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General introduction and research questions 

 



 

 

 



 

General introduction and research questions 

The large-scale industrialization of fisheries during the second half of the twentieth century has 

resulted in dramatic declines in the populations of marine predator species (Myers and Worm 

2003). Since 1974, the proportion of overexploited, depleted or recovering marine fish stocks has 

increased from 10 percent to 32 percent in 2008 (FAO Fisheries and Aquaculture Department 

2010). With an additional proportion of over 50 percent of the stocks being fully exploited, 

fisheries are clearly approaching the limits of natural production. With its populations heading 

towards extinction and its IUCN red list status as endangered, Atlantic bluefin tuna (Thunnus 

thynnus) is the modern “poster child of fisheries in trouble” (Hilborn 2012). The collapse of 

Atlantic cod (Gadus morhua) populations in the northwest Atlantic and Baltic Sea exemplifies 

another well-known problem in fisheries management. What used to be a fish for the commons 

is now a threatened species. The cases of collapsed cod populations provide examples of fisheries 

induced regime shifts in large ecosystems (Box 1.1, Frank et al. 2005, Möllmann et al. 2008, 

Casini et al. 2008). Besides the consequences for the ecological population assemblages in these 

systems, such dynamics pose a problem of multiple dimensions. The collapse of the cod 

populations in the northwest Atlantic for example, had broad economic and social ramifications 

(e.g. Hilborn 2012). Notwithstanding the fisheries moratorium that was imposed for those stocks 

twenty years ago, cod has had continuously low population levels, for which the causes remain 

unknown. 

Intuitively, a reduction in the driver of the population collapse (fishing mortality) would 

be expected to have the system return to its pre-collapsed state. This expectation can be derived 

from the classical ecological perspective of a linear food chain and interaction structure 

(Oksanen et al. 1981). In a setting with simple predator, prey and resource interactions, systems 

with sufficient prey densities (i.e. sufficiently high system productivity) are predicted to contain 

a predator population sustained by the prey (Oksanen et al. 1981). In this light, the lack of 

recovery of predator populations is often claimed to be due to changes in environmental 

conditions, such as salinity and temperature (Portner et al. 2001, Alheit et al. 2005). Improved 

environmental conditions and low impact from fisheries should then result in recovery of 

predator populations. 

A different perspective on the lack of recovery of marine predator populations is provided 

by the theory that these systems may exhibit alternative (stable) states and the state with low 

predator abundance constitutes an alternative attractor in the system (see Box 1.1). Mechanisms 

that are intrinsic to the community may stabilize the state with low predator abundances, in 

which case reduced fishing mortality would not lead to predator recovery.  

For the purpose of management it is important to understand whether systems with 

collapsed populations without recovery are stabilized by extrinsic (bottom-up or environmental) 

drivers or by intrinsic community dynamical processes (trophic interactions). And from a 
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CHAPTER I  

fundamental ecological perspective the question what processes structure communities and 

determine population dynamics is highly relevant. 

The question why fisheries and natural resource management has not been more 

successful, was answered by Levin and Lubchenco (2008) by giving a description of the 

complexity of ecological systems: the macroscopic system is shaped by the integrated dynamics 

of interactions at small scales, while the dynamics from the macroscopic system link back and 

influence the lower scales. And they note: “It is crucial, then, to understand the linkages among 

these scales” (Levin and Lubchenco 2008). There is, however, no straightforward way to see, let 

alone understand, the link between the low system level processes, for example the individual 

energy budget and interactions, and the higher level patterns, i.e. between populations and 

observed at the community scale. It is equally problematic to infer from population level 

observations the processes at lower levels from which those higher level observations originate. 

