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Abstract 

The literature on niche separation and coexistence between species is large, but there is 

widespread variation in behavioural strategy between individuals of the same species that has 

received much less attention. Understanding what maintains this diversity is important because 

intraspecific behavioural diversity can affect population dynamics and community interactions. 

Multiple behavioural strategies can arise either as phenotype-dependent ‘conditional strategies’, 

where phenotypic variation causes individuals to adopt different strategies for optimizing fitness, 

or as internally-independent ‘alternative strategies’, where multiple fitness peaks exist for 

individuals and strategic ‘choice’ remains plastic. Though intraspecific variation in stable 

phenotypes is known to maintain intraspecific behavioural diversity through conditional 

strategies, when internal conditions are highly plastic or reversible, it is not clear whether 

individual behaviours are maintained as conditional strategies, or as alternative strategies of 

equal fitness. In this study, I combine an observational and experimental approach to identify the 

likely mechanisms maintaining behavioural diversity between hemoglobin-rich and hemoglobin-

poor morphs in a natural population of Daphnia pulicaria. In Round Lake, individuals with low 

hemoglobin migrate daily from the hypolimnion to the epilimnion, whereas individuals with high 

hemoglobin remain in the hypolimnion. Using high-resolution depth and time sampling, I 

discovered behavioural diversity both within and among hemoglobin phenotypes. I tested the 

role of hemoglobin phenotype in maintaining behavioural diversity using automated migration 

robots that move individuals across the natural environmental gradients in the lake. By 

measuring the fitness of each morph undergoing either a natural migration behaviour, or the 

migration of the opposite morph, I found that the fitness of hemoglobin rich and poor morphs in 

their natural behaviour does not differ, but that Hb-rich individuals can obtain equal fitness from 
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either behaviour, while Hb-poor morphs suffer substantial drops in survivorship in the alternate 

migration behaviour. Thus, migration behaviour in this system exists as a conditional strategy for 

some individuals, and as alternative strategies of equal fitness for others. The results of this study 

suggest that individual limits in the expression of highly flexible internal conditions can 

reinforce intraspecific behavioural diversity. Few studies have measured the fitness 

consequences of switching migration strategies and this study provides a rare example in the 

field.  
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Chapter 1 

General Introduction and Literature Review 

 

Studies using niche theory, and community ecology more generally, have historically focused on 

among-species diversity (Devictor et al. 2010; Vellend 2010). Though this approach continues to 

be valuable, ecologists have been incorporating a wider range of diversity types and found that 

they contribute to new insights about population dynamics, community structure, and 

biodiversity (Bolnick et al. 2011; Violle et al. 2012). For instance, the study of “functional 

diversity” takes a trait-based approach to understanding niche space, and demonstrates the 

importance of individual, as well as species-level diversity to ecosystem functioning (Tilman et 

al. 1997; Cadotte et al. 2011). More broadly, there is a growing appreciation that the realized 

niche of a population is commonly composed of smaller, more specialized niches which can vary 

along multiple axes (Bolnick et al. 2003). Such ‘individual specializations’, where individuals 

occupy only a subset of the population niche (Bolnick et al. 2003), are observed when 

individuals adopt different behavioural strategies such as in resource use (Bolnick et al. 2003), 

risk-taking (Wilson 1998), or social interactions (Montiglio et al. 2013). It is common for 

coexisting species to differ in behavioural strategies, but individual strategies within a population 

are often only weakly tied to genetic inheritance, if at all (Svanback and Bolnick 2007). 

Furthermore, individual strategies may be associated with highly plastic traits (Wolf and 

Weissing 2010), or may themselves be highly dependent on environmental context (Brockmann 

2001). This presents a unique challenge for those seeking to explain the existence of multiple 

behavioural strategies between individuals of the same population. Mainly, why should 

individuals of the same population differ in behavioural strategy?  
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Individual specializations in behaviour are a widespread phenomenon across a range of taxa 

from crustaceans to mammals (Bolnick et al. 2003; Araujo et al. 2011; Chapman et al. 2011). 

Furthermore, within-population variation in behaviour can significantly influence important 

ecological processes from dispersal and dynamics, to population response to climate change and 

biological invasions (Sih et al. 2012). Given the potential influence of behavioural 

specializations on much broader ecological processes (Sih et al. 2012), further empirical work 

towards understanding the mechanisms maintaining behavioural diversity within a single 

population is needed. In this thesis introduction, I first briefly discuss several bodies of literature 

focusing on specialization in different types of behavioural strategies, and point out important 

conceptual connections between them. Next, I argue that a more general framework for 

explaining individual variation in any type of behavioural strategy can be reached through an 

emphasis on individual fitness optimization and the limits of individual plasticity in morphology 

and psychology. Finally, I identify important questions that have not been adequately addressed, 

and describe how the main study of this thesis seeks to answer such a question in a natural 

population of freshwater zooplankton.  

