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3 3 
Evolvin gg Omnivory : Restriction s on 

Simpl ee Food Webs throug h th e 
Interpla yy of Ecolog y and Evolutio n 

REINIERR HILLERISLAMBERS AND UL F DIECKMAN N 

Omnivory,, within the context of simple community modules com-
posedd of an intra-guild predator, a prey species and a shared resource 
hass been linked to exclusion of the prey species by many studies. 
Whilee scope for ecological coexistence is limited, the hypothesis 
remainss as to whether evolutionary pressures lead omnivores to the 
smalll  regions where ecological coexistence is possible. We investigate 
thiss hypothesis by exploring how feeding preferences, in two intra-
guildd predators constrained by a trade-off between competition and 
predation,, evolve with regards to resource and antagonist feeding. We 
findd that evolutionary pressures even further limit the scope for 
omnivoryy and discuss four reasons why this evolution may lead either 
too exclusion of one of the omnivores, or lead to increased specializa-
tion,, and thus linear food chains. 

Keywords:Keywords: omnivory, coexistence, intraguild predation, evolutionary 
dynamics,, canonical equation of adaptive dynamics 

Omnivory,, loosely defined as feeding on more than one trophic level (Pimm 

1982)) is a troublesome issue in the world of ecology, at the very least in the 

worldd of theoretical ecology. While nature is replete with examples of omniv-

orouss species in many different types of food webs (Sokoloff and Lerner 

1964;; Sprules and Bowerman 1988; Polis et al, 1989; Vadas 1989; Warren 

1989;; Polis 1991; Fasola 1993; Goldwasser and Roughgarden 1993; 

Roughgardenn et al. 1993; Greve 1995; Dick and Platvoet 1996; Franke and 

Jankee 1998; Harlay et al. 2001), the theoretical jury is still out on whether 

omnivoryy stabilizes or destabilizes food webs. 

Thee simplest type of omnivorous food web consists of three species: an 

omnivorouss top predator, its prey and the basal resource, consumed by both 
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predatorr and prey. The role that this type of omnivory, commonly called 
'Intra-guildd predation', has in determining community structure, is tradition-
allyy viewed as a destructive one: With increasing resource productivity the 
omnivoree may exclude its prey; reducing the food web to two species, where 
thee former omnivore now subsists entirely on the resource (Diehl and Feissel 
2000;; Mylius tf */. 2001). 

Whetherr or not omnivory is detrimental to coexistence in food webs, is 
too a certain extent a matter of vantage point. Omnivory is viewed as detri-
mentall  to food web structure by Diehl and Feissel (2000) and Mylius et ai. 
(2001),, because they compare their omnivorous models with models of 
exploitativee ecosystems (Oksanen and Oksanen 1981; Oksanen et ai. 2000). 
Inn this case a linear food chain (composed of a basal resource, an interme-
diatee species feeding on this basal resource and a top predator feeding sole-
lyy on this intermediate species) is destabilized through the addition of a com-
petitivee link when the predator also feeds on the basal resource. 

Ass an alternative view we can equally well argue that omnivory stabilizes 
simplee food webs. Classical theory on competition for a single limiting 
resourcee emphasizes the exclusion of an inferior by a superior competitor 
(Tilmann 1988). It is obvious that the addition of a predatory link from the 
inferiorr to the superior competitor introduces the possibility for coexistence 
off  the two species: though regions for omnivorous coexistence are small, 
regionss for competitive coexistence are non-existent, and omnivory, especial-
lyy at low primary productivities, may thus lead to coexistence. This point, is, 
att the very least, under-represented in the literature. 

Thee difference between these two contrasting views on how omnivory 
andd coexistence are related boil down to whether one views the omnivore as 
aa predator who has evolved to also compete with its prey, or as a competitor 
whoo has evolved to also engage in predation. It thus becomes clear that 
coexistencee is a function of the relative magnitudes of competition and pre-
dation.. We recently took steps to explore this interplay (HilleRisLambers and 
Dieckmannn 2003); in simple food webs consisting of a basal resource and 
twoo omnivores. We examined the scope for coexistence as a function of the 
relativee investment into competition and predation when constrained by a 
trade-off. . 

Variationn in this relative investment between competition and predation 
allowss for consideration of the full range of classical three-species food 
webs.. Our findings pointed out that, 1) coexistence regions open up around 
configurationss wThere species investment is such that the food web configu-
rationn is a linear food chain, and 2) the extent of this region of coexistence 
stronglyy depends on the form of the trade-off linking competition and pre-
dation. . 

Thesee ecological constraints set the stage for this paper; where we exam-
inee how evolutionary dynamics affect the feeding preferences of omnivores 
inn simple food webs. Two intertwined questions motivate our research: 
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1)) How evolutionarily stable are omnivorous communities? 2) What are the 

evolutionaryy paths (if any) connecting the qualitatively different food webs 

alongg the full range of investment into competition and predation by two 

speciess (see l ;igure 3.1). 