Figure 1.1 shows the (lack of) relation between the average increase in body weight per 

age class in the Baltic sprat and cod populations and the abundance of the population density of 

their major food or prey. The lack of relation between these two variables in both species, 

which logically must be connected, illustrates the complications of linking processes and 

patterns at different system scales. The food or prey population density is represented by a single 

data point each year, just like the average body weight per year class. Although the low 

temporal resolution in the data may impair the relation between these variables, this is not the 

only issue. A more fundamental problem with these data is that the measured effect (average 

weight increase in age-cohorts) is a result of several different processes, taking place at the 

individual level. The observation is therefore a one-dimensional measure of a multi-dimensional 

process. Inference of individual growth potential from these observations at the system level is 

virtually infeasible. 

Seen from the opposite point of view, inferring community dynamical effects from 

observations at the individual level is equally problematic. Studies have shown that not all 

interactions that can possibly occur between individuals also play a role in community dynamics 

and hence result in a structuring effect on the system (Persson et al. 2007, Persson and De Roos 

2012, Persson et al. under review), an issue that is further discussed in Chapters III and VI of 

this thesis. 

Summarizing, there is no shortcut for the route to understanding the link between 

different ecosystem levels or scales. A mechanistic insight in the extent to which individual 

interactions and physiological processes may structure effects between populations can only be 

gained by studying population models that explicitly incorporate the link from the individual 

processes to the population outcome.  
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GENERAL INTRODUCTION 

BOX 1.1. GLOSSARY 

Allee effect: The effect that a population has two stable attractors, one at high population density and 

one at zero. The stability of the zero-equilibrium is associated with a reduced potential for 

population growth at low density, resulting in population decrease towards extinction. 

Alternative stable states: When a system has more than one stable solution for the same set of system 

parameters, these are alternative stable states. This is also referred to as bistability. The 

occurrence of bistability is hard to infer from data on large ecosystems, but regime shifts in 

ecosystems suggest the possibility of alternative stable states (it is, however, by no means a 

necessary implication!). 

Attractor: A solution to a dynamical system that can be, but is not necessarily, a steady state. For 

example, systems may have periodic or chaotic attractors. In this thesis population cycles 

are encountered often as the attractors of predator-prey systems. 

Cohort: Group of individuals that have identical characteristics, for example age and size. 

Cohort cycle: Here used in reference to juvenile driven cycles. This type of dynamics is characteristic 

in size-structured system where food intake is a size-dependent process. Cohort cycles are 

formed by newborn individuals outcompeting the adults, which results in extinction of the 

adult cohort and dominance of the juveniles and a repetition of the same sequence of 

events. 

Complex life cycle: When different life stages of a species inhabit different habitats or use different 

resources, the life cycle is considered to be complex. Metamorphosis constitutes an extreme 

example of this phenomenon. 

Cultivation: An effect in the prey population that is beneficial to the predator, and caused by the 

predation pressure of the predator itself. 

Depensation: Reduced potential for population increase, specifically the disproportionally lower 

population growth at low densities in the Allee effect. 

Ontogenetic niche shift: A change in resource use over the course of individual development of a 

species. 

Physiologically structured population model, PSPM: Model that accounts for the physiological 

structure within populations, for example the differences between individuals with 

different body sizes. 

Regime shift: A change in system dynamics that affects multiple trophic levels and gives rise to a 

qualitatively different dynamical behavior. 

Stage-structured biomass model: Biomass model with a discrete subdivision of stages (characterizing 

life-stages or size-classes) in the population. In the context as it is used here, this type of 

model is a consistent simplification of a physiologically structured population model and 

exhibits exactly the same equilibria as its continuously structured analogue (De Roos et al. 

2008). 

Stability: A system state is considered to be stable when it is resilient to small perturbations or 

disturbances. Also cycles can be stable attractors to a system. 

Stable equilibrium: A steady state solution to a dynamical system that the system approaches anew 

after a small perturbation away from it (cf. unstable equilibrium: a steady state solution to a 

dynamical system from which the system moves away when perturbed). 
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CHAPTER I  

Most theoretical and modeling studies of ecological dynamics are based on a simplified 

representation with populations simply being a sum of all individual organisms, disregarding the 

individual differences within populations. The assumption that all individuals can be 

represented by an average is in contrast with the fact that in the majority of animal species 

individual organisms experience growth in body size over their lifetime, and with the amount of 

variation these changes in body size bring about (see for example Peters 1983). Individual 

differences in size are tightly connected to differences in, for example, growth rate, metabolic 

costs, life-stage, and the trophic interactions that individuals engage in. Over twenty-five years 

ago, Werner and Gilliam (1984) stated that “paradoxically, ecologists have virtually ignored the 

implications of these observations for interactions among species that exhibit size-distributed 

populations.” 

