) theoretical predic-
tionss based on a trade-off in fitness do not easily carry over to models (or, 
forr that matter, experimental systems) where such a trade-off is assumed 
inn a fitness component such as carrying capacity, (ii) hence, models (or 
experimentall  systems) with a trade-off in one or several fitness compo-
nentss that do not linearly translate into the trade-off in fitness can yield 
moree complex predictions for the evolution of specialisation than previ-
ouslyy thought, including evolutionary bistability. Since it is generally 
veryy difficult to measure fitness of individuals in experimental systems, 
evolutionaryy biologists usually restrict their experiments to measuring 
onee or several components of fitness (in insect-plant biology these are 
usuallyy oviposition rate, juvenile mortality rate, juvenile mass increase 
andd sometimes rate of development; see e.g.y Futuyma and Moreno 1988; 
Jaenikee 1990). Our results show that it requires more theoretical work to 
derivee a reliable prediction for the effects of such trade-offs in fitness 
componentss on the evolution of specialisation. 

Temporall  variability in model systems can also be internally driven, 
whenn the underlying population dynamics consist of sustained cycles or 
evenn deterministic chaos (May 1973), This internally driven variability 
cann also promote coexistence (Armstrong and McGehee 1976, 1980; 
Adlerr 1990; Huisman and Weissing 1999). In the Ricker model for one 
populationn living on a single resource, unstable population dynamics 
ensuee for high values of the intrinsic growth rate r (cycles for r > 2, chaos 
forr r > 2.692; May 1975). Choosing r in our model such that the gener-
alistt species has stable population dynamics, but a specialist species 
undergoess cycles (or maybe even chaos), promises interesting evolution-
aryy dynamics. A generalist species would create a stable environment 
thatt under most conditions selects for evolutionary branching leading to 
twoo specialised species. However, these would create an unstable envi-
ronmentt which subsequently allows a generalist species to coexist, if it is 
ablee to migrate into the system or arise from the odd major-effect muta-
tion.. This leads to the same questions as discussed above with regard to 
thee evolutionary stability of coexisting specialists and generalists. Hence, 
muchh also remains to be learned by studying the evolutionary attainabil-
ityy and stability of coexistence in systems, internally driven to fluctuate. 
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Appendix : : 

Monomorphi cc evolutio n in th e absenc e of tempora l variatio n 

Trade-of ff  in K onl y (cf. W&Y ) 
NoNo habitat selection (a = 0) 
Underr this trade-off, the population dynamics are described by 

NNt+t+ i=Ni=N t t ++ exp Hl-i i 
2e2exxK K 

++ ^exp i-J^ ^ 
2e2e22K K 

Ann analytical solution for the equilibrium population size is only avail-
ablee for the generalist strategy, e\ — e  ̂— e-, 

N=2eK N=2eK 

Thee fitness function for a mutant with strategy e\ in a resident popula-
tionn with strategy e\, expressed as In [[mutant growth rate in resident 
populationn J, is 

/(e{,e1)) = ln|iexp 1--
NN ^ 

2e{Kj 2e{Kj 
++ ^exp 1--

2e{K 2e{K 

whichh results for the generalist (e\ = e  ̂— e) in 

f(f( eehheel)\l)\ e=e= = l n l e xP 1--1 1 
II  4 

++ |exp|,-H H 
Givenn that the generalist strategy is a singular point, we can check its 
evolutionaryy stability (i.e., does the generalist represent a fitness maxi-
mumm or minimum?) This can be determined from the second derivative 
off  the fitness function, evaluated for e\ — e\ — e. 

(r-2)(r-2) xd
Le2 

1 1 

**  2 de,2 
== ^ ( r - l - , ) 

Thiss is a fitness maximum (i.e., evolution leads to a generalist population) 
whenn s > r- 1. Otherwise, evolution leads to increased specialisation. 
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HabitatHabitat selection (a > 0) 
Assumingg that the singular strategy is the generalist, and that this strat-
egyy is convergence stable (which holds for all our simulations as long as 
thee above condition for a fitness maximum was satisfied), we can again 
assesss the evolutionary stability of this strategy. The equilibrium of the 
generalistt is the same as above ( N = 2eK), which gives the following fit -
nesss function for e\ — e% = e. 