 

1.1 Intraspecific Behavioural Diversity in Disparate Literatures  

Given the scope of within-species diversity, it is not surprising that several bodies of work 

describing different types of individual specialization have developed, largely independently. 

These broad groupings include i) specializations in resource use (Bolnick et al. 2003; Araujo et 

al. 2011), ii) alternative tactics or ‘social role’ (Brockmann 2001; Bergmuller and Taporsky 

2010) and iii) animal personality and correlated behaviours (Bell 2007; Sih et al. 2007). Though 
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each body of work fundamentally seeks to explain the mechanisms maintaining multiple 

behavioural strategies and their ecological and evolutionary consequences, they differ in their 

respective aims and points of view (Dall et al. 2012). Here, I provide a brief overview of the 

disparate literatures, including the types of individual diversity that are typically studied and the 

main questions motivating research in each field.  

 

The field of resource-use specialization focuses on cases where individuals ‘specialize’ on a 

subset of the total population resource base (Bolnick et al. 2003). Researchers estimate variation 

in individual niche width by focusing primarily on specializations in diet, but also in habitat use 

and foraging strategies (Bolnick et al. 2003). Beyond simply quantifying the magnitude of 

individual specialization, two main questions have motivated this body of work (Araujo et al. 

2011). The first is, why should resource-use specialization persist within a population? Many of 

the same ecological factors that cause interspecific niche partitioning also promote intraspecific 

specialization. For instance, similar to competition among species, increased intraspecific 

competition for resources can increase diet specialization between individuals of the same 

population (Svanback and Bolnick 2007). Moreover, across a range of taxa the magnitude of 

individual specialization is positively related to total population niche width (Bolnick et al. 

2007). Thus, factors that control the niche width of a population, such as the strength of 

interspecific competition and predation pressure, as well as the degree of spatial and temporal 

environmental heterogeneity, can also control the magnitude of individual specialization within a 

population (Bolnick et al. 2007; Araujo et al. 2011). The second main question is, are individual 

specializations ecologically relevant (Dall et al. 2012)? Resource-use specialization can have a 

profound effect on community interactions. For instance, diet specializations may cause 
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individuals to suffer different levels of parasite loading or predation pressure (Durell 2000; 

Reimchen and Nosil 2001). Similarly, the strength of intraspecific competition is better reflected 

by the size and overlap of dietary subgroups than the population density as a whole (Abrams 

1980; Bolnick et al. 2003). Quantifying the resource-use specializations of individuals differing 

along other behavioural axes can provide insight into the extent to which variation in other 

behavioural strategies contribute to individual specialization within the population niche 

(Ogonowski et al. 2013). 

 

The field of social role or alternative tactics describes distinct behavioural strategies for dealing 

with social conflict between individuals within a population (Bergmuller and Taborsky 2010; 

Brockmann 2001). For example, there is a substantial literature regarding alternative 

reproductive tactics (Taborsky et al. 2008), where individuals of the same sex respond to 

reproductive competition by adopting different tactics for locating and signalling mates (e.g. 

Mulrey et al. 2015), copulating (Thornhill 1981), or fighting for mates (e.g. Painting and Holwell 

2014). Another example is the ‘producer-scrounger’ dichotomy where ‘producer’ individuals 

invest energy into finding resources or building nests while scrounger individuals exploit the 

investments of producers (Barnard and Sibly 1981). Other common examples include 

dichotomous cooperative and selfish tactics such as in contributions to territory defense and 

brood care in cichlids (Bergmuller and Taborsky 2007), or social and asocial interactions such as 

in the nesting behaviour of comb-footed spiders (Reichert and Jones 2008). There are two major 

explanations for how alternative tactics are maintained within a population. The first is a 

frequency-dependent explanation where a fitness benefit exists for rare strategies (Brockmann 

2001). For example, game theories such as the prisoner’s dilemma demonstrate that selfish 
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strategies persist because being a rare ‘cheater’ in an otherwise cooperative society provides 

short-term fitness gains (Doebeli and Hauert 2005). The second is a ‘condition-dependent’ 

explanation where individual phenotype or environmental conditions greatly influence individual 

‘choice’ (Brockmann 2001). For example, individual variation in body size or other indicators of 

competitive ability are often associated with migratory or resident strategies in partially 

migrating populations of fish or birds (Chapman et al. 2011). Recently, the concept of the 

ecological niche has been extended to include behavioural strategies in social situations, with 

consistent variation in individual behaviours being referred to as ‘social niche’ specialization 

(Bergmuller and Taborsky 2010).  