 

FIGURE 1.1. Increase in average weight per year class in populations of cod (a) and sprat (b) in the Baltic Sea as 

function of density of their main food source. a: Cod growth data represents the mean weight-at-age in the stock 

and sprat abundance is the total population estimate (ICES, 2011: table 2.4.13; table 7.7, only data from the years 

after 1982 are used, since in earlier years the weight-at-age is a constant estimate). b: sprat growth represents 

weight-at-age data in the acoustic survey in the Baltic Sea, subdivision 28, and resource density represents total 

zooplankton concentration in summer in the same subdivision (unpublished data, Michele Casini). 

In general, fish exhibit a tremendous variation over the course of their development; for 

example in cod, the increase in body size from birth weight (egg) up to mature size is in the 

order of 105-106 (Froese and Pauly 2012). Growth in body size defines an important dimension 

of the variation between individuals in a single population and moreover, there are many 

ecological consequences of having a particular size: In the egg or larval stage, an organism is 

unable to predate other fish, but as large piscivorous individual, it may be impossible to feed on 

zooplankton, because the visual resolution of the eye goes down with increasing size (Hjelm and 

Persson 2001).  

Changes in body size come with changes in energetic demands, changes in foraging ability 

on various resources and therefore potential changes in the most profitable habitats. On an 
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GENERAL INTRODUCTION 

absolute scale, small individuals need less energy for their baseline maintenance than large 

individuals, but on a biomass specific scale (in grams per gram body weight) large individuals 

are usually more efficient. Small individuals are too small to forage on large prey individuals, 

but small individuals are superior foragers on zooplankton compared to large individuals and the 

visual resolution of large individuals may be insufficient to forage on zooplankton at all. 

In the light of these changes over the lifetime of individual fish, the population dynamics 

in models representing a species by one variable is too simplistic as the development over life 

history of individuals constitutes the fundamental process giving rise to the dynamics of the 

population. 

 

GENERAL LEGEND FOR FIGURES 1.2 AND 1.4-1.8 

Traditionally, the models used for fisheries management consider fish populations as 

collections of cohorts with different ages. Because also a fixed relationship between age, length 

and weight is used, this invokes the implicit assumption that individual body condition is 

constant, and growth processes are not linked to food availability. The implications of these 
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CHAPTER I  

assumptions are described in Chapter II, in an overview of the fish population models that are 

commonly used for stock predictions and fisheries advice.  

The model survey reveals that none of the models commonly used in fisheries 

management is based on a completely closed mass/energy loop, implying an inconsistency with 

the fundamental law of mass/energy conservation. Because most of these models consider only  

 

        
a      b 

FIGURE 1.2. Trophic configurations as used in the model analyses of Chapter II. a: Size-structured consumer 

population (representing herring) experiencing mortality from two size-specific predators, cod and marine 

mammals. In a, the predator species are shown for the purpose of illustration only, the predation mortality is 

modeled as a parameter and the dynamics of the predators are ignored in the model analysis. b: Stage-structured 

predator-prey system of cod and sprat with predation of juvenile cod by seal, and fishing mortality of adult cod. 

Note that in this case the predator seal is included as a dynamic variable. Symbols are explained in the general 

figure legend on p. 13. 

the loss term with respect to the effects of mortality (predation), the following research question 

is addressed in this chapter:  

Question 1: How does incorporating size-structure (rather than age-structure) alter the 

effects of mortality on marine fish populations? 

