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Introduction 

Theoretical Ecology 

Theoretical ecology studies the interactions between and within biological 

species. These interactions can be represented in a so-called food web; a 

network of the feeding relations that occur in a natural ecosystem. 

Ecosystems can be very rich and complex; a food web can consist of 

hundreds of species and even more interactions between them. Furthermore, 

the food web can change with changing species densities and/or 

environmental conditions. Development of ecological theory can provide a 

handle or hypothesis for why these changes affect the food web in this way.  

Theoretical ecology uses mathematical modelling to provide a conceptual 

framework for the analysis of ecological systems.  

Only by simplification one can formulate a mathematical model. Such 

models should at one hand have a good empirical basis, but at the other 

hand they should be kept relatively simple in order to achieve mathematical 

tractability and generality. For the purpose of simplification, food webs can 

be subdivided into trophic levels. This thesis deals with systems consisting of 

at most three trophic levels. We start with basic resources as the first trophic 

level. Consumer species that eat the basic resources form the second trophic 

level, and species that are predators of consumer species are the third 

trophic level. An important focus of the thesis is competition between species 

within a trophic level (i.e. interspecific competition) and competition 

between individuals within a single species (i.e. intraspecific competition). 

Competition is by far the most discussed and researched interaction in 

(theoretical) ecology. The approach in this thesis will deviate from most 

previous studies, however, in that we do not consider individuals of the same 

species to be identical, but instead assume individuals can grow and change 

their interactions during their ontogeny.  
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Competitive exclusion and coexistence 

When two species compete for a common prey or resource, niche 

partitioning is necessary to allow for coexistence. The niche is a collection of 

variables affecting and being affected by a species; the niche defines what are 

a species habits, food and mode of life (Hutchinson 1978). When two species 

share the same niche, when they compete for the same food source, typically 

the more efficient species will competitively exclude the other species, a 

mechanism that is termed the competitive exclusion principle (Gause 1934; 

Hardin 1960).  

Food, however, often can be partitioned in different categories. For instance, 

one predator species might target larger prey individuals whereas another 

competing predator attacks small individuals of the same prey species, or 

two herbivore competitors feed on different parts of the same tree species 

(Haigh & Maynard Smith 1972). Resource partitioning is essential in the 

coexistence of species competing for the same food resource (Schoener 

1974). In case consumers feed on multiple resources, their coexistence 

depends on the extent to which they partition these resources among them 

(Schoener 1974). Tilman (1982) showed that stable coexistence of two 

competitors feeding on the same two resources is possible if each species  is a 

superior competitor for another resource and consumes proportionally more 

of the resource that limits its own population growth most.  

Stage-specific differences in energetics 

Most ecological theory (implicitly) assumes that all individuals within a 

particular species affect their resources in a similar way. This simplifying 

assumption makes it possible to disregard the composition or structure of 

populations altogether (e.g. Tilman 1982), greatly simplifying model 

definition and analysis. An important consequence of this assumption from a 

bio-energetic perspective (sensu Yodzis & Innes 1992), is that all life stages 

within a species have equal production, and that in equilibrium acquisition 

and use of food for covering maintenance in each life stage is exactly 



 

 9 

balanced by the losses in that life stage (De Roos et al. 2007). All throughout 

ontogeny therefore individuals are assumed to have equal energetics.  

This assumption is clearly not valid for most biological species (Peters 1983). 

Population structure cannot be neglected if consumers in different life-stages 

affect resources differently and life stages differ in their energetics. 

Individuals of the same species also competitively interact with each other. If 

resource is sparse, even if just one consumer species is present, individuals 

have to scramble for food (Nicholson 1954). For example, a difference in size 

of individuals may cause some individuals within a population to do better 

than others. In most species, individuals  increase in body size during their 

ontogeny or life time (Werner & Gilliam 1984). Growth not only changes an 

individual’s intake rate of resources (Peters 1983), but may, in case of 

multiple resources, also lead to changes in diet composition (Werner & 

Gilliam 1984).  