 

The field of animal personality focuses primarily on behavioural consistency between 

individuals and within individuals across environmental contexts (called personality or 

behavioural types). In salamanders for example, it is common for active individuals to remain 

active relative to others, even under situations of increased predation pressure (Sih et al. 2004). 

Though individual personalities could conceivably exist for any type of behaviour, much of the 

personality work thus far has focused on a few particular behavioural axes including risk-

tolerance (i.e. boldness), aggressiveness towards conspecifics, activity levels, and exploratory 

behaviour (Dall et al. 2012). Work in this field is largely motivated by two problems (Wolf and 

Weissing 2010). First, why do individuals vary in the expression of certain behaviours, and 

second, why does behavioural consistency exist when selection should favour behavioural 

flexibility in response to environmental change (Sih et al. 2004)? Several mechanisms have been 

proposed. These include externally-induced phenotypic variation coupled with phenotype-

dependent behaviour, as well as parental ‘bet-hedging’ in spatially and temporally heterogeneous 
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environments (Wolf and Weissing 2010). Similarly, behavioural consistency across contexts can 

largely be ascribed to stable phenotypic variation between individuals such as in sex, physiology, 

or even cognitive capacity (Wolf and Weissing 2010). However, it has also been suggested that 

personalities can form without stable phenotypic variation when social conditions favour 

individuals that show predictable behaviours (Wolf and Weissing 2010).  Thus, the mechanisms 

explaining individual personalities are largely analogous to those explaining resource-use 

specialization and alternative tactics. It should be noted that the typically measured ‘personality’ 

behaviours discussed here are not discontinuous strategies such as in alternative mating tactics, 

but instead represent continuous individual variation in the level of expression of particular 

behaviours.  

 

Despite the often disparate representation of individual specialization in the literature, most 

animals are simultaneously faced with the challenges of foraging for food, finding mates, 

avoiding predators, and finding suitable habitats, throughout life. Thus it follows that 

behavioural specializations within a population should also exist along multiple axes 

simultaneously (Sih et al. 2004; Cote et al. 2010). For instance, in great tits (Parsus major), 

variation in a commonly studied personality trait, exploratory behaviour, is correlated with 

variation in dispersal strategy (Dingemanse et al. 2003) as well as foraging strategy in response 

to environmental change (van Overveld and Matthysen 2010). Thus, behavioural specializations 

within-populations of great tits cross the fields of personality, resource-use, and alternative 

tactics. Associations between behavioural strategies can also have complex interactions beyond 

simple correlations. For example, in recently emerged brook charr (Salvelinus fontinalis), 

variation in aggression is correlated with variation in foraging strategy, but is differently related 
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to activity levels such that highly aggressive individuals are either highly active or highly 

inactive, and weakly aggressive individuals show intermediate levels of activity (McLaughlin et 

al. 1999). Similarly, the strength of correlations between personality traits such as boldness and 

aggressiveness, may vary under different environmental conditions (Dingemanse et al. 2007). 

Examples also exist outside of the personality literature. In partially migrating populations of 

salmonid fishes, residents and migrants can also differ in mating strategies where migrants fight 

for positions close to female nests, and residents tend to ‘sneak’ closer to female nests (Jonsson 

and Jonsson 1993; Gross 1985). Across taxa it is common for individuals with distinct diets to 

also differ in microhabitat use and foraging tactics (Bolnick et al. 2003) or migration behaviour 

(Ogonowski et al. 2013). Since individual specializations in nature can represent strategic 

variation along multiple axes, there ought to be a more general framework for understanding the 

maintenance of distinct behavioural strategies of any kind (Dall et al. 2012).  

 

1.2 Towards a General Explanation of Individual Behavioural Strategies 

A more general framework for understanding behavioural diversity within a population should 

encompass three major themes that are apparent in the bodies of work described above. First, 

individual behaviours are in part a response to the social and environmental conditions apparent 

at the individual level, such as competition, predation, and resource diversity and availability 

(Bolnick et al. 2003; Montiglio et al. 2013). Second, an individual may only adopt a behavioural 

strategy that is physically possible, given its phenotype. While this may seem an obvious point, 

individual phenotypes are complex and encompass morphology, physiology, as well as 

personality, which vary in degrees of plasticity between individuals. Finally, given ecological 

and environmental conditions, as well as the limits of individual phenotype, an individual will 
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choose a behavioural strategy that best optimizes fitness (Brockmann 2001). Here, I highlight the 

generality of these principles across disciplines and argue that a framework which appreciates all 

three in tandem may explain an extremely broad range of individual specializations in behaviour.    

