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Abstract  

It is increasingly recognized that individuals of the same species differ from each other and 

influence and respond to their environment in unique ways. This thesis deals with size variation 

among individuals that not only are of the same species but also of similar age. Such variation 

may develop even when individuals are born in the same environment, i.e. within a cohort. I 

have studied the sources and consequences of variation within and among cohorts from egg 

through early ontogeny using young-of-the-year (YOY) perch (Perca fluviatilis) as study 

organism.  

In agreement with predictions based on model results only taking exploitative interactions 

among individuals into account, I found that the broader the initial size distributions were, the 

more did the degree of size variation among individuals decrease over time. Still, with initially 

small size variation among individuals, in several experiments also size divergence was 

observed. Furthermore, size variation among individuals increased more under high compared 

to at low densities. Increased size variation over time may be explained by size-dependent diet 

shifts allowing for initially larger individuals to make an early diet shift when the first resource 

becomes limiting. However, as size divergence also was observed in situations with only shared 

resources available, it can be concluded that diet shifts are not a prerequisite for size divergence 

in young animal cohorts. Hence, I also suggest that mechanisms not related to competition for 

limiting resources, such as genetic variation, stochasticity and behavioural traits must be taken 

into account, especially when initial size differences are small.  

The importance of considering size variation among individuals within cohorts was 

demonstrated in a study of winter mortality in YOY perch cohorts. A large individual size in 

autumn was shown to increase overwinter survival within cohorts. However, late summer 

growth rather than average body size reached in autumn explained variation in overwinter 

survival between cohorts. Higher accumulation to lipid reserves and accordingly lower mortality 

over winter was observed in years with high growth rates late in the season. In another study I 

showed that apparent patterns of density-dependent growth can emerge among larval fish, but 

rather than a result of density-dependent resource limitation this was due to variation in size-

selective predation pressure. Individuals in the right end of the size distributions grew in to a 

high predation pressure from cannibalistic perch when cannibal density was high, coinciding 

with high larval perch densities.  

Finally, as substantial size variation among individuals can develop within cohorts, also 

intra-cohort cannibalism can occur. Using a physiologically structured population model it was 

shown that the development of size bimodality within cohorts as a result of intra-cohort 

cannibalism is critically dependent on long hatching periods, high victim densities and density-

dependent feedbacks on shared resources.  
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INTRODUCTION 

 

General background  

Contrasting to most contemporary ecological models, which ignore variation among individuals, 

it is increasingly recognized that individuals differ from each other and hence influence and 

respond to their environment in unique ways (De Roos et al. 2003, Grimm and Railsback 2005, 

Ovadia et al. 2007). The majority of organisms on earth exhibit substantial variation in size, 

largely because individuals continuously grow and develop during their entire life cycle 

(Ebenman and Persson 1988). Mostly, focus has been on variation in size among organisms 

(Brown 1995, Cohen et al. 2003), however, size variation within populations is also an 

important feature of ecological communities. The latter is not only a consequence of individuals 

being of different ages but also the result of variation in environmental conditions, as growth 

and development to a large extent is determined by resource availability (Ebenman and Persson 

1988, Werner 1988, De Roos et al. 2003). The combination of intraspecific variation in body 

size and food-dependent development is a major factor influencing population and community 

dynamics (De Roos et al. 2003, Jansson et al. 2007). For example, cohort-cycles in which new 

generations outcompete older generations are typically driven by interactions between 

consumers of different sizes (Persson et al. 1998, McCauley et al. 1999). Finally, also variation 

in size among individuals born at the same time in a common environment (i.e. within a cohort) 

is an ubiquitous feature of many organisms (Uchmanski 1985, Pfister and Stevens 2002). Still, 

surprisingly little is known about the origin and mechanisms behind the development of such 

variation among individuals. With this thesis, focusing on fish populations, I therefore aim to 

contribute to a better understanding of the mechanisms behind and consequences of differential 

growth rates among individuals of the same generation in different as well as in common 

environments.  

 

Cohort size structure – does it matter? 

The size structure of individuals in populations and communities plays a significant role for 

various ecological processes, why changes in size structure and the degree of size variation 

among individuals have important ecological implications. Variation in size among individuals 

affects both intra- and interspecific interactions, including predatory and cannibalistic 

interactions (DeAngelis et al. 1979, Ebenman and Persson 1988), with implications for overall 

dynamics of size-structured populations (De Roos and Persson 2002, Filin and Ovadia 2007, 

Jansson et al. 2007). A strong size-dependency in foraging related capacities and energy 

requirements also means that the outcome of competitive interactions depend on body size 
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(Werner 1988, Hjelm and Persson 2001, Byström and Andersson 2005). As a consequence of 

that the size-scaling of foraging capacity and other ecophysiological rates of individuals 

commonly are non-linear, variation in animal body size distributions may cause different effects 

on ecosystems also when the mean size of individuals are similar (Ovadia et al. 2007). Finally, 

in seasonal climates an understanding of the development of both the mean size of recruiting 

individuals and the degree by which size variation among them develops may be fundamental 

for our ability to predict recruitment success in populations, such as fish populations. 

In temperate climates, low food production and reduced temperatures during winter 

induce constraints on individuals in terms of food intake and energy accumulation. In aquatic 

systems it is commonly observed that individuals need to reach a minimum size threshold 

before winter in order to survive until spring because of size-dependent capacity to withstand 

starvation (Post and Parkinson 2001, Biro et al. 2004, Byström et al. 2006). Consequently, as 

growth and energy accumulation is restricted to a short growth period during summer, 

recruitment of young-of-the-year (YOY) individuals to older age classes may be severely 

restricted. Also in this context is size variation among individuals important. Variability in 

autumn size distributions may allow the largest individuals of a cohort to survive even when the 

mean sized individual would not. Furthermore, the formation of fast and slow growth-rate 

groups may reduce within-cohort competitive effects through niche separation and thereby 

result in increased energy accumulation for all individuals in the cohort (Roughgarden 1972, 

Bolnick et al. 2003). Winter survival and recruitment success in seasonal environments may 

therefore be dependent on both the mean size reached in autumn as well as the degree by which 

size variation among individuals develops (Vandenbos et al. 2006). Hence, there are many 

reasons for why we need to identify and understand mechanisms that govern the development of 

size variation in animal populations.  