One can a priori assume that differently sized individuals will differ in 

competitiveness. One way to implement such body size effects is to use 

competition coefficients that determine negative density dependence 

affecting reproduction and maturation rates differently (e.g. Mougi & 

Nishimura 2005; Alto et al. 2009), in that way assuming a direct influence of 

density on reproduction and maturation rates. However, in these studies 

maturation and reproduction are otherwise assumed to be constant, which 

implies that population structure will not change with e.g. increasing 

background mortality. Although these models may correctly describe 

dynamics of a simple system, in more complex food webs explicit 

consideration of interactions may be necessary.  

In contrast, in this thesis we have considered competition for an explicit 

food-source, and growth in body-size and maturation are assumed to be 

dependent on food intake. In our models, stage-specific differences in 

energetics can lead to developmental bottlenecks in particular life-stages 

that are inferior intraspecific competitors (De Roos et al. 2007; Schreiber & 

Rudolf 2008). If, for instance, adult consumers feed much more efficiently 
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on the resource than their offspring, than the adults will have a high 

reproductive output and produce a large number of offspring. Since this 

offspring is relatively inefficient, it will scramble to grow and mature, 

creating a maturation bottleneck (De Roos et al. 2007). Changing the 

background mortality in this situation can have a counterintuitive effect on 

total population biomass. When mortality is increased, the remaining 

offspring experience a reduction in food competition. As a result, the 

remaining offspring can grow and mature faster into adults. This  reduction 

in the maturation bottleneck can lead to an overall increase in population 

biomass  (De Roos et al. 2007). The main prerequisite for these results is 

that individual growth is considered to be dependent on food intake.  

 

Food-dependent growth and its consequences on population structure form 

the basis of my thesis. 

 

Overcompensation  

One intuitively expects increased levels of mortality to result in a decrease in 

density or biomass. However, overcompensation in food-dependent 

production rate can occur in populations that are limited by intraspecific 

‘scramble’ competition at high densities. Empirical studies in the fifties of 

the previous century already recognized that mortality may lead to 

overcompensation (Watt 1955; Slobodkin & Richman 1956; Nicholson 1957). 

There is a distinction to be made between overcompensation in production 

rate and overcompensation in biomass. If overcompensation in biomass 

density occurs in response to increased mortality, it can benefit predators 

that prey on the different life stages. De Roos and Persson (2002) have 

shown that biomass overcompensation in prey caused by a predator foraging 

size-selectively on only the small prey individuals changes the prey size 

distribution: it led to increases in biomass of small as well as adult prey, 

while it reduced the biomass of larger juveniles. In effect, the predator could, 

simply by preying small prey individuals create biomass overcompensation 
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in this same prey size-class and thus cause a positive feedback on prey 

availability. This positive feedback of predators on their prey has been coined 

an “emergent Allee effect” (De Roos & Persson 2002; De Roos et al. 2003b).  

Research question 

This thesis will address the question of how the combination of food 

dependent growth and ontogenetic changes in energetics affect competition 

between and within species.  Competition has been well studied in systems 

where all individuals within a species have the same energetics (e.g. Tilman 

1982; Holt et al. 1994; Leibold 1996; Grover & Holt 1998).  Also, stage-

specific differences in energetics have been considered in the absence of food 

dependency in ontogeny (e.g. Haigh & Maynard Smith 1972; Loreau & 

Ebenhoh 1994; McCann 1998; Mougi & Nishimura 2005; Moll & Brown 

2008). The combination of food dependent growth and stage-specific 

differences in energetics has only been studied in linear food-chains (e.g. De 

Roos & Persson 2002; De Roos et al. 2003b), and thus interspecific 

competition was not considered for this setting (except van de Wolfshaar et 

al. 2006). It will turn out that the combination of food dependent growth 

and stage-specific differences in energetics not only affect structure of linear 

food chain communities, but also interactions among consumers and 

predators. 
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Method and Material 

To enable modelling of populations with stage-specific differences in 

energetics, one needs to incorporate individual-level assumptions on how 

individuals change during ontogeny. These assumptions deal with life 

history processes: the acquisition and use of food and energy for covering 

maintenance requirements, growth in body size, and reproduction. In size-

structured or physiologically structured population models (PSPM) 

experimental data is translated to the model formulation of these processes. 

As a consequence, PSPMs are parameter-rich in functions of body size and 

food. The resulting model complexity, in terms of the number of variables 

and parameters of these models, makes model analysis difficult. 