 

A recent synthesis of the movement ecology literature provides a good starting point for 

connecting general patterns of intraspecific diversity in behavioural strategy, because it organizes 

the importance of individual phenotype and environmental conditions in shaping behaviour in an 

effective way. Movement ecology is a relatively new term that describes the study of organismal 

movement of any kind, including animal migrations, dispersal, foraging; even non-animal 

movements such as seed dispersal or the movement of pathogens (Nathan 2008). Similar to how 

behavioural specializations can exist over multiple axes, many animals will undergo multiple 

types of movement over the course of its life (Nathan et al. 2008; Gurarie et al. 2009). For 

instance, in addition to large seasonal migrations, monarch butterflies must in a single season 

disperse within a habitat, forage for food, and search for mates (Urquhart et al. 1978; Tuskes and 

Brower 1978; Solensky 2004). Thus, the decision to move in a certain way is situational, and 

shaped by the internal and external conditions apparent at the individual level (Nathan et al. 

2008). Under the movement ecology framework, internal conditions include most fundamentally, 

the organism’s motivation for moving (e.g. for reproduction, safety, food), and the organism’s 

physical and psychological capacity to take stock of local environmental conditions, navigate in 

space and time, and undergo self-propelled movement (Nathan et al. 2008). External conditions 

represent the total biotic and abiotic environmental context for an individual including spatial 

and temporal environmental heterogeneity, resource availability, and the strength and nature of 

inter- and intraspecific interactions (Nathan et al. 2008).  
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The movement ecology framework can be easily applied towards a more general explanatory 

framework for individual specializations in other types of behavioural strategies for several 

reasons. First, movement is already implicit in the measurements of many behavioural strategies. 

Variation in foraging tactics, habitat use and even personality traits such as exploratory 

behaviour or boldness are often measured in terms of individual movement (e.g. Verbeek et al. 

1994; Toms et al. 2010). Second, this framework summarizes well the many nuanced aspects of 

individual ‘phenotype’ that can shape individual behaviour, including both physical as well as 

psychological conditions. This is important because while physical differences represent an 

obvious cause of individual specialization in behavioural strategy, variation in psychological 

conditions such as social responsiveness, risk-assessment or heritable personalities can also 

influence individual strategies (Wolf et al. 2008; Stankowich and Blumstein 2005; Montiglio et 

al. 2013). Finally, Nathan et al. (2008) assume that given a particular set of internal and external 

conditions, individuals will move in such a way as to maximize their fitness.  

 

That individuals will adopt behaviours that optimize fitness is a general principle that is regularly 

applied in explanations of various behavioural strategies. Since individuals should attempt to 

optimize their fitness given their internal and external conditions, optimization models and game 

theories are useful for demonstrating how multiple strategies might co-occur within a population. 

For instance, under optimal foraging theory individuals weigh the energetic costs and gains of 

capturing and ingesting different resources in order to choose a diet and foraging strategy that 

best optimizes individual fitness (MacArthur and Pianka 1966; Emlen 1966). Though 

applications of this model typically assume that one optimal strategy exists, there are several 

instances where multiple strategies might exist within a population where all individuals are 
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attempting to optimize their fitness. When multiple resources are available, individuals may 

choose different diets or foraging strategies when internal variation between individuals causes 

them to differ in their rank preference for available resources (Araujo et al. 2012). For example, 

the modified nutritional needs of lactating moose causes them to differ in their preferred 

resources compared to males and non-lactating females, resulting in distinct diets and foraging 

strategies within a population (Belovsky and Jordan 1978). Individuals can still reach different 

optimal strategies in the absence of obvious variation in physical condition. For instance, in the 

giant ram-horns snail (Marisa cornuarietis) some individuals adopt an energy-maximizing 

foraging strategy, some adopt a time-minimizing strategy, while others adopt an intermediate 

strategy (Grantham et al. 1995). Similarly, in the absence of obvious internal differences, 

recently emerged brook charr adopt either sit-and-wait or active-feeding strategies, which 

provide equal fitness gains (Kobler et al. 2009).  