 

Why are some individuals larger than others? 

Despite substantial empirical support (Huston and DeAngelis 1987, Pfister and Stevens 2002), 

increased size variation over time within animal cohorts is in conflict with theoretical 

predictions based on experimentally found size-scaling relationships of vital rates for many 

organisms. These predictions instead suggest that initially small individuals will compensate for 

their small size by having higher growth rates than large individuals when exploiting a shared 

resource, leading to cohort convergence (Persson et al. 1998, Hjelm and Persson 2001, Aljatlawi 

and Leonardsson 2003, Byström and Andersson 2005). Nevertheless, size variation within 

cohorts has been related to mechanisms that produce size and time dependent growth rates. 

These mechanisms include both factors that are intrinsic to the organisms, such as genetic 
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differences and maternal effects, and extrinsic factors related to the interaction between 

individual life history and the environments, which in combination with initial size variation, 

stochastic variation in growth rates and size-dependent mortality may influence the degree by 

which size variation develops within cohorts (Huston and DeAngelis 1987, Pfister and Stevens 

2002, Gurney and Veitch 2007, Peacor et al. 2007a).  

When growth is positively dependent on the size of the organism, amplified size variation 

among individuals over time (growth depensation, Ricker 1958) can occur due to positive 

feedbacks, i.e. a small early advantage in size translates into higher growth rates which, in turn, 

will increase size variation among individuals even further (DeAngelis et al. 1993, Pfister and 

Stevens 2002). Perhaps the most striking example is competition among plants where a larger 

size gives a direct advantage in competition for light (Harper 1977). Examples of potentially 

important size dependent factors leading to growth depensation in animals include predator 

avoidance, search and foraging abilities (Miller et al. 1988, Persson and Brönmark 2002). Still, 

even though there are some studies pointing to positive size-dependent growth as a potential 

mechanism behind size variability also in animals, most have either been based on strict 

assumptions concerning ontogenetic niche shifts or not taken population feedbacks on the 

environment into account (DeAngelis et al. 1993, Persson and Brönmark 2002).  

In addition to positive size-dependent growth and intrinsic mechanisms, suggested 

mechanisms generating positive correlations in growth over time include threat of predation and 

cannibalism (Ziemba et al. 2000, Peacor et al. 2007b), limited forager mobility and resource 

heterogeneity (Pfister and Peacor 2003, van Kooten et al. 2004) and behavioral traits leading to 

dominance hierarchies (Magnuson 1962, Whiteman and Cote 2004). These mechanisms may 

result in inter-individual variation in growth independent of size (autocorrelation in growth), 

meaning that some individuals independent of size always grow better than others (Pfister and 

Stevens 2002, Fujiwara et al. 2004). Finally, most studies suggest that individual resource 

specialization as well as amplified size variation among individuals over time is more likely in 

high competition environments (Andersson et al. 2007, Rubenstein 1981, Ziemba and Collins 

1999, Peacor and Pfister 2006, Svanbäck and Persson 2009).  

Intraspecific competition may include both exploitation of shared resources and 

interference. The relative contribution of these interactions for the degree (and direction of 

change) of body size variation among individuals in growing animal cohorts under natural 

conditions is not fully understood. In many animals smaller individuals both have a higher 

growth capacity and are superior in exploitative competition for shared resources as they can 

tolerate lower resource levels, factors which should lead to size convergence (Fig. 1) (Persson et 

al. 1998, Byström and Andersson 2005). Social interactions such as interference competition are 
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on the other hand generally expected to increase the competitive ability of larger individuals 

relative to smaller ones (Ziemba and Collins 1999, Ward et al. 2006). It is, for example, 

common that dominance structures develop given high enough levels of intraspecific 

competition (Whiteman and Cote 2004) which, in turn, can result in increased size variation as a 

result of dominant individuals obtaining a disproportionate share of the resources (Borowsky 

1973, Metcalfe 1986). Hence, depending on whether exploitative or social interactions dominate 

it can be hypothesized that the distribution of body sizes within a group of animals will either 

converge or diverge over time.  
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Ontogenetic niche shifts  

As animals grow, they commonly change their use of resources and habitats, i.e. undergo 

ontogenetic niche shifts (Werner and Gilliam 1984). In size-structured populations, diet shifts 

are commonly related to size-dependent changes in foraging ability (Fig. 2) (Mittelbach and 

Persson 1998, Persson and Brönmark 2002). For gape-limited animals such as fish, this is 

evident as they require a relative size advantage over their prey (Hambright 1991, Claessen et 

al. 2000). Hence, individuals typically feed on progressively larger prey over ontogeny. 

However, discontinuity of prey sizes may cause individuals to become trapped in between 

niches, leading to retarded growth (Persson and Brönmark 2008). Consequently, during early 

ontogeny, when for most fish species the largest relative increase in body size (several orders of 

magnitude) takes place (Houde 1987, Miller et al. 1988), variation in the opportunity for 

individuals to undergo ontogenetic niche shifts may have strong effects on future size 

Figure 1. Size-dependent estimates of (left) maximum growth rates of perch (derived from Lessmark 

1983, Wang and Eckman 1994 and Persson et al. 2000b) over a 30 day period assuming a constant 

temperature of 20 °C, (right) critical resource levels of a 0.5 mm Cladoceran for the maintenance of perch 

(derived from Byström and García-Berthóu 1999). 