Too address these questions we take as a departure point the model ana-

lyzedd by HilleRisLambers and Dieckmann (2003), as the ecological theater 

forr the evolutionary play (Hutchinson 1967). In this paper we study how two 

speciess change their feeding preferences in response to the selection pres-

suress imposed on each other through their interactions with the resource and 

eachh other, and so evolve towards different food web configurations. 

Inn our study, we focus on the interplay between population dynamics and 

evolutionaryy dynamics. We make use of the toolbox offered to us by adap-

tivee dynamics (Metz et al. 1996; Geri t/ et al. 1998; Dieckmann and Law 1996; 

Dieckmannn 1997) because of its particular applicability to our questions. In 

particular,, in the adaptive dynamics framework the direction of evolutionary 

changee is derived from the underlying population dynamics. This intimate 

linkagee of population with evolutionary dynamics allows us to study how 

ecologyy affects evolution, but also how evolution affects ecology. 

Inn this paper we give four reasons why evolutionary dynamics even fur-

therr restrict the scope for omnivory: 1) Under extreme specialist or general-

istt strategies evolutionary change ultimately leads to respectively pure preda-

tor-preyy systems or towards the evolutionary exclusion of the better com-

petitorr by the better predator. 2) Evolutionarily stable omnivory is only pos-

siblee given restrictive conditions imposed on the advantages that omnivory 

©-®® ©-<§> © ® 
competitionn / \ / \ / 

tt  ® ® ® 

®® ® ® 

II  ©t5® ©t5® ©-<§) 
predationn \ ^  \ ^ 

®® ® ® 

predationn ^ ^ ^ M fó) ^^ "^ ^  competition 

Figur ee 3.1. elementary rood webs based on competition-predation trade-offs in 
twoo antagonistic consumers ((. and D) feeding on a basal resource (R). Arrows indi-
catee the direction of energy flows between organisms. The horizontal (vertical) axis 
showss the relative investment into competition and predation for species C (D). 
figuree taken from HilleRisLambers and Dieckmann (2003). 
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offers:: in particular the better predator must be more disadvantaged at 

omnivoryy than the better competitor. 3) Evolutionary cycling may lead 

speciess dangerously close to the boundaries of coexistence. 4) liven if evo-

lutionarilyy stable configurations exist, not all food-web configurations lead to 

evolutionarilvv stable omnivory: different initial feeding preferences deter-

minee whether species evokes towards omnivory, or whether evolution leads 

towardss exclusion of the better competitor (see also f igure 3.2). 

Wee present these evolutionary restrictions as a departure point for further 

discussionn on the evolution of omnivory, and the evolutionary stability of 

foodd webs. These restrictions by no means imply that omnivory is not pos-

siblee in natural communities. However our results imply that the 'problem' 

off  omnivory in simple communities extends much further than can be 

derivedd from the ecological dynamics and that omnivory is not just ecologi-

cally,, but evolutionarilv debilitating. 

MODELL AND METHODS 

Inn this section we outline our modeling approach. We discuss our assump-

tionss as to how feeding preferences are linked by a trade-off, how these feed-

Poss ib lee Food Webs 

Ecologies11 consfra,0 f s 

e.g.. HilleRisLambers & Dieckmann, (2003} 

^ o V > öo n a r y c „n s, r 9 / ^ ^ 

;; Reasons 1,2,3

nn 4 

Figuree 3.2. Limitations to omnivory. Reasons: 1) Under extreme specialist or gen-
eralistt strategies evolutionary change ultimately leads to respectively pure predator-
preyy systems or towards the evolutionary exclusion of the better competitor by the 
betterr predator. 2) Evolutionarily stable omnivory is only possible given restrictions 
onn the advantages that omnivory otters. 3) Evolutionary cycling may lead species 
dangerouslyy close to the boundaries of coexistence. 4) Not all initial food-web con-
figurationsfigurations lead to evolutionarilv stable omnivory. 
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ingg preferences determine population dynamics, and how evolution of these 
feedingg preferences both determine, and are determined by population 
dynamics. . 

Thee ecological dynamics underlying evolutionary change have been stud-
iedd by HilleRisLambers and Dieckmann (2003), we use the same terminolo-
gyy introduced therein in describing how two omnivores (C and D), interact 
throughh their feeding preferences on a shared resource (R), or on each other. 
Seee Table 3.1 for a list of symbols, units, and default parameter values used. 

FeedingFeeding Preferences and Ecological Dynamics 

Anyy population dynamics are the result of the birth, death, immigration and 
emigrationn rates of a species. We make no attempt to integrate spatial com-
ponentss affecting migration rates, and so purely focus on mechanisms deter-
miningg the processes regulating birth and death rates. 

We,, for brevities sake, give equations only for C. The equations for D are 
off  the same form, and can be retrieved from the equations describing the 
ecologicall  and evolutionary dynamics of C, with the substitution of the nec-
essaryy subscripts. 