With two simple size-structured models (fig. 1.2a, b) two hypotheses are tested that are 

often postulated as explanations for the low cod population state and the low fishing yield: 1. 

resource competition with marine mammals (e.g. seal) results in lower food availability for cod 

(due to predation on and hence competition for the same prey population); and 2. Predation on 

cod by marine mammals negatively affects the yield from cod fisheries. Using two relatively 

simple size-structured models we show that the effects of predation mortality may contrast 

intuitive predictions: Size-dependent mortality on prey species may result in facilitation of 

another predator on the same species (also see De Roos and Schellekens et al. 2008), and size-

dependent mortality on a commercial fish species may result in an improved population size-

structure for fisheries yield. Specifically, despite foraging on the same prey population the 

predation mortality imposed by marine mammals on this shared prey is shown to increase food 
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availability for cod, while any predation of juvenile cod by seal is likely to increase rather than 

decrease cod fisheries yield.  

The counterintuitive results described in Chapter II arise from the effect of biomass 

overcompensation in specific size-ranges with increasing mortality, a phenomenon that was first 

described on the basis of size-structured population models (see also De Roos et al. 2007, Van 

Kooten et al. 2007, Ohlberger et al. 2011) and shown in several empirical studies (Schröder et al. 

2009a, Nilsson et al. 2010, and references in De Roos et al. 2007). The possibility for 

overcompensation in response to increased mortality leads to the question: 

Question 2: What is the effect of overcompensation dynamics for size-structured 

predator-prey systems with size-dependent predation interactions? 

In a stage-structured biomass model (see Box 1.1 and Van Leeuwen et al. 2008), it was 

previously shown that stage-specific biomass overcompensation can lead to overcompensation 

in total population biomass and to the occurrence of an emergent Allee effect (defined in De 

Roos and Persson 2002, also see Box 1.1). This effect presents a mechanism that can explain the 

lack of recovery after population collapses of predators. The size-dependent feeding interactions 

between cod and sprat in the Baltic Sea (Van Leeuwen et al. 2008), result in a high predation 

pressure on small prey individuals when the predator population has a high abundance (fig. 

1.3a). Due to this high predation pressure, surviving prey experience reduced intraspecific 

competition, grow fast, and attain large mature sizes. Because besides growth also reproduction 

is modeled as a food-dependent process, large individuals have a high reproductive output.  

      

FIGURE 1.3. Stage distribution in the sprat population in the two different system states that give rise to the 

emergent Allee effect in the cod population. a: With high predation pressure from an abundant cod population 

few sprat individuals survive the smallest stage, resulting in rapid growth during the first adult stage and relative 

high abundance in the largest adult stage with concomitant high reproductive output. b: After collapse of the cod 

population the sprat population becomes stunted and total sprat reproduction is reduced, providing lower food 

abundance for cod. (Reproduced after Van Leeuwen et al. 2008, fig. 1). 

a  b
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Newborn individuals form a direct inflow into the most heavily predated size class. In this 

configuration the predation imposed by cod results in a positive feedback, which increases the 

density of prey with sizes that are subjected to predation (fig. 1.3a). 

On the other hand, when cod collapses as a result from overfishing, the positive feedback 

loop is disrupted and the prey population becomes stunted (prey population biomass is then 

concentrated in individuals with intermediate body sizes, fig. 1.3b). Reproduction, and therefore 

the inflow into the small prey size class, is then lower, despite the higher total prey biomass. 

Especially for cod population recovery the smallest prey are important because they constitute 

an essential part in the diet of juvenile cod. The emergent Allee effect is one possible 

mechanism that can stabilize predator populations at low density (Van Leeuwen et al. 2008). 

 

Competition between juvenile predators and prey is an alternative mechanism that is often 

claimed as the process responsible for bistability in predator-prey systems (cultivation, Box 1.1; 

e.g. Walters and Kitchell 2001). Life-history omnivory, the scenario where juvenile predators 

compete with prey for a shared resource while adult predators forage on the prey species (fig. 