 

Starvation 
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development. It has accordingly been suggested that variation in body size in young fish 

typically is driven by ontogenetic niche shifts (Frankiewicz et al. 1999, Persson and Brönmark 

2002, Galarowicz and Wahl 2005, Urbatzka et al. 2008) 

 

 

Variation in the timing of diet shifts, in fish as well as for other organisms, has been 

observed both between cohorts and among individuals within the same cohort and has, for 

example, been suggested to depend on stochastic feeding and intrinsic differences in growth 

rates and morphology (DeAngelis et al. 1991, Hjelm et al. 2000, Post 2003). Furthermore, size-

heterogeneity in resources may allow larger individuals to consume a wider size-range of prey 

items relative to smaller individuals due to gape-limitations or other physiological or 

behavioural constraints related to a small body size (Wilson 1975, Brose et al. 2006). 

Accordingly, variation in the rate by which growing individuals reach different niches may 

result in increased size variation over time as exclusive resources become available for some 

individuals (DeAngelis and Coutant 1982, Post 2003, Urbatzka et al. 2008). The largest degree 

of size variation following differential timing of a diet shift is expected to develop when the 

availability of the initial resource is low and the availability of the next resource is relatively 

high, resulting in a large difference in energy gain and growth for consumers in the different 

stages (Persson and Brönmark 2002, Byström 2006).  
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Figure 2. Size-dependent attack rates (volume or area 

searched per unit of time) of perch feeding on a 0.5 mm 

Cladoceran (left Y-axis, solid line, modified from 

Byström and Garcia-Berthóu 1999) and on a 5.7 mm 

Ephemeroptera (right Y-axis, dashed line, modified from 

Persson et al. 2000c). 
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Cannibalism 

As most predators increase in body size over ontogeny, interactions among individuals and /or 

species may shift between competition and predation (Werner and Gilliam 1984, Olson 1996). 

At small size, predators often share resources with species, which later during ontogeny become 

their prey. Hence, species that are engaged in predator-prey interactions may also compete with 

each other for the same resource, i.e. an intra-guild predation system (Holt and Polis 1997). 

Cannibalism can be viewed as a special case of intra-guild predation, because it allows mixed 

competition-predation interactions to occur within a species (Polis and Holt 1992). Fish 

populations with their inherent size structure and large size variation among individuals have 

the necessary prerequisites for cannibalism to develop. Accordingly, cannibalism is commonly 

reported among a variety of fish species (reviewed in Smith and Reay 1997) including the 

model organism discussed in this thesis, Eurasian perch (Perca fluviatilis) (e.g. Persson et al. 

2000a).  

Cannibalism can have profound influence on the dynamics of populations and 

communities. Cannibalism may destabilize population dynamics, especially in systems where 

the duration of the vulnerable stage is not too short and cannibalism result in increased 

fecundity among cannibals (Hastings 1987, Benoit et al. 1998). On the other hand, in systems 

where size-dependent competition generate cycles cannibalism may have a stabilizing effect by 

reducing inter-cohort competition and thereby allowing for several coexisting cohorts, 

especially when cannibals mainly target recruiting individuals (Van den Bosch and Gabriel 

1997, Claessen et al. 2000). Recent theoretical studies suggest that strong inter-cohort 

competition leading to low individual growth and long cycles may cause population extinctions 

in seasonal systems due to high winter mortality (van de Wolfshaar et al. 2008). In this context, 

cannibalism can reduce the intensity of competitive interactions by reducing the density of 

competitors and dampen such population oscillations (see above). Consequently, because a 

minimum body size may be needed at the start of winter for recruiting individuals to survive 

until next summer cannibalism may be important for population persistence in seasonal 

environments as recruitment failures resulting from starvation during winter can be avoided.  

Besides its effects on population dynamics, there is often a strong interplay between 

cannibalism and the development of size distributions in animal populations. First of all, for 

cannibalism to occur at all, a prerequisite (most often) is a size difference between the cannibal 

and the victim (Fig. 3) (Hopper et al. 1996, Claessen et al. 2000, Juanes 2003). This is evident 

in gape-limited animals such as fish for which the upper size limit of prey is set, in addition to 

escape abilities, by gape constraints (Claessen et al. 2002). Once cannibalism has developed, 

cannibals may profit both from energy extraction from cannibalism and from relaxed 
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competition via reduced densities of victims (given a shared resource). Hence, the initial size 

variation among individuals may develop even further if cannibalism increases the growth rate 

of the cannibals over that of non-cannibalistic individuals (DeAngelis et al. 1979, Claessen et al. 

2000, Post 2003, Byström 2006). In addition, also prey individuals can benefit from competitive 

release (Brönmark et al. 1995, Van Buskirk and Yurewicz 1998, Craig et al. 2006). 

Furthermore, as the outcome of predator-prey interactions is typically size-dependent, cannibals 

may change both the average size and size variation among prey as a result of selective removal 

of individuals from one end of the size distribution (Hanson et al. 1989, Rice et al. 1993, Craig 

et al. 2006, Tian et al. 2007). Consequently, size-dependent cannibalism may synchronize 

ontogeny as preferentially small (or large) individuals are consumed (Crowley and Hopper 

1994). Finally, the interplay between size-dependent cannibalism and competition between age-

classes (cohorts) has been shown to result in size bimodality as a result of a few older 

individuals growing large from energy gained from cannibalism (Claessen et al. 2000, Persson 

et al. 2004).  