Consequently, studies of PSPMs incorporating individual-level assumptions 

in more than a single species are rare (but see van de Wolfshaar et al. 2006). 

Nevertheless, such models have contributed significantly to our 

understanding about the consequences of stage-specific differences in 

energetics for population dynamics (e.g. Persson et al. 1998; De Roos & 

Persson 2003; De Roos et al. 2003a). A major advance in the analysis of 

these models was the recognition that food- and population density-

dependent growth affect community structure and stability in linear food-

chains. To advance the use of individual-level assumptions in more complex 

food webs, De Roos et al. (2008) formulated a simplified discrete stage-

structured biomass model that under equilibrium conditions produced 

results identical to those accounting for a continuous size-distribution (Metz 

& Diekmann 1986; De Roos 1997). Under equilibrium conditions the model 

therefore consistently translates individual life history processes, in 

particular food-dependent growth in body size, to the population level. The 

model is derived as an extension of the bio-energetic approach of Yodzis and 

Innes (1992). Like the model of Yodzis and Innes (1992), the stage-

structured model is building on the assumption that both resource intake 

and energetic costs to cover maintenance requirements are directly 

proportional to the body size of individual consumers. The balance between 
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assimilation through resource feeding and maintenance requirements 

determines the net-production of biomass. However, in contrast to Yodzis 

and Innes (1992), De Roos et al. (2008) distinguished between the net-

production of juveniles and adults to enable stage-specific differences in 

energetics. Net-production of juveniles is invested into growth in body-mass 

and maturation whereas adult net-production is invested in reproduction 

only. If juvenile and adult net-production are equal, however, the stage-

structured model again simplifies to the unstructured Yodzis & Innes model. 

Throughout this thesis I will use the stage-structured biomass model for this 

specific feature, to contrast the effects of stage-specific difference in 

energetics, resulting in a stage-structured population model, with equal 

energetics during ontogeny resulting in an unstructured Yodzis & Innes 

population model. To keep interpretation of the model results simple, I will 

implement the stage-structured biomass model in its simplest form, 

describing the dynamics of a population with only two distinct life-stages: 

juveniles and adults. The model can easily be expanded to include more life-

stages (De Roos et al. 2008) without loss of generality of the results 

presented in this thesis.  
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Objectives 

The thesis investigates how competition is affected by stage-specific 

differences in energetics over food-dependent ontogeny at different trophic 

levels. Our analysis will focus on how this changes community structure and 

affects equilibrium stability. We study effects of stage-specific differences in 

energetics in four simple food webs. In each food web, only one species is 

assumed to be structured, in order to allow for comparison with 

conventional model results.  In the figures below, the structured species is 

indicated by “S”. 

I: Two predators competing for a structured prey species 

 

Haigh and Maynard Smith (1972) showed in their paper entitled "Can there 

be more predators than prey?" that if a prey population is structured, 

consisting of more than one type of individual, predators have the possibility 

to partition this population: one predator can feed on juveniles, whereas the 

other can feed on adults. However, Haigh and Maynard Smith (1972) did not 

actually show that such predators could coexist on the single structured prey 

species. Haigh and Maynard Smith (1972) used a stage-structured model 

assuming fixed reproduction and maturation rates. Even if the two predators 

would completely partition their prey, each predator would also limit the 

total production to the next prey stage. With these model assumptions stable 

coexistence of the two predators is not possible. The question therefore 

remained: Can there be more predators than prey? In paper I we investigate 
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whether food-dependent development and stage-specific differences in 

energetics over prey ontogeny can enable this coexistence. This paper 

furthermore sets-out to investigate how competition between predators is 

affected by the stage-specific differences in energetics over food-dependent 

ontogeny of a common prey.   

 

Papers II through IV investigate the effects of a special form of stage-specific 

differences in energetics. In these papers, individuals of the structured 

population change their diet during their lifetime. This diet change during 

ontogeny has been termed an “ontogenetic diet shift”. In contrast to what 

most studies on the ontogenetic niche shift assume (e.g. Haefner & Edson 

1984; Loreau & Ebenhoh 1994; Moll & Brown 2008; Schreiber & Rudolf 

2008), this change in diet does not coincide with a change in habitat. 

Consequently, niche partitioning between competitors does not occur 

through habitat segregation. Instead, all individuals of all populations are 

assumed to interact within one habitat only. 