Thee interactions between C, its omnivorous antagonist D, and the 
resourcee R is given by the following differential equation representing the 
changee in time of species biomass as a function of the per capita growth rate 
g,(R,C,D)g,(R,C,D) (see also HilleRisLambers and Dieckmann 2003): 

dtdt (3.1) 

Thiss per capita growth rate is given by: 

ggff (R, C,D) = eiTar R + eat <Xal D-adrD-Sr „  2) 

Thee two important components regulating the birth and death rates of C 
andd D are competition and predation, as determined by respectively, 
resourcee feeding and antagonist feeding. We assume that an omnivore 
encounterss all potential food sources proportionally to their abundance in 
thee system. This encounter probability is directly proportional to population 
densities,, and to the attack coefficient, which denotes the chance that a species 
encounterss and captures a food source. As such we can interpret an attack 
coefficientt as an aggregate result of processes determining the sighting of a 
potentiall  food source combined with the chance that once sighted, a food 
sourcee might get away. 

Heree attack coefficients take the form ad, and represent the attack coefficient of 

speciess a on species b. For example a„  represents the attack coefficient of C on R 
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Tablee 3.1. Symbols, units, and default parameters values used in the model. 

Symbol l Description n Defaultt value 

II  'ariables 
t t 

c c 
D D 
R R 

Parameters Parameters 

P P 
K K 
a,a,r r 

««/ / 

eecr cr 

eeJr Jr 

eecd cd 

eedc dc 

$ $ 

Time e 
Biomasss of antagonist C 
Biomasss of antagonist D 
Biomasss of basal resource R 

Semi-chemostaticc inflow rate of resource 

Semi-chemostaticc carrying capacity of resource 

Attackk rate of C on R 

Attackk rate of D on R 

Attackk rate of C on D 

Attackk rate of D on C 

Conversionn efficiency of R to C 

Conversionn efficiency of R to D 

Conversionn efficiency of D to C 

Conversionn efficiency of C to D 

Intrinsicc death rate of C 

Intrinsicc death rate of D 

Trade-offTrade-off Parameters 

Trade-offf  strength for C 

Trade-offf  strength for D 

Traitt value of C 

Traitt value of D 

Maximall  attack rate 

EvolutionaryEvolutionary Parameters 

x'x'ff Trait value of mutants of C 

xjxj Trait value of mutants of D 

fjfj  Scaled evolutionary rate of change 

0.2 2 
10 0 
aamzx\mzx\xxc) c) 

<w0-*>) ) 

0.1 1 

0.1 1 

0.01 1 

0.01 1 

0.05 5 

0.05 5 

0.4 4 

Oncee encountered, and attacked, the energy contained in a food item is 

partlyy allocated towards the production of offspring. This allocation is gov-

ernedd by the conversion efficiency (of the form etll), which is an aggregate param-

eterr representing both the palatability, i.e. the intrinsic energy content, of the 

foodd source, and the species-specific conversion of food into new offspring. 

Thee death rate of a species is partially determined by the predation pres-

suree imposed by the antagonistic species. This predation pressure is deter-

minedd by the encounter with and subsequent attack by antagonist species in 
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thee system. In addition, a background mortality rate, 8 represents the intrinsic 
deathh rate of a species. 

Wee assume the basal resource to be self-limited, and to always equilibrate 
att carrying capacity, K when not consumed by the omnivores. Resource con-
sumptionn by the omnivores is also determined by the attack coefficients out-
linedd above. We make no specific assumptions as to the exact trophic nature 
off  the resource: the resource may equally well be biotic or abiotic. 
Throughoutt we have assumed semi-chemostatic resource dynamics of the 
formm p(K-K), where p represents the semi-chemostatic inflow rate. 

Ass such, resource dynamics are given by the following equation: 

—— = p(K-R)-R(arC + CCl/rD) 
dtdt ' ' (3.3) 

TheThe Unk between Feeding Preferences 

Alll  organisms face certain constraints - whether physiological, morphologi-
cal,, energetic, or temporal - implying that increased allocation to one capac-
ityy must result in decreased allocation to another. The resulting trade-offs 
betweenn life-history traits (Stearns 1992; Roff 1992) are central to the theo-
ryy of species coexistence, both from a population dynamical and from an 
evolutionaryy perspective. 

Wee assume that species are limited by a trade-off between feeding on the 
resourcee and feeding on the antagonist. As such; any increase in investment 
intoo one feeding preference implies a decrease in investment into another. 
Thee investment into resource feeding or antagonist feeding is determined by 
aa trait value representing the level of investment into one feeding preference. 
Wee choose to refer to the relative investment into competition (x), but could equal-
lyy well have chosen to term this trait the relative investment into predation. 

Ass an example, consider a pure predator, which solely predates on its 
antagonist.. Because of the trade-off, any increase in investment into 
resourcee feeding must be accompanied by a decrease in its predatory attack 
coefficient. . 