 

 

 

Although cannibals commonly are older than their victims, substantial size variation can 

also be induced within a synchronously hatched cohort, thus allowing for intra-cohort 

cannibalism (DeAngelis et al. 1979, Brabrand 1995, Moksnes 2004). Given its potential to 

influence individual growth and survival rates, intra-cohort cannibalism may (similar to inter-

cohort cannibalism) have important implications for organisms that need to reach a certain size 

in time to successfully recruit to later life stages. Examples include animals in temporary  

habitats who may not reach the size necessary to metamorphose in time when they occur at high 

densities and consequently experience strong resource competition (Wissinger et al. 2004) and 

Figure 3. The cannibalistic attack rate (Ac, in L/day) 

as a function of cannibal length (c, in mm) and victim 

length (v, in mm) parameterized for perch (Perca 

fluviatilis). Figure from Claessen et al. (2002). 
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fish who may not reach the size necessary to escape winter starvation when food availability is 

low during summer (DeAngelis et al. 1993, Post and Parkinson 2001). However, the conditions 

under which intra-cohort cannibalism actually leads to diverging growth trajectories of 

cannibals and victims are not yet fully understood. 

 

To conclude, although a variety of factors have been advanced to explain the development of 

size variation within cohorts, the mechanisms leading to size divergence are still far from clear 

both from a theoretical and empirical point of view.  

 

 

AIMS 

 

The overall aim of this thesis was to increase our understanding of mechanisms important to 

explain variation in body size distributions within cohorts and its implications in fish 

populations in particular and in size-structured populations in general. 

 

Specific aims were to: 

 Investigate the origin and development of size variation in early pelagic life-stages of 

fish (I) 

 Test the hypothesis, in gape-limited animals such as fish, that size divergence among 

individuals in cohorts depends on the opportunity to undergo size-dependent diet shifts 

(II) 

 Investigate how initial cohort size structure, when controlling for exploitative 

competitive effects, affect resource exploitation, growth patterns and the development 

of cohort size variation (III) 

 Analyze the combined influence of density-dependent feedbacks via resource levels and 

size-selective cannibalism on young-of-the-year (YOY) fish size development (IV) 

 Investigate under which conditions intra-cohort cannibalism leads to diverging growth 

trajectories and size bimodality (V) 

 Investigate patterns of energy accumulation and its consequences for winter survival in 

YOY fish (VI)  
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METHODS 

 

To study the mechanisms behind variation in growth patterns (mean and variation) among 

young-of-the-year (YOY) perch and its consequences I have used a combination of controlled 

experiments, field and modelling studies. Experiments were used to isolate and study specific 

factors, such as consumer density and initial size distributions. Although the enclosure 

experiments were performed under semi-natural conditions including resource dynamics they do 

not capture all the complexity of natural communities. Hence, experiments were combined with 

whole-lake studies in order to examine the relevance of results obtained from experiments and 

to investigate factors not easily manipulated at smaller scale. Results obtained from experiments 

and field studies were also contrasted with model predictions based on experimentally derived 

size-scaling relationships for perch (se III for details on size-scaling relationships). Below I 

describe the model organism used, the study lakes, methods used to sample fish and resources in 

lakes and experiments and finally I describe the type of model used to study intra-cohort 

cannibalism.  

 

Study species 

In this thesis I have used Eurasian perch (Perca fluviatilis) as a model organism to answer the 

various questions raised. Perch is found over most of Eurasia and is often a numerically 

dominant species (Svärdson 1976, Johansson and Persson 1986). Perch spawn in spring in 

shallow waters on fallen branches and in the vegetation. Perch are ontogenetic omnivores and 

undergo two major ontogenetic niche shifts. The larvae hatch in the littoral zone but soon after 

hatching they move out to the pelagic zone. After initially feeding on rotifers and copepod 

nauplii, perch larvae start to feed on larger zooplankton, such as copepods and cladocerans. 

After gradual development into juveniles they shift back to the littoral zone (commonly at a size 

of 15-25 mm). At a size of 30-80 mm they also start to feed on benthic macroinvertebrates. 

Finally, perch become piscivores (Treasurer 1988, Wang and Eckmann 1994, Byström et al. 

1998, 2003). Cannibalism is commonly observed in perch populations, mainly on YOY and 1-

year old perch (Persson et al. 2000a), but also intra-cohort cannibalism can occur among YOY 

individuals (Brabrand 1995, Van Densen et al. 1996, Urbatzka et al. 2008, M. Huss unpublished 

data). Cannibalism during summer and starvation during winter have been shown to be the 

major causes of mortality in YOY perch cohorts (Byström et al. 1998, Persson et al. 2000a). 
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Lakes 

All field studies were done in four small (2.4 – 9.3 ha) closely situated lakes (Lake Abborrtjärn 

1, 2, 3 and 4, hereafter referred to as LAT 1, 2, 3 and 4) in central Sweden (64° 29’ N, 19° 26’ 

E). The lakes are situated in a sandy area, formed after the last glaciation, with slow-growing 

pine forests. They are of low productivity and have low humic content. The vegetation is sparse 

and dominated by Carex rostrata, Menyanthes trifoliata, Lobelia dortmanna and Nympaea 

alba. No surface inlets or outlets are present. For more information on morphological and 

chemical characteristics, see Persson et al. (1996). All lakes inhabit natural populations of perch 

and two of them (LAT 1 and 2) also inhabit pike (Esox lucius). Densities of pike were, however, 

orders of magnitude lower than that of perch during the study period (L. Persson unpublished 

data). Roach (Rutilus rutilus) was present in the lakes as a result of experimental introductions 

in 1993 (LAT 2 and 4) and 1997 (LAT 1 and 3). Roach was introduced to test whether roach 

had a competitive effect on perch performance and under which conditions a competing prey 

species could recruit into systems previously only occupied by the predator species (Byström et 

al. 1998, Persson et al. 2007). Whereas roach successfully established in LAT 1 and LAT 2, 

roach never successfully invaded in LAT 3 and in LAT 4 perch recovered after a few years with 

roach dominance and is now again dominant over roach (Persson et al. 2007). In 1997, artificial 

vegetation was added to LAT 2 and LAT 3 to analyze how the competitive relationship between 

perch and roach would be affected and to test whether overexploitation of recruits by 

cannibalistic perch could be prevented. This vegetation was removed from LAT 2 in 2002 and 

from LAT 3 in 2005. Hence, when using the scale of whole lakes, body size development was 

studied using a set of different environmental conditions. However, rather than trying analyze 

the effects of adding roach and artificial vegetation or presence of pike I aimed to identify 

general patterns strong enough not to be masked by these factors.  