II: Ontogenetic diet shift in omnivores 

 

Paper II investigates the effects on community structure and stability of a 

structured predator population that, at the juvenile stage feeds on the 

resource, but at the adult stage shifts to feeding on the consumer.  Species 

that feed on multiple trophic levels are called omnivores, and normally can 

only coexist with consumers if they are inferior competitors for the resource  
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(following Polis & Holt 1992; Holt & Polis 1997). If they are superior 

competitors, omnivores simply exclude consumers through predation and 

competition. Even more, coexistence only occurs in limited parameter space. 

Consumers are excluded at high resource supply, because omnivores are also 

able to sustain on resource alone. In paper II we investigate whether an 

ontogenetic diet shift in omnivores can help explain the apparent abundance 

and persistence of coexisting consumers and omnivores.  

III: Ontogenetic diet shift in a competing consumer 

 

In paper III, a system is studied where two consumer species compete for 

two separate resources. One of the consumer species is structured and has an 

ontogenetic diet shift. In the absence of the diet shift the consumer species 

are assumed to be equivalent in energetics (sensu Yodzis & Innes 1992), 

resulting in neutral coexistence. The effects of the ontogenetic diet shift on 

competition and niche partitioning are studied.  
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IV:  Predator effect on competition  

 

Paper IV extends on paper III by including a predator that attacks both 

consumer species indiscriminately. What effect does predation have on 

competition between consumers, of which one exhibits an ontogenetic diet 

shift? Since Holt (1977), we know that predators can affect competition 

between consumers even without affecting resource competition, a 

mechanism called apparent competition. Subsequent studies have shown 

that predators can also influence resource competition, but only if 

differences between consumer's reactions to the predator are assumed (Holt 

et al. 1994; Leibold 1996; Grover & Holt 1998). In paper IV we investigate 

how apparent and resource competition interplay when a diet shift in one 

consumer is assumed. Similarly to paper III, we focus on the effect of the diet 

shift by assuming both consumers to be energetically equivalent in absence 

of the shift. 
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Results  

I: The emergent facilitation effect 

Competition between predators is affected by differences in energetics 

between prey stages. As Haigh and Maynard-Smith (1972) argued, there can 

indeed be more predators than prey. Stable coexistence of more than one 

predator is possible when predators attack different life-stages of their prey 

and the ontogeny of their prey is food-dependent. In paper I, we showed 

furthermore that a predator can be facilitated by a competing predator 

species that attacks a different prey life-stage. This facilitation can occur only 

if the ontogeny of the prey individuals is food dependent and the different 

prey stages have distinct energetics. Added mortality in the prey life-stage 

that is resource-limited, relative to the other life-stage, increased 

productivity of this stage. Previously, it was found that this increase in 

productivity could increase prey-availability for the predator species 

inflicting the mortality itself (De Roos et al. 2003b). In this paper the 

increased productivity in the life-stage attacked resulted in biomass 

overcompensation in the next prey life-stage, increasing prey availability for 

another predator. This increase in prey availability could facilitate the 

predator preying on this stage, where without this facilitation it was unable 

to persist. Although the first predator did not directly interact with the 

second and they completely partitioned the prey population among them, 

facilitation emerged through changes in the prey population. Paper I also 

shows that the emergent facilitation is not specific for predators attacking a 

prey population structured into two life-stages. In fact, paper I shows that as 

many predator species can coexist as there are prey life-stages and that 

emergent facilitation occurs to enhance persistence of this community. 

II: Ontogenetic diet shift in omnivorous species 

In paper II, the consequences of an ontogenetic diet shift of an omnivorous 

species is investigated. Here, the juvenile stage of the omnivore feed on the 
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resource, whereas the adult stage shifts towards feeding on a consumer 

species. We showed that such a diet shift in the omnivore species enlarges 

the region of possible coexistence between the omnivore and the consumer 

species. Unlike in previous theoretical studies (e.g. Mylius et al. 2001), 

coexistence was even possible if the omnivore was a better competitor for the 

basal resource. Two alternative stable states occurred when the consumer 

was the superior resource competitor; one was a coexistence state, whereas 

in the other only prey were present. Both these states could be characterized 

by the omnivore interaction with prey predominantly taking place. In the 

state with only prey present, competition prevented the omnivore from 

maturing and establishing a stable population, while in the coexistence state, 

adult omnivores could reduce consumers such that competition for juvenile 

omnivores was released. This modelling result concurs with the 

experimental data on the effects of interactions between omnivores and 

consumers, where on longer timescales not the combination of competition 

and predation, expected from an omnivore, affected population and 

community dynamics, but either of those two interactions (Persson and De 

Roos, submitted).  