Thee trade-off between competitive and predatory abilities for Cis given by: 

a - = ' - **  (3.4a) 

« , = « „ „ , , ( > - ) '' (iAh) 

Heree ^max, represents the maximum attack coefficient. Trait xc represent the 
relativee level of investment into competition or predation and are constrained 
too be between 0 and 1. Boundary values represent investment into pure, non-
omnivorouss strategies. For example, when x( — 0, C is a pure predator with 
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attackk rate 0L(d = tfmax,,, while at xc - 1 Cis a pure competitor at acr = am r̂ 

Exactlyy how attack rates trade off, is determined by the trade-off strength 
s,s, (s in the generic case), which represents the level of facilitation or imped-
imentt of intermediate, omnivorous, strategies. Variation in J- determines 
whetherr the sum of attack coefficients at omnivorous strategies is greater or 
lesss than at specialist strategies: 

Whenn s > 1, the sum of attack coefficients is smaller under omnivory (0 < x < 1) 
thann under specialization (x = 1 or x - 0). We here speak of a specialist advan-
tage.tage. For example, under a specialist advantage a pure predator will suffer a 
drasticc decrease in its capacity for antagonist feeding as the result of a small 
increasee in investment into resource feeding. As such, the cost of investment 
intoo omnivorous strategies is large. 

Att s< 1, the sum of attack coefficients under omnivory (0 < x< 1) is greater 
thann the sum of attack coefficients at specialist strategies (x - 1 or x - 0). 
Thiss we term a generalist advantage. Here a large increase in investment into 
omnivoryy is balanced by a very small decrease in antagonist feeding. As such, 
omnivorouss strategies are at an advantage. 

EvolutionaryEvolutionary Dynamics 

Wee derive the evolutionary dynamics of species C and D using the adaptive 
dynamicss toolbox (Dieckmann and Law 1996; Metz et al. 1996; Dieckmann 
1997;; Geritz e/tf/. 1998). 

Evolutionaryy change results from the invasion of rare mutants into an 
environmentt composed of, and determined by, the resident species. A rare 
mutantt with a slightly different phenotype than the resident species may suc-
cessfullyy invade into such an environment. If it is successful we assume it 
excludess the resident population and then, in turn itself becomes the resi-
dent.. Thus, a small evolutionary step has taken place. 

Whichh direction these evolutionary steps proceed in can be determined 
byy taking into account the invasion fitness of a rare mutant into a resident 
population.. This invasion fitness can be derived from the underlying 
assumptionss determining the population dynamics and is determined by the 
densityy density-independent growth rate of the mutant in an environment 
determinedd by the resident. For C this rate is denoted by lnvC{x%xnx^)\ 

wheree R and D represent the equilibrium levels of R, respectively D. The 
directionn of evolutionary change is then determined by the slope of the fit-
nesss landscape, as defined by this fitness function. This is given by the dif-
ferentiall  of this growth rate with regards to the mutant trait (Dieckmann and 
Laww 1996). For C, this selection differential is then: 
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——r l rwC{x t .,x.,Xj)) = amM . s_ eir (.v. )"'  R — amAXr s( eul (1 - x')'J D 

'' (3.6) 

Fromm this one can derive an equation describing the rate and direction of 

evolutionaryy change of a species, termed the canonical equation of adaptive 

dynamicss (Dieckmann and Law 1996). These ordinary differential equations 

(onee per species trait) have a similar mathematical form to Lande's (1979) 

equationn for evolutionary change under genetic variation, and are composed 

off  a term describing the directional movement of evolution as a slope of the 

fitnesss function, and terms related to the mutational pressure. This mutation-

all  pressure, however, unlike in Lande's equation, is related to the population 

sizee (the more individuals, the more mutations occur) and a constant related 

too the intrinsic mutation rate of a species, a constant related to the mean and 

variancee of the mutational rate: / / r 

Thus,, the rate of evolutionary change for trait xc is given by: 

dxdx — f) , i 
-^--^- = ll (-C-^r\mC(xt,x^xil)\x,_^ 
dtdt dx, - ( 3 J ) 

wheree C. represents the equilibrium population size of C. 

Thesee equations can be used to study the direction of evolutionary 

change,, and the possible evolutionary endpoints where evolutionary change 

iss stationary. In addition one can also analyze these endpoints using standard 

techniques.. We compute evolutionary isoclines. Their intersections are evo-

lutionaryy equilibria, and the stability7 thereof can be calculated using standard 

proceduress (such as outlined in Fdelstein-Keshet 1988). 

CoevolutionaryCoevolutionary Arena 

Evolutionaryy change takes place within the ecological constraints determined by 

thee interactions between organisms. We present both the ecological constraints 

andd the direction of evolution in figures such as Figure 3.3. Here we plot com-

munityy states as a function of the relative investment into predation of C ver-

suss the relative investment into predation for D. Note that areas of ecological 

coexistencee (the shaded areas) are clustered around combinations of relative 

investmentt representing linear food chains where both species have specialized 

intoo opposite strategies (see also HilleRisLambers and Dieckmann 2003). 