 

Sampling methods 

Larval perch (III, IV): Perch were sampled quantitatively once a week during the 5 weeks 

following hatching in early June. The sampling was done with a bongo trawl attached to a small 

boat in the littoral and pelagic habitats. The trawl had a diameter of 60 cm and a length of 4 m. 

For the first two weeks a trawl with a mesh size of 0.5 mm was used. For the subsequent 3 

weeks a trawl with a mesh size of 1 mm was used. The trawl could be adjusted to sample fish 

from the surface to a depth of 2 m.  

Juvenile perch ≤ 1-year-old (III, IV, VI): After early July, when YOY perch had shifted to the 

littoral area samples for size measurements were obtained by electrofishing from a boat along 

the shorelines. Autumn densities of YOY perch were estimated only for a few years. This was 
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done using mark-recapture methods. In spring, 1-year old perch were captured by electrofishing. 

The entire shoreline of each lake was covered, dipping the anode of the electrofishing devise 

every 3 m. 1-year old perch densities were estimated based on mark-recapture methods in years 

when ≥ 60 individuals were caught during the spring electrofishing. In years when 1-year old 

perch densities were too low (< 60 individuals caught during electrofishing) to allow population 

estimates based on mark-recapture analysis, estimates were instead obtained using regressions 

based on spring trap (see below) and electrofishing captures on 1-year old perch density 

obtained in years when mark-recapture was possible. 

Perch ≥ 2 year old (IV): Sampling methods for perch older than 1 year included traps and fyke 

nets. 15 different sampling stations were used of which 10 were situated in the littoral zone. The 

population size of perch > 1 years old were estimated using multiple mark-recapture methods 

every spring during a large trapping effort lasting 3 weeks (for details see Persson et al. 2000a). 

Resources (I, II, III, IV): Both in the lakes and experiments, zooplankton were sampled with a 

100-μm-mesh net with a diameter of 25 cm drawn at an approximate speed of 0.5 m/s. For 

samples taken in the lakes and pelagic enclosures, samples were taken from the thermocline to 

the surface (usually from a depth of 3 m). Samples in pond enclosures were taken by pulling the 

zooplankton net horizontally. Samples of benthic macroinvertebrates were taken using a core 

sampler with a diameter of 65 mm. These samples were subsequently sieved through a 0.5 mm 

mesh net and preserved (see II for details on analyses of zooplankton and macroinvertebrates). 

 

Physiologically structured population models (V) 

To be able to analyze the population and community dynamics of size-structured systems, a 

modeling approach that can handle size-dependent individual performance is essential. 

Physiologically structured population models (PSPMs) developed within biomathematics during 

the 1980:ies and started to be explored for ecological systems during the 1990:ies are 

specifically suited to handle the dynamics of populations involved in size-dependent 

interactions (Metz and Diekmann 1986, De Roos et al. 1992, De Roos and Persson 2001). 

PSPMs consist of several levels of organization: the i-state which represents the state of the 

individual in terms of a collection of physiological traits (such as size, age and energy reserves), 

the population state (p-state) which is a frequency distribution over all i-states and the 

environment (e-state). The model formulation process consists of the derivation of a 

mathematical description of how individual performance (growth, survival, reproduction) 

depends on the physiological characteristics of the individual (such as size) and the condition of 

the environment (such as resource level). Handling the population level (p-state) dynamics is 

subsequently just a matter of bookkeeping of all individuals in different states without making 
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any further model assumptions at this level. Using PSPMs, the dynamics of size-structured 

systems of varying complexity have been investigated, from consumer-resource systems 

(Persson et al. 1998), over cannibalistic and predatory systems (Claessen et al. 2000, van 

Kooten et al. 2005) to multi-trophic systems (De Roos and Persson 2002, see also De Roos et al 

2008 for an example using a simplified stage-structured version of a PSPM). Furthermore, 

although usually used for investigating long-term population dynamics, this modeling approach 

has also been used to study within-season dynamics (Persson et al. 2004).  

 

 

MAJOR RESULTS AND DISCUSSION 

 

Development of within-cohort size variation 

I have carried out three experiments with focus on competitive interactions among YOY perch 

to investigate mechanisms behind and consequences of size variation within cohorts. The aim of 

the first experiment was to investigate the interaction between initial size and environmental 

condition (level of competition) for development of size variation among larval perch (I). 

Larvae were hatched from differently sized egg strands collected in a natural lake (LAT 3) and 

subsequently exposed to two different density treatments. Offspring from large females both 

hatched earlier and were larger at hatching. When contrasting larvae from different egg strands 

reared in separate enclosures, growth of small-sized groups (i.e. perch originating from small 

egg strands) were less sensitive to a high density environment with limited resources than 

groups of larger individuals. In contrast, within a single group of siblings increased size 

variation over time was observed (and more so at high density), suggesting that small 

individuals did worse. 