1.4), has indeed been shown to give rise to bistability. This bistability results from the culling of 

prey (top-down control) under conditions where predators are abundant (cultivation) and the 

reduced potential for juvenile predator growth inflicted by increased competition with prey 

under conditions where the predator is at low abundance (depensation, Box 1.1; Hin et al. 2011, 

also see Van de Wolfshaar et al. 2006, Van de Wolfshaar 2006). 

 

FIGURE 1.4. Stage-structured predator-prey system with life history omnivory in the predator, as analyzed in Hin 

et al. (2011). Prey and juvenile predators compete for a shared resource while adult predators predate on the prey. 

The configuration represents a complete differentiation in the diets of juvenile and adult predators. Symbols are 

explained in the general figure legend on p. 13. 

Chapter III analyzes the relevance of the cultivation/depensation hypothesis in the context 

of a predator species that exhibits two ontogenetic niche shifts in its life history (Box 1.1), as is 

relevant for Atlantic cod (fig. 1.5), addressing the question: 

Question 3: What are the implications of complex predator life cycles on predator-prey 

dynamics with mixed interactions? 
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Here, in addition to the first resource (used by small juvenile predators) and the prey, 

which is available to individuals in the largest size class, the predator has another, second 

resource. This resource is available after individuals become less efficient on the first resource, 

and remains available for predators that have switched to predation. In the pre-piscivorous life 

stage, predators mainly forage on this intermediate resource. In this system configuration no 

bistability is found and moreover, top-down control of the prey population by the predator only 

occurs under limited conditions. Furthermore, competition is less important in structuring the 

community dynamics of predator and prey than the intraspecific growth regulation in the 

predator population, which is due to the occurrence of two ontogenetic niche shifts in its life 

history. 

  

FIGURE 1.5. Configurations of the size-structured predator-prey model as analyzed in Chapter III. Baseline system 

with two ontogenetic niche shifts in the predator (a), and baseline system including the competitive interaction 

between prey and juvenile predators (b). Symbols are explained in the general figure legend on p. 13. 

Resource competition is classically known as a structuring interaction for consumer 

populations and the community consequences of competitive interactions between consumer 

populations have also been established in stage-structured models (Schellekens 2010). In the 

Baltic Sea system there is, besides sprat, another clupeid prey species, herring, for cod to forage 

on, which is ecologically remarkably similar to sprat. In Chapter IV, the following research 

question is addressed: 

Question 4: How do competing size-structured consumer populations coexist? And how 

are the dynamics at this trophic level affected by population size-structure? 

In this chapter, the community effects that result from the competitive interaction 

between two size-structured consumer populations, representing herring (Clupea harengus) and 

sprat (Sprattus sprattus) are studied (fig. 1.6).  

Cohort cycle dynamics (Box 1.1; Persson et al. 1998) play an important role in this system, 

which is the result from size-dependent energetic differences between individuals, both 

between and within populations. Because of the size scaling of energetic processes and the 

differences in maturation size between the two competitors, coexistence with a single resource 

is shown to be possible also without top-down control through predation. 

17



CHAPTER I  

 

FIGURE 1.6. System configuration of two size-structured consumer populations with competition for a shared, 

zooplankton resource, as analyzed in Chapter IV. Consumers represent sprat (left) and herring (right). In part of 

the analysis large herring individuals have access to an alternative resource. Symbols are explained in the general 

figure legend on p. 13. 

An important assumption in Chapter III is that the intermediate resource is available for 

the predator to forage on, also after it matures. This assumption implies that the predator does 

not necessarily need the energy gained from foraging on the prey to reproduce and persist. 

Besides this being quite a strong assumption, it may also potentially lead to a weak link between 

predator and prey. Because in the model analyzed in Chapter III top-down control by the 

predator on the prey population did not emerge, the assumption that predators do not depend 

on prey for reproduction is revisited and relaxed in Chapter V. For cod it is in fact likely that 

individuals need the high energy source provided in fish prey for reproduction (shrimp, 

amphipods and other benthic invertebrates provide a resource of low energetic efficiency, due 

to their hard, indigestible parts). This analysis of the difference in predator-prey dynamics in 

systems where the predator has either a partial or a complete shift to predation (fig. 1.7) 

addresses the question:  

Question 5: What is the impact of the form of the ontogenetic niche-shift on predator-

prey dynamics and potential for top-down control? 