If consumers were not superior resource competitors an unstructured 

omnivore would exclude it (e.g. Mylius et al. 2001). An omnivore with a diet 

shift as studied in paper II, however, depended on the consumer for its 

persistence. Consequently, the consumer is not excluded. Even more, when 

the omnivore is a superior resource competitor no alternative stable states 

occur. Instead, stable coexistence of omnivores and consumers is possible 

over a wide range of resource supply.  

III: Diet shift creates niche partitioning 

Paper III showed that in a purely competitive interaction between two 

consumers for two resources an ontogenetic diet shift can create niche 

partitioning. It has longer been established that niche partitioning takes 

place between consumers if one species exhibited an ontogenetic habitat 

shift (Haefner & Edson 1984; Loreau & Ebenhoh 1994; Moll & Brown 2008). 
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The focus of studies on the ontogenetic habitat shift, however, was on habitat 

segregation. Some studies even implement competitive interactions as 

negative density dependence affecting reproduction and maturation instead 

of accounting for competition of an explicit resource (e.g. Haefner & Edson 

1984; Moll & Brown 2008). Our study focused on the effects of ontogenetic 

diet shifts in resource use on food web dynamics and stability. Specifically, 

the consumer species exhibiting no diet shift competed with all life-stages of 

the consumer species that did exhibit a diet shift. It turns out that such an 

ontogenetic diet shift without habitat segregation already resulted in niche 

partitioning between consumers.  

IV: Competitive gain through predation  

Predators that do not discriminate between consumers are thought not to 

affect the outcome of competition (Holt et al. 1994; Leibold 1996; Grover & 

Holt 1998). However, in paper IV we showed, that such predators can affect 

competition outcome if consumers undergo ontogenetic diet shifts. In this 

chapter the predator fed on two consumers both feeding on two resources. 

One consumer fed on both resources throughout its life-time as a generalist, 

the other underwent an ontogenetic diet shift. Predators changed the 

population structure of diet shifters and altered its resource requirements 

such that the diet shifters could reduce resources to lower values and sustain 

higher predator biomass than generalist consumers. The relative increase in 

predator biomass caused by the increase in biomass production of the diet 

shifter could in some cases also lead to an emergent Allee effect (sensu De 

Roos et al. 2003b), causing an increase in predator biomass after invasion. 

The change in diet shifter population stage-structure caused by predation 

created a competitive advantage for diet shifters that would not occur in the 

absence of the predators. As a consequence, the diet shifters competitively 

excluded its competitor from a wider range of resource supply when a 

predator was present. 
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Conclusions and perspectives 

The recognition that changes in energetics during ontogeny are an important 

aspect of population and community dynamics is slowly establishing in 

ecological theory. The effect of stage-specific differences in energetics was 

demonstrated before in linear food chains without interspecific competition 

(De Roos et al. 2002; De Roos & Persson 2002, 2003; De Roos et al. 2003a; 

De Roos et al. 2003b). This thesis shows that stage-specific differences in 

energetics also affect structure and stability of competition food webs. These 

effects of stage-specific differences in energetics arise primarily because 

individual growth is food-dependent and hence varies with population 

density. Most species grow food-dependently in body mass (Peters 1983), 

and hence the effects of stage-specific differences in energetics are expected 

to occur in a wide arrange of systems.  