As a logical follow-up to the first experiment, I examined the influence of intraspecific 

competition on patterns of size variation using juvenile instead of larval perch and littoral 

instead of pelagic habitat (II). Competitive intensity and the opportunity to undergo a diet shift 

from zooplankton to macroinvertebrates were manipulated to test the hypothesis that size 

divergence within cohorts in gape-limited animals such as fish depends on the opportunity to 

undergo size-dependent diet shifts. I found that variation in competitive intensity affected both 

the mean and the variation in growth rates. A high competition environment combined with the 

presence of both zooplankton and benthic macroinvertebrates increased the degree of size 

variation among individuals. However, size divergence was also observed in enclosures with 

only one resource (zooplankton) present, but then at low perch density. 
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Compared to the previous experiment where the competitive environment was varied but 

initial size distributions were kept constant, I examined in the third experiment the influence of 

variation in initial body size distributions keeping competitive environment constant (III). YOY 

perch cohorts varying in size structure were exposed to the same exploitative competitive 

environment, achieved by introducing groups of perch with equal metabolic mass (i.e. energy 

requirements) in pond enclosures. I subsequently contrasted experimental results with model 

predictions based on experimentally derived size-scaling relationships regarding attack rate, 

maximum consumption and metabolism (i.e. an exploitation model) to analyze whether 

exploitative competition alone can drive patterns of size variability among individuals. 

Experimental results were also compared to data from field studies carried out in a natural lake 

(LAT 3). Both in the lake and in the pond experiment, and in agreement with predictions based 

on the exploitation model, I found that the degree of size variation among individuals decreased 

the most over time when the initial size variation was high. Besides having a lower (maximum) 

growth capacity, initially large fish suffered more from resource limitation than initially small 

fish, leading to size convergence. Still, similar to in previous experiments (I and II), size 

divergence was possible in groups of fish with initially small size variation. 

The expected superiority of small individuals was manifested at the between-cohort level 

(between enclosures) as higher growth rates were observed in groups consisting of initially 

small individuals (I and III). However, at the within-cohort level, the results from the first two 

experiments contrast to the expected superiority of small individuals regarding exploitative 

competition (see Fig. 1), although they are in agreement with a number of other studies that 

have shown that competition magnifies initial size variability (Rubenstein 1981, Peacor and 

Pfister 2006). The latter result may be explained by that an early diet shift by the initially largest 

individuals depressed the future resource base for the smaller individuals. It has been suggested 

that unequally distributed resources and resource heterogeneity combined with flexible 

behaviour in resource use may influence the degree by which size-variation among individuals 

develops over time (Persson and Brönmark 2002, Pfister and Stevens 2002, Peacor et al. 2007a). 

Accordingly, in the first experiment the largest perch larvae had access to an exclusive resource 

in the largest and dominant zooplankton species, Holopedium, as a result of gape-limitation 

causing a substantial time lag between when the first individuals could start to feed on 

Holopedium to when the slowest growing individuals could do so. Similarly in the second 

experiment large individuals could gain access to an exclusive resource in macroinvertebrates. 

However, as size divergence was also observed in enclosures with only one resource (II) it can 

be concluded that diet shifts are not a prerequisite for size divergence in young fish cohorts. 

Hence, also social interactions, expected to benefit larger individuals and to be expressed only 
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within replicate comparisons (i.e. in a common environment), were advanced as a possible 

explanation for size divergence within replicates. Nevertheless, the results of the third study 

suggest that exploitation competition indeed is an important factor explaining growth patterns in 

young fish cohorts, generally leading to reduced size variation over time. Still, as size 

divergence was possible in groups with initially small size variation, I suggest that mechanisms 

not related to size-dependent exploitation competition, i.e. inherent variation, stochasticity or 

behavioural traits, may counteract and override exploitative interactions when initial size 

differences are small. 

 

Size-selective cannibalism and cohort size development 

Whereas in experiment I and II density effects on variation in body size among individuals 

within cohorts were studied, I next advanced variation in consumer density to explain patterns 

of variation in body size between cohorts (IV). Still, the presence of size variation among 

individuals within cohorts was found to be important also to understand variation in body size 

between cohorts. 

Density effects on growth and development have been extensively studied concerning 

young fish (Byström and Garcia-Berthóu 1999, Cowan et al. 2000, Byström et al. 2004, Wexler 

et al. 2007). Also the influence of predation on body size distributions of growing animal 

cohorts has been investigated. For example, a positive correlation between prey body size and 

predation pressure is expected if prey are released from competition by thinning (Brönmark et 

al. 1995, Van Buskirk and Yurewicz 1998, Craig et al. 2006). Still, although there is a well-

established correlation between the abundance of predators and mortality rates in YOY fish the 

influence of predation on size distributions has generally been considered of minor importance 

compared to the influence of environmental condition. To better understand body size 

development during early ontogeny may be crucial as it is known that small changes in growth 

rates during early ontogeny may have important effects on growth and survival patterns in later 

life stages (e.g. De Block and Stoks 2005, Gagliano and McCormick 2007). For example, in 

temperate climates, mechanisms regulating growth rates of young fish in summer may to a large 

extent determine their susceptibility to starvation during the following winter (see VI). 

Using data from several lakes and years I studied density-dependent growth patterns of 

larval perch subjected to varying degrees of size-selective predation pressure by cannibalistic 

perch. I found that a high reproductive output (i.e. high initial larval perch densities) was 

negatively related to larval body size development, although there was no evidence for that this 

pattern was caused by competition for limited resources. Instead I show that size-dependent 

interactions between cannibals and their victims may explain the apparent pattern of density-
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dependent growth. There was a negative relationship between the body size at the end of the 

larval growth period (early July) and total population attack rate on larval perch. Furthermore, 

the potential population cannibalism on YOY perch shifted from positive to negative size-

selective over the growth season. Hence, during early ontogeny individuals in the right end of 

the size-distributions grew into a high predation pressure from the cannibals when cannibal 

densities were high, coinciding with high larval fish densities. These results again illustrate the 

importance of taking into account that not all individuals within cohorts respond similarly to 

their environment. The results also imply that we should be cautious when interpreting patterns 

of density-dependence in animal cohorts subjected to size-selective predation.  