Arrowss pointing in the horizontal or vertical direction show the direction 

off  evolutionary change for C a nd D. Solid ( Q, respectively dashed (D) lines 

aree evolutionary isoclines: on these lines evolutionary change for a species is 

0.. Intersection of these lines represents an evolutionary equilibrium. Stability 

off  these evolutionary equilibria can be inferred from the direction of the 

arrowss pointing to and away from these lines in the diagrams. 
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Ri-SUITS S 

1)1) Under extreme specialist or generalist strategies evolutionary change ultimately 

leadsleads to respectively pure predator-prey systems or towards the evolutionary exclu-

sionsion of the better competitor by the better predator. 

Whenn species are constrained by an extreme specialist advantage, it is intuitive 

thatt evolutionary dynamics lead to specialization. In this case the better pred-

atorr increases its feeding rate on the better competitor, while the better com-

petitorr evolves towards increased specialization on resource feeding. The 

consequencee of this is that any ' impure', i.e. mixed, strategy is distilled into a 

puree strategy by the evolutionary processes. As such at strong specialist 

advantagess evolution is always towards a linear food chain (see Figure 3.4a). 

Att extreme generalist advantages, population dynamics imply small regions 

off  coexistence (HilleRisLambers and Dieckmann 2003). In these regions, 

evolutionaryy movement is always towards increasing omnivory, and thus 

towardss the boundaries of coexistence. In all cases it is the better competi-

torr that is excluded. This 'purging' of the better competitor by the better 

predatorr inevitably occurs at the boundaries of coexistence. The better pred-

atorr always wins in this case, and will , after exclusion of the better competi-

tor,, evolve to be a pure competi tor (see Figure 3.4b). 

1 1 

0.8 8 

0.6 6 

X X 

0.4 4 

0.2 2 

0 0 
00 0.2 0.4 0.6 0.8 1 

*c c 

Figur ee 3.3. The revolutionary arena. R denotes regions where only R can exist, (. 
regionss of D-R equilibria, D regions of C.'-R equilibria, while C/D denotes regions 
wheree Instability between C-R and D-R equilibria occur. Grey regions are areas of 
coexistence.. Solid line indicates the D's evolutionary isocline, while the dotted line 
indicatess (7's Arrows denote evolutionary movement for C (horizontal arrows) and 
/)) (vertical arrows). Default parameters (see Table 3.1) with st = sd — s = 2. 
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2)2) hvolutionarily stable omnivory is only possible given restrictive conditions 

imposedimposed on the advantages that omnivory offers: in particular the better predator 

mustmust have a greater disadvantage at omnivory than the better competitor. 

Whilee evolutionary movement becomes a caricature at extreme 

generalist/specialistt advantages, the scope for somewhat more subtle evolu-

tionaryy movement becomes apparent at intermediate levels. Here evolution-

aryy isoclines move into the coexistence area (see also Figure 3.3), depending 

onn the relative magnitude of conversion efficiencies. 

Intersectionn of isoclines of C and D implv an evolutionary equilibrium. 

However,, omnivory is close to absent under symmetrical generalist/special-

istt advantages. Intersections of these isoclines, and thus evolutionary equi-

libria,, are in regions where the antagonists are constrained bv different forms 

off  the trade-off curves. 

Wee show an example of evolutionary equilibria at asymmetric advantages 

inn figure 3.5. Zooming in on coexistence regions where .v. > xth and thus 

wheree Cis a better competi tor than D (which is in turn a better predator than 

C)C) the evolutionary isoclines for C and D intersect twice in one stable (point 

1),, and one unstable equilibrium (point 2). In addition another stable evolu-

tionaryy endpoint is given by the intersection of the C isocline with the 

boundaryy of the trade-off, where D is a pure predator (point 3). One can 

inferr from the direction of evolutionary movement (given by the arrows in 

thee figure) that point 2 is an evolutionary repeller separating point 1 (evolu-

(a)(a) (b) 

00 0.2 0.4 06 0.8 1 0 0.2 0.4 0.6 0.8 1 
XrXr x c 

Figuree 3.4. (a) Fcological scope for coexistence, and evolutionary movement at 
strongg specialist advantages (.r. = scj — s — 4.0) at default parameters. R, C, D, C or D, 
denotee regions where respectively R only, CR only, DR only and bistability between 
CRR and DR regions (C or D) exist. Arrows in the corner indicate the direction of 
evolutionaryy movement in traits xc and xd. (b) Ecological scope for coexistence, and 
evolutionaryy movement at strong generalist advantages (a weak trade-off sc — sd — s - 0.5 
att default parameters, see Table 3.1). 
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tionarvtionarv stable ommvorv for both species) from point 3 (evolutionary stable 

omnivoryy for the better competitor). 

Figuree 3.6 shows the extent of evolutionary stable omnivory as a func-

tionn of the relative magnitudes of the generalist/specialist advantages of 

bothh species. This illustrates both that 1) the extent of evolutionary 

omnivoryy is limited to regions where advantages are asymmetrical, and that 

2)) the better predator must be intrinsically more constrained at omnivory 

thann the better competitor. 