 

Similar to optimization models, some social game theories have been adapted for biological 

scenarios under the same principle that individuals will choose a social strategy which provides 

the highest fitness benefit. For instance, the Hawk-Dove game describes alternative tactics where 

individuals choose whether to fight for a resource patch (Hawk) or avoid conflict, opting instead 

to search for a free patch (Dove) (Smith 1982). Since fighting, especially losing, is costly, 

different tactics may be consistently adopted when individuals differ in their fighting ability 

(Wolf and Weissing 2010; Berg and Weissing 2013). Alternatively, individuals of the same 

fighting ability may consistently choose Hawk or Dove if they base their decision on the 

observed strategy of conspecifics (Dingemanse and Wolf 2010). For example, if an individual 

randomly chooses Hawk in the first iteration, they will subsequently be met with a Dove strategy 
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by eavesdropping individuals, further reinforcing the original choice of Hawk. Thus, the 

individual which chose Dove in the first round will similarly be met with a Hawk strategy by 

eavesdropping individuals, further reinforcing the dove strategy (Dingemanse and Wolf 2010).  

 

In both the Optimal Foraging Theory and the Hawk-Dove game, some degree of environmental 

heterogeneity is required in order for multiple strategies to persist. Without resource diversity, 

resource patchiness, or variation in predation risk, variation in foraging strategy should occur 

around a single optimal behaviour. Likewise, without spatial or temporal heterogeneity of 

resource availability, the Hawk strategy should always be favoured. Thus, multiple ecological 

strategies can arise and persist in a heterogeneous environment when individuals show variation 

in internal conditions that cause them to choose different fitness-optimizing strategies, or when 

multiple strategies of equal fitness are available to individuals.  

 

With this in mind, behavioural strategies can be broadly placed into one of two groups based on 

the fitness associated with each strategy and the degree of plasticity associated with individual 

choice. When variation in internal conditions (physical or psychological) causes individuals to 

adopt different behavioural strategies in response to shared external conditions, these are called 

“conditional strategies” (Brockmann 2001; Lundberg 1988). In this case, all but one strategy will 

provide an individual with sub-optimal fitness because of limited plasticity in their physical or 

psychological condition. By contrast, when individuals are able to adopt multiple fitness-

optimizing strategies in response to external conditions, these are called “alternative strategies” 

(Brockmann 2001). In this case, variation in internal conditions between individuals is usually 

low or highly plastic, such that strategic choice is made in a random or frequency-dependent 
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manner (Brockmann 2001). These distinctions are useful because they help identify the 

mechanisms maintaining multiple behavioural strategies, and whether adaptation should be 

expected. For instance, an important question regarding conditional strategies is, why does 

intraspecific trait variation exist, and what factors limit the plasticity of its expression? This can 

be asked of both physical and psychological conditions. If behavioural or morphological 

plasticity is limited by a genetic polymorphism and external conditions remain stable over time, 

disruptive selection should be expected when fitness is equal between strategies (Wolf and 

Weissing 2010), and competitive exclusion should be expected when they are not. If conditional 

strategies are not linked to a genetic polymorphism, fitness equality is not necessary for co-

occurrence. Here, individuals can still be seen to optimize their fitness in a best-of-a-bad-job 

strategy (Brockmann 2001; Chapman et al. 2011). Since many behavioural strategies are 

employed by an individual simultaneously, identifying precisely the physical or psychological 

traits, underlying conditional strategies, that is, the source of an individual’s limited plasticity, 

may explain individual variation in multiple behavioural strategies (Wolf and Weissing 2010; 

Dall et al. 2012).  

 

Behaviourally relevant physical and psychological conditions can vary greatly in their degree of 

plasticity (Taborsky et al. 2008). There is a lot of empirical support for conditional strategies 

caused by relatively stable conditions such as ontogeny, sex, and even developmentally plastic 

traits that become fixed prior to adulthood (Brockmann 2001; Chapman et al. 2011). However, 

individual strategies are also associated with variation in highly plastic physical and 

psychological conditions such as energy reserves (Baines et al. 2015), digestive enzyme 

production (Afik and Karasov 1995), or the expression of personality traits (Harrison et al. 
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2015). The role of fluctuating or reversible traits in limiting behavioural strategies is less clear. 

In some instances, minor variation in highly plastic internal conditions could result in conditional 

strategies when conditions are positively reinforced over time, such that the cost of switching 

strategies becomes increasingly prohibitive (Dingemanse and Wolf 2010; Weissing and Wolf 

2010). Alternatively, though phenotypic variation may be observed between strategies, 

individuals could remain plastic enough to switch between strategies if external conditions shift. 

This problem highlights what may be a central part of explaining individual specializations in 

behavioural strategy: that in a heterogeneous environment, behavioural switching is limited by 

the plasticity of an individual’s least plastic internal condition, be that physical or psychological. 