For simplicity, this thesis concentrated on systems where only one 

population was structured. All other populations in the food webs were kept 

uniform; no differences in energetics between individuals of these 

populations were assumed. However, (preliminary) results indicate that the 

conclusions following from this thesis are robust against increasing the 

number of structured populations in the food webs. Our results show that 

the assumption of stage-specific differences in energetics greatly enlarges the 

possibility for stable coexistence between competing species.   In paper I we 

showed that two predator species targeting a structured prey population 

could coexist and one predator could facilitate another, whereas in the 

absence of any stage-specific differences in energetics stable coexistence of 

predators would not be possible. In paper II we showed that an ontogenetic 

diet shift in an omnivore strongly increased the region of coexistence 

between the omnivore and a consumer species. The possibility of stable 

coexistence between the consumer and structured omnivore is even enlarged 

if the omnivore is a better competitor for the resource, whereas unstructured 

omnivores would then exclude consumers. In paper III we showed under 

circumstances that without diet shifts consumers would neutrally coexist, an 
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ontogenetic diet shift created niche partitioning and made competition 

outcome dependent on resource supply. Under circumstances where 

predators would not affect competition without diet shifts in prey ontogeny, 

predators did affect the competition between diet shifter and generalists. 

Specifically, the diet shifter could exclude its competitor where this was not 

possible without predators (paper IV). 

In conclusion, this thesis shows that stage-specific differences in energetics 

can affect community structure and stability, and leads to more possibilities 

for stable food web configurations. More specifically, the thesis extends on 

earlier work on linear food chains, and shows that stage-specific differences 

in energetics can also affect competition between species within the same 

trophic level. 

The rationale for assuming differences in energetics during ontogeny is that 

body size determines the energetic balance between feeding and resource 

requirements of an individual. The balance can be affected when an 

individual grows in body size, because the components are changed 

differently. In this thesis stage-specific differences in energetics were 

implemented as a simple, phenomenological parameter. However, the 

ontogenetic difference in energetics could also be more mechanistically 

implemented. Ecological Stoichiometry shows that, apart from quantity, also 

the quality and composition of food can be important (Urabe & Sterner 1996; 

Urabe et al. 2002; Andersen et al. 2007). Consumers need to gather 

nutrients and energy (carbon) in the right ratio to be able to grow and 

reproduce.  When nutrient and energy requirements of consumers do not 

match those available in resources, a stoichiometric imbalance results 

(Sterner & Elser 2002). Consumers experiencing imbalance waste the 

surplus carbon or nutrients in order to reach stoichiometric balance for 

growth and reproduction (Kooijman 2000). This decreases the efficiency of 

resource use. Typically, along ontogeny different stoichiometric balances 

need to be met. For instance, somatic growth has different energetic and 
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nutrient needs compared to production of offspring (Villar-Argaiz et al. 

2002; Færøvig & Hessen 2003).  

Although consideration of stoichiometry in models requires extra modelling 

complexity, the conceptual gain can be substantial. Implementing 

stoichiometry, consumer diet shifts can occur because resources can differ in 

their value for somatic growth and reproduction. Under these conditions, 

diet shifts are no longer only size-dependent, but they can also dependent on 

the nutrient and resource supply.  Assuming food-dependency in 

development, stoichiometric models and stage-structured models both have 

shown positive feedback effects in tritrophic food chains through the 

relaxation of intraspecific competition. In this thesis we have shown how 

predation can affect food-dependent production of a structured consumer 

through the release of resource competition (paper I and IV). Stoichiometric 

models similarly have demonstrated that fast remineralisation of nutrients 

by daphnids can increase nutrient content of their prey algae inducing an 

intraspecific stoichiometric facilitation of daphnid production (Sommer 

1992; Urabe et al. 2002). As Andersen et al. (2004) postulate, the 

stoichiometric facilitation could also affect population structure if consumers 

undergo stoichiometrically dependent ontogenetic diet shifts. An explicit 

study focussing on this possibility, however, has so far not been performed. 

Therefore, it remains unclear whether the emergent effects of stoichiometry 

reinforce, devaluate or co-occur with those of stage-specific differences in 

energetics. However, it seem likely that studying the combination of these 

two effects will further increase our understanding of the ecological 

complexity of food web dynamics. 

The study of the effects of stage-specific differences in energetics in a single 

population within a basic food web is clearly just a starting point. Ecological 

systems, obviously, consist of more than one structured population. The 

consequences on competition, caused by differences in energetics over 

ontogeny assumed for species throughout the food web, could lead to new 

insights of how food web interactions change with changing environmental 
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circumstances. Nevertheless, the results of the basic food webs studied in 

this thesis indicate that stage-specific differences in energetics and food-

dependent growth can crucially determine the structure and stability of 

complex ecological systems.  
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