0.3 3 

0.25 5 

0.2 2 

x55 0.15 

0.1 1 

0.05 5 

0 0 
0.22 0.4 0.6 0.8 1 

* c c 

Figur ee 3.5. Coexistence at asymmetric generalist/specialist advantages. Here the C 
iss the better competitor and has a generalist advantage (.r. = 0.82), while D is the bet-
terr predator, which has a specialist advantage (sd = 1.5). Filled dots 1 and 3 denote 
(co)evolutionarilvv stable strategies, while point 2 is a repelling strategy. Arrows (hor-
izontall  for C, vertical for D) show the direction of evolutionary change within the 
ecologicall  region for coexistence. Inset shows positioning of plot (grey area) within 
thee full coevolutionarv arena. Parameters ea. = edr = 0.2, e.d = ed. = 0.8, other param-
eterss at default values (see Table 3.1). 

(a)(a) (b) (c) 

Figur ee 3.6. Asymmetric trade offs strengths and coexistence, horizontally stnped 
regionss denote regions where C is a better competitor and D is a better prey, verti-
callyy striped regions are regions where D is a better competitor and Cis a better prey. 
a)) resource efficiencies (0.8) > predation efficiencies (0.2). b) predation efficiencies 
(0.8)) > resource efficiencies (0.2), c) a e„ > edr (0.8, 0.2), erd < edi. (0.2, 0.8) all other 
parameterss default (see Table 3.1). 
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Whenn both species have high resource conversion efficiencies coupled to 
strongg generalist advantages it is of interest to note that omnivory is possi-
blee when the better predator is equally, or less constrained than the better 
competitorr and for other constraint ratios. One explanation for this excep-
tionn to the rule may lie in that we find that these omnivorous attractors are 
veryvery near to linear food chains, and so cannot really be labeled as 'omnivo-
rous'. . 

3)3) Evolutionary cycling may lead species dangerously close to the boundaries of 

coexistence. coexistence. 

Anotherr danger, posed by the proximity of the internal omnivorous attrac-
torr to the boundary of coexistence, is that of so called 'Red-Queen' cyclical 
evolutionaryy dynamics. 

Thee danger of such 'Red-Queen' evolutionary dynamics lie not so much 
inn the cyclic dynamics itself: as long as species coexist within the context of 
aa perpetual evolutionary chase there is no problem for the coexistence of 
omnivores.. However, if the magnitude of these cycles are large enough, then 
thee close proximity of evolutionary trajectories to the border of the ecolog-
icall  coexistence regions lead to collision of the evolutionary trajectory with 
thiss border, leading to the extinction of the better competitor by the better 
predator. . 

Figuree 3.7 illustrates how the evolutionary equilibrium (1), as shown in 
Figuree 3.5, destabilizes as a result of an increase in the intrinsic mutation rate 
off  D (Jlj relative to that of C (Jl). Here we show how the qualitative behav-
iorr of evolutionary omnivory may change under a shift in this ratio, by illus-
tratingg how a stable equilibrium (Figure 3.7a, lij  \ic — 0.2) may destabilize into 
aa stable cycle (Figure 3.7b, \ij\i c = 0.23). However, increasing the relative 
mutationn rate further (Figure 3.7c, \Ldl\l c - 0.5) has led to the disappearance 
off  this omnivorous attractor, as the stable cycle has collided with the bound-
aryy of coexistence and disappeared. Note that this occurs even when the bet-
terr predator (D) is still constrained by a lower mutation rate than the better 
competitorr (C). 

Red-Queenn evolutionary dynamics have also been observed by 
Dieckmannn et al. (1995) for predator-prey coevolution, and by Law et al. 
(1996)) in evolution under asymmetric competition. We observe cyclic 
dynamicss with an increase in the relative mutation rate of the stronger pred-
atorr (and weaker competitor). It is of interest to note that Dieckmann et al. 
(1995)) observe cycling with an increase in the mutation rate of the prey, while 
Laww et al. (1996) observe the tendency for cycling with the increase in asym-
metricc competitive strength of the better competitor. This is in direct contrast 
too our findings, where increasing the mutation rate of the better predator 
(andd thus lesser competitor) induces cycling. 
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4)4) Given this, not all food-web configurations lead to evolutionarily stable 

omnivoryomnivory as initial preferences determine whether species evolve towards omnivory, 

oror towards exclusion of the better competitor. 