 

Intra-cohort cannibalism and size bimodality 

Size variation within a cohort is sometimes large enough to allow for intra-cohort cannibalism 

(DeAngelis et al. 1979, Hopper et al. 1996, Post 2003, Moksnes 2004, Urbatzka et al. 2008). 

Once established, size-dependent cannibalism may either reduce size variation due to greater 

mortality on small individuals (Crowley and Hopper 1994) or cause inter-individual variation in 

growth and survival potentially leading to bimodal size distributions (DeAngelis et al. 1979, 

Samu et al. 1999, Post 2003). However, we still have limited knowledge concerning the 

environmental conditions under which diverging growth trajectories leading to size bimodality 

may emerge as a result of cannibalism within cohorts. I therefore studied under which 

conditions intra-cohort cannibalism leads to size bimodality in YOY fish experiencing extended 

hatching periods (V). As appropriate empirical data are lacking to investigate this question in 

detail, I decided to use a physiologically structured population model parameterized for perch. 

Functions describing foraging intake and energy costs of the consumer were all dependent on 

body size. For example, the attack rate function for cannibalism depends on the ratio of victim 

to cannibal length (see Fig. 3). The model was analyzed using a numerical method for 

integration of this type of models, the Escalator Boxcar Train Method (De Roos et al. 1992). To 

reveal the conditions necessary for the emergence of cannibalism and size bimodality, regions in 

parameter space were identified and investigated by varying key parameters such as hatching 

period length and initial cohort size structure. Model runs were carried out both with and 

without the opportunity for cannibals to gain energy from cannibalizing.  

The results suggest that a substantial early size difference must develop during the 

hatching period and that initial density in the cohort must be large to allow cannibals to gain 

enough energy to accelerate in growth and reinforce their cannibalistic behaviour, leading to 

size bimodality. The results also suggested that a positively skewed size distribution after 

hatching (i.e. few early and many late hatchers) and the ability of early hatchers to initially feed 
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on an unexploited resource increases the likelihood of both cannibalism and size-bimodality 

compared to a situation without skewness in hatching distribution or any difference in 

environmental condition for early and late hatchers. Without the possibility to extract energy 

from cannibalism, cohorts always remained in a stunted state characterized by intense resource 

competition. 

 

Growth history and winter performance 

To survive periods with strong resource limitation such as winter, allocation of energy to 

storage is essential (Werner and Gilliam 1984, Post and Parkinson 2001). In this context, large 

fish have been shown to allocate relatively more energy to lipid tissues than somatic tissues than 

do small fish (Sogard and Olla 2000, Post and Parkinson 2001). Accordingly, it has been shown 

that smaller individuals usually experience higher overwinter mortality than do larger ones 

(Byström et al. 1998, Biro et al. 2004). However, most studies on size-dependent overwinter 

mortality in fish are based on the survival pattern of differently sized individuals of single 

cohorts why the impact of individual size on winter survival over a wider range of 

environmental conditions remains an open question. I therefore performed a study focusing on 

the influence of seasonal lipid accumulation on survival of varying size classes of YOY perch 

including several lakes and years with the purpose of evaluating the efficacy of using 

quantifications of lipid accumulation in autumn to predict overwinter survival and determine 

whether a larger individual size indeed results in greater overwinter survival (VI).  

Similar to earlier studies, within a cohort, individual size in autumn was an important 

determinant for overwinter survival. In contrast, no evidence was found for a size-dependency 

in winter survival between cohorts (between different years and lakes). Instead, a high growth 

rate late in season, irrespective of average body size reached at the end of the growth season, 

explained observed variation in winter survival between years. I related this result to a higher 

accumulation of energy to lipid reserves before winter in years with high growth rates late in the 

season. Hence, although length at end-of summer accounts for among-individual variation in 

winter survival within a cohort, late summer growth explains variation in overwinter survival 

between years and cohorts. 

 

 

CONCLUDING REMARKS 

 

In this thesis I have investigated the sources of within-cohort size variation from egg through 

early ontogenetic niche shifts using a combination of experiments, field studies and modelling. 
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A number of key aspects important to understand the dynamics of body size distributions in 

animal cohorts have been studied, including size-dependent relationships of eco-physiological 

rates of individuals, feedbacks from consumers on resources and the occurrence of mixed 

competition-predation interactions.  

Size-scaling relationships of individual traits, such as growth capacities, metabolism and 

consumption rates provide information based on which mechanisms driving changes in cohort 

body size variation over time may be predicted and identified. Accordingly, in this thesis I have 

shown that laboratory derived size-dependent scaling properties of individuals based purely on 

exploitative interactions can be successfully used to predict the development of body size 

distributions in animal cohorts under natural conditions. I suggest that deviations from predicted 

size-dependent growth curves can be useful to help unravel the relative importance of size-

dependent exploitation vs. other interactions for the development of cohort size structure. 

Hence, derivation of vital rates, such as foraging intake and energy costs, may be important to 

allow for experiments and modelling studies that provide a better mechanistic understanding of 

body size dynamics in animal cohorts.  

Most studies on the influence of initial size and environmental condition (e.g. 

intraspecific density) on growth patterns have hitherto been performed in artificial small-scale 

experiments under near optimal conditions. For me, however, the results presented in this thesis 

clearly show that to fully appreciate the effects of variation in consumer density, which is 

generally believed to be important for the development of size variation in groups of animals, 

feedbacks from consumers on resource levels need to be considered. For example, the influence 

of consumers on resource levels may be crucial to understand the relationship between 

ontogenetic niche shifts and the development of size variation among individuals. Increased size 

variation as a result of gape-limitations leading to time-lags between when initially small and 

large individuals can start feeding on new resources is more likely if initially large individuals 

can decrease the resource base for initially small individuals.  