 

Figure 1.7. Predator-prey system configuration in the model with a complete niche shift in predator life history, as 

analyzed in Chapter V. Note the difference with the baseline system configuration (fig. 1.5a), by excluding access 

to the intermediate resource for piscivorous cod individuals. Symbols are explained in the general figure legend on 

p. 13. 
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This chapter presents the contrast in dynamics of a system in which the predator keeps 

access to the alternative resource (intermediate resource) throughout its life (partial shift), vs. a 

system in which the predator switches completely to a piscivorous life stage (complete shift). 

The complete shift represents a situation in which the predator species is energetically fully 

dependent on fish prey for reproduction.  

Finally, Chapter VI presents the analysis of four more hypotheses that are often postulated 

as explanations for the question why marine predator populations do not recover after they have 

collapsed. This chapter addresses the question: 

Question 6: How do different mortality scenarios affect the dynamics of predator and 

prey? 

 

FIGURE 1.8a. Predator-prey system configurations as analyzed in Chapter VI. a: additional mortality during the 

predator egg stage is accounted for. Symbols are explained in the general figure legend on p. 13. 

The processes accounted for in the following hypotheses are frequently postulated as 

mechanisms that result in alternative stable community states (Box 1.1): 1) Predator population 

growth is limited through egg predation by the prey population (fig. 1.8a). 2) Predator 

population growth is limited by cannibalism (fig. 1.8b). 3) Predator population growth is limited  

 

FIGURE 1.8b. Predator-prey system configurations as analyzed in Chapter VI. b: including cannibalism. Symbols 

are explained in the general figure legend on p. 13. 
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by mortality imposed on the large size class of prey (representing the effect of fishing mortality 

or predation by marine mammals; fig. 1.8c). 4) Predator population growth is limited by 

mortality of large-sized individuals (again representing the effect of fishing mortality or 

predation by marine mammals; fig. 1.8d).  

 

FIGURE 1.8c. Predator-prey system configurations as analyzed in Chapter VI. c: additional mortality of adult prey 

is accounted for. Symbols are explained in the general figure legend on p. 13. 

These four hypotheses all relate to processes that occur and have been observed at the 

level of individual organisms. The basis for these hypotheses comes, in fact, from heuristic 

arguments that infer population level effects from the empirical observations on individuals. 

 

FIGURE 1.8d. Predator-prey system configurations as analyzed in Chapter VI. d: additional mortality on large-sized 

predators (> 25cm) is accounted for. Symbols are explained in the general figure legend on p. 13. 

In the physiologically structured population model that I use for the analyses of the 

hypotheses listed above, trophic interactions are described at the level of the individual (and are 

dependent upon individual body size). This means that the effects occurring at the population 

and community level in this model are emerging properties of the system. Rather than via 

heuristic argumentation, the use of a physiologically structured population model provides a 

way to consistently link processes at the individual level with effects occurring at the population 
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and community level and therefore provides a critical test of hypotheses invoking such 

individual level processes as explanations for system level outcomes. 

The thesis chapters, as described above, together present an in-depth investigation of the 

consequences of food web complexities like size-structure in predator and prey populations and 

the occurrence of ontogenetic niche shifts in predator life history. These complexities form the 

reality in a marine predator-prey system that is ecologically one of the simplest known. The 

chapters demonstrate the difficulty that exists in understanding the link between lower and 

higher levels of organization in ecosystems, as was pointed out by Levin and Lubchenco (2008). 

The relation between lower and higher levels of organization is complex and although higher 

level data seem to provide information about the lower levels, a rigorous link is hard to 

establish. Moreover, if extrapolated, the scarce and patchy data on lower level processes often 

gives rise to dynamics at higher organization levels that show a mismatch with observations.  
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