WW hile omnivory, given restrictive assumptions on the magnitude and 
strengthh of generalist/specialist advantages is possible, the presence of evo-
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Figur ee 3.7. Evolutionary cycling with increasing/ /, the scaled mutation rate of D 

relativee to C. All other parameters as in Figure 3.5, also see Figure 3.3 for nomen-
claturee and explanation of inset in panel a), a) /J = 0.20 equilibrium point 1 (see 
Figuree 3.5) is stable; b) fi - 0.23 equilibrium 1 is unstable but trajectories are so con-
strainedd that a stalde limi t cycle occurs; c) /J = 0.5 the danger of evolutionary cycling: 
thee stable limi t cycle has collided with the boundary of coexistence, and all trajecto-
riess lead either to exclusion of C, or to point 3 (see Figure 3.5). 
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lutionarilvv stable omnivorv close to the boundaries of coexistence adds cer-

tainn complications. In particular, it is worrying that not all initial food web 

configurationss are able to reach evolutionarilv stable omnivorv. This is illus-

tratedd by figure 3.8, showing the ultimate fate of trajectories starting from 

differentt points within the ecological coexistence region also shown in 

Figuress 3.5 and 3.7. Here we show that the attainability of the stable omniv-

orouss end-states (points 1 and 3) are strongly dependant on the initial food-

webb configurations and the scaled mutation rates. 

Iff  the predator is constrained by a much lower intrinsic mutation rate 

thann the better predator, most configurations within the coevolutionary 

arenaa lead to the evolutionarilv stable attractor (Figure 3.8a, [ij]X C - 0.0001). 

Howeverr the danger of evolution towards omnivorous strategies becomes 

clearr when we examine how evolution affects species starting from a near 

predator-preyy configuration at a scaled mutation rate of \ij\l c - 0.2 (Figure 

3.8b).. Despite the existence of two omnivorous attractors, evolutionary purg-
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Figur ee 3.8. Basins of attraction at different /J, the scaled mutation rate of D rela-
tivee to C. All other parameters as in Figure 3.5; also see Figure 3.5 for nomenclature 
andd explanation of inset in panel a. Dark grey regions denote basins of attraction 
forr exclusion of C, light grey regions denote basins of attraction for 3. White regions 
inn the area of ecological coexistence denote hasins of attraction tor equilibrium 1. 
a)) jl  = 0.0(101, the better predator /) evolves at a drastically slower rate than C. Here 
basinss of attraction for equilibrium 1 are large, b) jU - 0.2, the attractor has destabi-
lized,, and there are now large basins of attraction tor exclusion of C. 
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ingg of the better competitor by the better predator may still occur for any 
speciess starting in the dark grey areas. The exact extent of these basins of 
attractionn is strongly dependent on the scaling of mutation rates between D 
andd C. If C, the better competitor, increases its mutation rate, the area for 
whichh D purges C decrease and attainability of the evolutionarily stable 
omnivorouss attractors will be increased. The opposite may very well be true, 
andd D, the better predator may have a faster mutation rate: this would narrow 
thee possibility of attaining evolutionarily stable omnivory even further. 

DISCUSSION N 

Ecology,Ecology, Hvoltition and the H volution of Omnivory 

Quitee obviously, it is the interplay of ecological and evolutionary dynamics that 
determinee under what conditions omnivory may develop: Ecological con-
straintss determine the boundary of coexistence in which evolution runs its 
course.. A species may change its feeding preferences either towards specializa-
tionn on feeding on the resource or on its antagonist, or towards a more gener-
alistt feeding strategy: omnivory. As in the case of ecological coexistence in 
communitiess with both one (Diehl and Feissel 2000; Mylius eta/. 2001), or two 
omnivoress (HilleRisLambers and Dieckmann 2003; HilleRisLambers and 
deRoos,, in prep.), the danger of exclusion of the better competitor is especial-
lyy prevalent when the better predator is at an advantage. Even if omnivores may 
coexistt on ecological time-scales, their coexistence is threatened when condi-
tionss are such that it is advantageous for the better predator to increasingly 
investt into being a resource feeding. This danger region is due to the ecological 
boundariess of coexistence encountered at strategies that are 'too' omnivorous. 
Thesee boundaries of coexistence, as discussed in HilleRisLambers and 
Dieckmannn (2003), are the cliffs on which the better competitor is pushed off 
byy the better predator, and while extinction ultimately occurs as a consequence 
off  the ecological dynamics of the system, the processes pushing omnivores 
towardss these regions of extinction are evolutionary. 

tourtour Reasons (given with tongue firmly in cheek) why Omnivory should be Rare 

inin Nature 

Wee have examined a very simple, but very general model of the evolution of 
feedingg preferences between two antagonists capable of both direct, preda-
toryy interactions, and indirect competitive interactions. We have found that 
omnivorouss interactions, already ecologically detrimental, appear to be even 
moree detrimental evolutionarily. We reiterate the reasons below: 

First,, when omnivores are constrained by strong generalist/specialist 
advantages,, evolutionary change ultimately leads either to linear predator-
preyy systems or towards the boundaries of coexistence. Through this evolu-
tionaryy 'purging' or 'distilling' omnivorous food webs evolve either towards 
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predator-preyy linear food chains through increased specialization of both 
speciess or to simple consumer-resource food chains through the increased 
investmentt into omnivory by the better predator. 