This also highlights an issue of measurement, which is that simply observing phenotypic or even 

genetic variation between groups does not necessarily indicate a condition strategy. In order to 

determine this, both the fitness and the plasticity associated with behavioural strategies must be 

measured.  

 

Despite some theoretical support (e.g. Hays et al. 2001; Kerckhove et al. 2006), a strong body of 

empirical support is lacking for alternative strategies (but see Mulrey et al. 2015). This could be 

because the phenomenon is rare in nature, but could also represent the difficulty in detecting 

behavioural consistency while also measuring the direct fitness consequences of behavioural 

strategy.  Technological advances in tracking the movement of large vertebrates such as birds or 

fish are providing better data on the behavioural consistency of individuals (Catry et al. 2011; 

Stanley et al. 2012; Sims et al. 2009). Likewise, measuring the isotopic composition of 

individuals can reveal consistent variation in habitat use and connectivity (Phillips et al. 2009), 

but tracking individual behaviours over time remains challenging in many systems. Similarly, 
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without coupling surveys of behavioural consistency with measurements of individual fitness 

(e.g. Hatase et al. 2013) it is difficult to compare the fitness associated with different strategies 

and thus difficult to demonstrate an alternative strategy.  

 

1.3 Scope of Thesis  

In this thesis, I use the freshwater zooplankton Daphnia pulicaria to measure the fitness 

associated with distinct behavioural strategies observed in nature, as well as the fitness 

consequences of switching behaviour. Though most documented cases of intraspecific diversity 

in ecological strategy are in vertebrate species (Araujo et al. 2011; Bolnick et al. 2003), there are 

several advantages to studying this phenomenon using Daphnia and other zooplankton. First, 

there is already an abundance of literature quantifying the effect of external biotic and abiotic 

conditions on the life-history of Daphnia. For example, the effect of food quality and abundance, 

temperature, oxygen, predation pressure, and competition on the fitness of various Daphnia 

species is well documented for lab populations. This knowledge is useful for predicting and 

explaining the fitness consequences of migration across a spatially heterogeneous environment. 

Second, Daphnia can be easily used in field experiments because of their size and short 

generation time. Moreover, the natural range of external conditions (e.g. temperature, oxygen, 

food) that freshwater Daphnia may encounter is much easier to quantify than for vertebrates such 

as fish or birds, which can migrate over much larger distances. Finally, in order to foster a more 

general understanding of intraspecific diversity it is important to identify similar processes across 

taxa. Since invertebrates and crustaceans in particular are substantially under-represented in the 

individual specialization literature (Araujo et al. 2011), studies using diel vertical migration in 

Daphnia can offer a strong contribution.  
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Using diel vertical migration (DVM) to study the mechanisms maintaining individual 

behavioural strategies is useful for similar reasons. There is a large literature describing the 

proximate and ultimate causes of DVM in many zooplankton, as well as the ecological and 

evolutionary consequences of DVM. This, in concert with a well-developed literature on 

Daphnia ecology and physiology, is useful for making strong predications regarding how distinct 

DVM strategies may arise and be maintained within a population. Despite a robust literature 

around DVM, studies examining the causes of intraspecific variation in migration strategy are 

rare (but see Hansson and Hylander 2009). Amongst existing examples there is already evidence 

of both conditional and alternate strategies in freshwater fish and marine shrimp respectively 

(Mehner and Kasprzak 2011; Ogonowski et al. 2013). Since both types of strategies can maintain 

multiple DVM behaviours in different systems, DVM may be an excellent behaviour for 

studying the conditions under which individual behavioural diversity will be maintained through 

conditional or alternate strategies.  

 

In the second chapter of this thesis, I report on a field study that combines an observational and 

experimental approach to identify the likely causes of intraspecific diversity in diel vertical 

migration behaviour in the freshwater zooplankton, Daphnia pulicaria. In doing so, I examine 

the importance of individual variation in a highly plastic trait, hemoglobin (Hb) concentration, to 

maintaining multiple strategies within the population. In the third and final chapter, I discuss the 

broader ecological and evolutionary importance of characterizing intraspecific behavioural 

diversity and understanding the mechanisms maintaining it, and identify important areas for 

further work.  
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Chapter 2 

Behavioural Diversity between Hemoglobin  

Morphs of Daphnia pulicaria:  

Are distinct migration behaviours maintained as a conditional strategy? 
 