f(ei,eAf(ei,eA =ln pmAexp r 
'c || —e 

1-- ( ! - / V l ) e xP P -ï ï 
withh pf^x the probability of the mutant to enter habitat 1 (from eq. 3): 

exp p 

Pm,\Pm,\ = 

ar ar 
*2 *2 

11 + exp ar ar exp p 
e e 

arar ~:> 
LL V^iy j 

++ exp ar ar 
ffe^ e^ 

*2) *2) 

Whetherr this fitness function reaches a maximum or minimum can be 
determinedd from the second derivative, evaluated for e\ — e\ — e. 

f(e{f(e{,,e0e0»\»\ f =!L-* +2tp>ml+  = r(2l)2(r  + ar-s-l) 
JKJK l' V \e[=e,=e Q2 Q2 e

Fm*  2 2 { J \ > 

Thiss is a fitness maximum for 

ss + \-r 
a< a< 

r r 

Hence,, when this condition is satisfied, evolution leads to a generalist 
population.. Otherwise, evolutionary branching produces two specialist 
populations. . 

Trade-of ff  in bot h K and r 
NoNo habitat selection (a = 0): 
Underr this trade-off, the population dynamics are described by 

N^N  ̂ = Nt 't+l 't+l ^exp|| rex 1 1 
NNt t 

2e\K2e\K j 
++ -exp 

==  Nt expp r 2K 2K ++ ^exp| 

rere2 2 

ee2 2 

1-- -̂1 1 
2e2e22K) K) 

- i \ \ 

2K 2K 
'A) 'A) 
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Thee equilibrium size of a population with strategy (e\, e<£) is 

NN * ==  fi^+ie^] 
Thee fitness function for a mutant with strategy e\ in a resident popula-
tionn with strategy e\, expressed as In [mutant growth rate in resident 
population ,̂, is 

f(e[,ef(e[,ell)) = \n ^exp 
N N 

++ ^exp *2-*2-
N_ N_ 

IK IK 

== ln 
expfreiJJ + expfr Ĵ 

expfr ĴJ + expf^] 

Singularr strategies occur where the first derivative of the fitness function 
iss zero. The first derivative is 

m^y=r m^y=r 
exp[re{{  J + —- expirê  | 11 J de\ l J 

exp[re{]]  + exp[re2J 

whichh equals zero for the generalist strategy, e\ — e  ̂ — e (for which 
de\/de2de\/de2 = -1). 

Noww that we know that the generalist strategy is a singular point, we 
cann check its evolutionary stability (i.e., does the generalist represent a 
fitnesss maximum or minimum?) This can be determined from the second 
derivativee of the fitness function, evaluated for e\ — e\ — e. 

\e\exx=e=exx=e =e 

\d\d22ee2 2 rr  + - -
22 , 2 

dei dei 
==  r(r-(s-ip,i 

Thiss is a fitness maximum (i.e., evolution leads to a generalist population) 
when n 

rr  < {s -1)27 

Otherwise,, evolution leads to increased specialisation. 

HabitatHabitat selection (a > 0) 
Assumingg that the singular strategy is the generalist, and that this strat-
egyy is convergence stable (which was true in all our simulations as long 
ass the above condition for a fitness maximum was satisfied), we can again 
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calculatee the evolutionary stability of this strategy. The equilibrium of 
thee generalist is the same as above, which gives the following fitness 
functionn for e\ = e% = e. 

f(e{,ef(e{,exx)) = ln[/>m(1 exp[r(ef - e)] + (l - /yi)exp[r(^ - e)]j 

withh Pmi the probability of the mutant to enter habitat 1 (from eq. 3): 

11 expl are{ 
Pm,\Pm,\ = 11 + exp[ar(é?2 - ef)] exp[are{] + expfar̂  ] 

Whetherr this fitness function reaches a maximum or minimum can be 
determinedd from the second derivative, evaluated for e\ - e\ — e. 

1 11 fife]  v 

Thiss is a fitness maximum for: 

(s-lpi-r (s-lpi-r 
a< a< 2r 2r 

Hence,, when this condition is satisfied, evolution leads to a generalist 
population.. Otherwise, evolutionary branching produces two specialist 
populations. . 
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