Second,, while evolutionarily stable omnivory is not impossible; it is 
stronglyy linked to asymmetry between the generalist/specialist advantages of 
thee trade-off relations between both species. More specifically, the better 
predatorr must suffer a higher generalist disadvantage than the better com-
petitorr in order for omnivorous food webs to exist. 

Third,, the stable evolutionary equilibrium may itself destabilize into a 
perpetuall  evolutionary chase known as 'Red-Queen' evolutionary dynamics 
(Dieckmannn et al 1995). Such cyclic omnivory is not in itself problematic; 
howeverr the close proximity of these cycles to the boundaries of ecological 
coexistencee may lead to a collision, and a subsequent exclusion of the better 
competitor. . 

Fourth,, even when conditions are such that evolutionarily stable 
omnivoryy can occur; this is no guarantee that the direction of evolutionary 
changee will actually lead to this end state. The extent of the basin of attrac-
tionn of omnivory is limited, and food webs may still evolve towards exclu-
sionn of the better competitor if starting from unfortunate initial food-web 
configurations. . 

HowHow can Omnivory come about'? 

Wee have presented evidence that omnivory should be rare in nature, and it is 
somewhatt disheartening that while our results do show the possibility of 
evolutionarilyy stable omnivory, these regions are small in parameter space, 
andd routes to them are fraught with peril. Does this mean that observations 
inn real food webs are bunk? Obviously not! - Models are a tool whose great-
estt power comes from the limiting assumptions made in making them. One 
suchh obvious assumption in our model is that food webs consist of few 
species,, or alternatively that the evolution of omnivory has nothing to do 
withh many species interactions. Real food webs are many species food webs, 
andd so it is inevitable that one should consider the evolution of omnivory 
withinn the context of these many-species interactions. We are currently 
exploringg these possibilities in a follow up work. 

TaxonTaxon Cycles 

Whenn the better predator ousts the better competitor, evolutionary change 
wil ll  lead the surviving species towards maximal exploitation of the resource, 
thuss making the formerly better predator a better competitor. Any novel 
invasionn of a (potentially omnivorous) species (or by a mutant having under-
gonee a large mutation step) might lead to a similar purging of the past vic-
tor,, which is now the better competitor. 
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I tt is this type of dynamics which opens up the potential of repeated 

exclusion/invasionn cycles (see Figure 3.9), much like the taxon cycles docu-

mentedd in the fossil record of anolis lizards in the Bahamas (Roughgarden 

andd Pacala 1988). Taxon cycling in these populations has been linked to 

asymmetricc competit ion and niche-differentiation, however it is well known 

thatt anolis lizards can be intra-guild predators as well (Reagan 1992, 1996; 

Diall  and Roughgarden 1994), as such we propose that the intrinsic evolu-

tionaryy dynamics of such lizard communities contributes to this cycling. We 

suggestt that intra-guild predators may show a natural tendency towards this 

typee of evolutionary dynamics: particularly within the context of island 

meta-populations,, where reinvasion events may be more frequent. 

Conclusions Conclusions 

Thee ecological model examined here is a simple caricature of food-web 

dynamicss under changing feeding preferences. However, its strength lies in 

thatt it is able to link all the classical food web/chain models, such as compe-

titionn (Tilman 1982), predation (Oksanen et ai. 1982), intra-guild predation 
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Figur ee 3.9. Omnivory-driven taxon cycles. The evolution of traits x. and xtj (lower 
panel),, and resulting population levels of C and D (top panel). Dotted lines pertain 
too D, solid lines to C. Parameters as in Figure 3.5. Initially, D excludes Cand evolves 
towardss maximal exploitation of the resource, but becomes vulnerable to invasion 
fromm a predatory antagonist (points in time shown by arrows (x.j - 0.01). The 
processs then repeats itself. 
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(Poliss and Strong 1996; Diehl and Feissel 2000; Mylius et al. 2001) purely 

throughh the change in two traits, representing the level of investment along 

aa competit ion-predation trade-off. As such, the evolutionary change of two 

antagonistss link these classical food web modules for the first time. We, 

despitee the ubiquity of complex omnivorous interactions in nature (Sokoloff 

andd Lerner 1964; Sprules and Bowerman 1988; Polis et al. 1989; Vadas 1989; 

Warrenn 1989; Polis 1991; Fasola 1993; Goldwasser and Roughgarden 1993; 

Roughgardenn et al. 1993; Greve 1995; Dick and Platvoet 1996; Franke and 

Jankee 1998; Harlay et al. 2001), find that evolution drives omnivory in simple 

communitiess towards simplified, specialized interactions. 

Thiss model is a simple template, and we argue that one of the strengths 

off  modeling is that models are always, strictly speaking, wrong. Our purpose 

inn presenting this study is as a starting point for mapping out the complex 

relationshipp between the ecology and evolution of omnivores, something 

whichh has not been done before. We hope to add to the understanding of 

thee evolution of omnivory and food web structure by providing a rough 

sketch,, of what, given our limited assumptions, one may expect by allowing 

forr evolution in simple food webs. 
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