2.1 Introduction  

Natural populations show an abundance of intraspecific behavioural diversity, and for a wide 

range of behaviours such as habitat use, migration behaviour, foraging tactics, and dispersal 

(Bolnick et al. 2003; Chapman et al. 2011). For example, individual fish can form behavioural 

groups with distinct foraging strategies, diet, and microhabitat use with individuals rarely 

switching between groups (McLaughlin et al. 1999; Robinson 2000; Kobler et al. 2009; list in 

Bolnick et al. 2003). In the comb-footed spider, some individuals adopt an asocial behaviour that 

has them more aggressively hunting prey and defending solitary nests, while others adopt a 

social behaviour with shared nests and less energy expended on hunting prey (Pruitt and Ferrari 

2011; Pruitt and Riechert 2011). Such diversity exists across a range of taxa and is increasingly 

being recognized as an important phenomenon shaping ecological dynamics and community 

interactions (Bolnick et al. 2011; Dall et al. 2012; Araujo et al. 2011; Sih et al. 2012). For 

instance, the proportion of seasonally migrating or resident individuals can affect population 

dynamics of phytoplankton and zooplankton through variation in predation pressure in fish 

(Brodersen et al. 2008; Brodersen et al. 2011), and affect the rate of population decline due to 

environmental change in birds (Gilroy et al. 2016).  

 

To understand the mechanisms maintaining behavioural diversity within a species, it is necessary 

to understand the fitness consequences of different behaviours. Behaviours should optimize 
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individual fitness within the context of i) environmental and ecological conditions (external 

conditions) and ii) individual abilities (internal conditions) (Nathan et al. 2008). Environmental 

and ecological conditions refer to spatial and temporal heterogeneity in abiotic factors such as 

temperature and nutrient availability, or biotic factors such as predation pressure and 

competition. Individual abilities refer to what behaviours are possible for an organism based on 

its physical and psychological condition. With this in mind, there are two scenarios under which 

multiple behavioural strategies may arise and be maintained (Lundberg 1988; Chapman et al 

2011). The first is when environmental and ecological conditions allow for multiple fitness 

optima for different behaviours within a population, independent of the genetic or phenotypic 

characteristics of an individual. When behaviours or life-history strategies provide equal fitness 

to individuals, they are referred to as ‘alternative strategies’ (Brockmann 2001; Lundberg 2013). 

The second is when genotypic or phenotypic differences among individuals result in different 

fitness for a particular behaviour. The dependence on genotype or phenotype means that the 

behaviour that optimizes fitness may not be the same among individuals, which is often called a 

‘conditional strategy’ (Lundberg 1988; Brockmann 2001; Chapman et al. 2011). Much of the 

work looking at intraspecific behavioural diversity suggests that the diversity results from 

conditional strategies associated with individual phenotype (Bolnick et al. 2003; Chapman et al. 

2011; Dall et al. 2011, Mehner and Kasprzak 2011). However, theoretical and empirical work in 

the activity levels and foraging behaviour of fish has demonstrated the possibility of behavioural 

polymorphisms of equal fitness between phenotypically indistinct individuals (McLaughlin et al. 

1999; Gabriel and Thomas 1988; Kerckhove et al. 2006; Kobler et al. 2009).  Despite the 

ecological importance of behavioural diversity within a population (Sih et al. 2012), the 

mechanisms maintaining such diversity are not fully understood. In particular, whether 
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individual variation in highly plastic traits should lead to different fitness-optimizing behaviours, 

(i.e. conditional strategies) is not clear. Understanding these mechanisms in a range of systems 

will provide valuable insight into what forces shape the evolution of individual life-histories 

(Hatase et al. 2013), and how populations might respond to changing environments (Bestion et 

al. 2015).  

 

The association between individual phenotype and behaviour is typically observed for 

phenotypic traits that are relatively fixed such as sex, genotype or morphology (Schoener 1986; 

Chapman et al 2011). But an association between phenotype and behaviour can also exist 

between individuals differing in highly plastic states that can fluctuate during an individual’s 

lifetime, such as body condition. For example, a small shift in fat reserves can change the 

behaviours associated with anti-predator vigilance in ground squirrels (Bachman 1993), and 

digestive strategy in yellow-rumped warblers can change when individuals modulate their gut 

enzyme production to match their current diet (Ajik and Karasov 1995; Bolnick et al. 2003). 