Much of the work presented in this thesis has focused on the impact of mixed 

competition-predation interactions. Not only is it recognized that predators in size-structured 

populations may shift between competitive and predatory interactions but also that competition 

and predation, especially in cannibalistic populations, both can influence growth patterns of 

recruiting individuals. Patterns of density-dependence in animal cohorts are usually attributed to 

the depletion of shared resources. However, I have shown that size-selective predation and 

cannibalism, which are major processes in the life-history of many organisms, may produce 

patterns of density-dependent growth which may wrongly be interpreted as evidence for 

density-dependent resource limitation. Hence, both consumer feedbacks on resource levels and 
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predatory interactions must be taken into account to correctly infer growth patterns of recruiting 

individuals in natural populations. Not only may mixed competition-predation interactions 

occur between cohorts, but also within the same cohort. Given a large enough size variation 

after hatching, intra-cohort cannibalism may develop, potentially leading to diverging growth 

trajectories of cannibals and victims. However, the scope for size bimodality to develop as a 

result of cannibalism within a cohort may be limited by too low victim densities and size- and 

food-dependent growth rates leading to small individuals sustaining higher growth rates than 

large individuals when feeding on the same resource. 

To understand the interplay between trait variation among individuals and the dynamics 

of higher levels of organization, i.e. populations and communities, we need to understand both 

the mechanisms that maintain and create trait variation and how this variation influence 

population and community dynamics. In this thesis I have investigated how size structure within 

cohorts may be created and consequences of such variation over shorter time-scales. We still 

largely lack knowledge on how interactions within cohorts may affect overall population and 

community dynamics, leaving this to be an important challenge for future research.  
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SAMMANFATTNING (Swedish summary) 
 

Det faktum att individer som tillhör samma art skiljer sig från varandra och påverkar och 

påverkas av sin omgivande miljö på ett unikt sätt tillskrivs allt större betydelse inom ekologin. 

Den här avhandlingen handlar framför allt om storleksvariation mellan individer som förutom 

att tillhöra samma art dessutom tillhör samma årsklass. Sådan storleksvariation kan till och med 

utvecklas mellan individer som föds och växer upp i samma miljö (inom en kohort). Jag har 

studerat orsaker bakom och konsekvenser av variation inom och mellan kohorter. Som 

studieorganism har jag använt mig av årsyngel av abborre (Perca fluviatilis). 
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I överensstämmelse med förutsägelser baserade på en modell som enbart tar hänsyn till 

konkurrens om en gemensam resurs visade det sig såväl i ett dammexperiment som i en naturlig 

sjö att ju bredare den initiala storleksfördelningen var desto mer minskade graden av variation i 

kroppsstorlek mellan individer över tid. Å andra sidan, när den initiala variationen var relativt 

liten observerades i flera oberoende experiment även storleksdivergens över tid mellan 

individer. Variationen i storlek ökade särskilt i miljöer med höga tätheter av konsumenter 

(abborrar). För att förstå de bakomliggande mekanismerna av sådana täthetseffekter måste man 

ta hänsyn till den återkoppling som sker mellan antalet konsumenter och mängden resurser. 

Ökad storleksvariation över tid skulle kunna förklaras med storleksberoende dietskiften som 

tillåter individer med en initial storleksfördel att genomgå ett tidigt dietskifte samtidigt som 

tillgången av den första resursen begränsar övriga individers tillväxt. Eftersom 

storleksdivergens även observerades i situationer där enbart en delad resurs var tillgänglig kan 

man dock dra slutsatsen att dietskiften inte är en förutsättning för storleksdivergens inom 

kohorter. Jag föreslår därför också att mekanismer som inte är relaterade till konkurrens om en 

begränsad resurs, såsom inneboende variation mellan individer och variation i beteendemönster 

bör beaktas för att förklara uppkomsten av storleksvariation, speciellt i de fall då den initiala 

variationen är liten.  

De resultat som presenteras visar på betydelsen av att ta hänsyn till storleksvariation 

mellan individer. Storlek efter den första tillväxtsäsongen var viktig för att förklara vilka 

individer inom en kohort av årsyngel som överlever sin första vinter. För att förklara variation i 

vinteröverlevnad mellan kohorter (mellan år och sjöar) var däremot hög tillväxt sent på 

säsongen (oberoende av medelstorlek på hösten) avgörande. Högre ackumulering av fettreserver 

och lägre mortalitet inom kohorter av årsyngel under vintern observerades under år med hög 

tillväxt under den senare delen av tillväxtsäsongen. I en annan studie visade jag att mönster som 

tyder på täthetsberoende tillväxt kan uppkomma hos fiskyngel men att detta fenomen snarare än 

täthetsberoende resursbegränsning förklaras av variation i storleksberoende predationstryck. De 

större individerna inom kohorterna växte in i ett högt predationstryck från kannibalistiska 

abborrar när tätheten av kannibaler var hög, något som samkorrelerade med höga tätheter av 

yngel. Slutligen, då en hög grad av storleksvariation mellan individer kan utvecklas inom 

kohorter är även kannibalism mellan individer inom en kohort möjligt. Genom att använda mig 

av en så kallad fysiologiskt strukturerad populationsmodell kunde jag visa att divergerande 

tillväxtkurvor mellan kannibaler och deras byten (vilket resulterar i storleksbimodalitet) som ett 

resultat av kannibalism inom kohorter är beroende av den tid det tar för ynglen att kläcka ut, 

antalet bytesfiskar per kannibal samt den återkoppling som finns mellan konsumenterna och 

deras gemensamma resurs (djurplankton). 
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