When behavioural polymorphisms are associated with highly plastic phenotypic variation, it is 

not clear whether such variation represents multiple strategies of equal fitness or conditional 

strategies (Ehlinger 1990). To distinguish these alternative mechanisms, it is necessary to 

measure the fitness consequences of observed individual behaviours, as well as the fitness 

consequences of switching behaviour. The latter part of this is particularly challenging because it 

requires experimentally manipulating the behaviour of individuals that differ in phenotypic traits 

and measuring their resulting fitness.   
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Here I report on an in-situ experimental study that measures the fitness consequence of 

alternative migration behaviours for different phenotypes within a species of freshwater 

zooplankton. Freshwater zooplankton, such as species in the genus Daphnia, are excellent 

organisms for studying the maintenance of intraspecific behavioural diversity because natural 

populations have substantial genetic and phenotypic diversity (e.g. Engle 1985; De Meester and 

Weider 1999; Weider and Pijanowska 1993), and display behavioural diversity. One behaviour 

in particular, diel vertical migration, is a widespread phenomenon in Daphnia that has been 

found to differ within and between species and lakes (Tessier and Leibold 1997; Geedey et al. 

1996). Individuals typically avoid visual predators such as juvenile fish by migrating into the 

light-poor hypolimnion during the day and returning to the epilimnion at night to feed in warmer 

waters (Zaret and Suffern 1976; Stich and Lampert 1981). Though predator avoidance is 

considered the ultimate cause of diel vertical migration, many proximate factors contribute to 

variation in the migration behaviours found within and between lakes (e.g. Salonen and 

Lehtovaara 1992; Tessier and Leibold 1997; Pijanowska and Dawidowicz 1987). For example, 

vertical gradients in food, temperature, oxygen, light and UV radiation all influence the depth 

and timing of vertical migrations, as well as the fitness of Daphnia and other zooplankton 

(reviewed by Lampert 1989 and Haney 1988; Hansson and Hylander 2009). Interestingly, some 

populations reveal substantial intraspecific behavioural diversity in diel vertical migration within 

a single environment (Ringelberg et al. 2004; Duffy 2010; De Meester et al. 1995; Hansson and 

Hylander 2009), which is unexpected because individual daphnids are well known to migrate in 

a manner that optimizes fitness (Kessler and Lampert 2004; Larsson and Lampert 2012), 

individuals typically share a common resource (Hebert & Crease 1980), and have the potential to 

migrate over the same environmental gradients. 
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In this study, we use experimental manipulations of migration behaviour in the field to test 

whether multiple diel vertical migration strategies are maintained through multiple fitness peaks 

available to all individuals, or conditional strategies caused by phenotypic variation. We perform 

the experiments in a natural population of Daphnia pulicaria that shows multiple intraspecific 

migration behaviours that correlate with body hemoglobin concentration, which is a plastic 

phenotypic trait (Kring and O’Brien 1976; Gittens 2014). Individuals with low hemoglobin 

migrate daily from the hypolimnion to the epilimnion, whereas individuals with high hemoglobin 

remain in the hypolimnion. Both hemoglobin morphs are present in all commonly found 

genotypes of D. pulicaria in the lake (Gittens 2014), suggesting that behavioural diversity in this 

system is not linked to genetic differences among individuals.  Migration behaviour was 

characterized using high-resolution depth and time sampling that revealed behavioural diversity 

both within and among hemoglobin phenotype. We tested the role of hemoglobin phenotype in 

maintaining behavioural diversity by manipulating the migration behaviour of each morph in 

purpose-built automated migration tubes that move individuals across the natural environmental 

and food gradients in the lake. By forcing individuals to undergo either their observed migration 

behaviour, or the behaviour of the opposite phenotype, we measure the fitness consequences of 

both the natural and alternate migration behaviours for each hemoglobin phenotype and identify 

the likely mechanisms responsible for maintaining behavioural diversity in this system.  

 

2.2 Methods 

Study Site and Sampling  

The sampling and experiments were conducted in Round Lake (44°32'16.4"N 76°24'00.2"W), 

which is a deep and oligotrophic lake near the Queen’s University Biological Station in eastern 
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Ontario. It has a mean depth of 12m and a maximum depth of 30m. Turnover during the spring 

and fall occurs only in the upper 17m, creating a deep layer of low oxygen and low temperatures 

through all seasons (Gittens 2014). The lack of complete turnover contributes to creating strong 

environmental gradients in temperature and oxygen, and strong gradients in food with a deep 

water chlorophyll maximum at 17m (Figure A2, Appendix A). See Gittens (2014) and Appendix 

A for additional details about the study site. All sampling and experiments were conducted from 

a floating dock (sized 8m x 32m) located over the deepest point on the lake (Figure C3, 

Appendix C). 

 

To characterize the migration behaviour of Hb-rich (red morphs) and Hb-poor (pale morphs) 

adults of D. pulicaria, the density profile by depth for each colour morph was estimated every 

three hours over a 24hr sampling period. Each depth profile was estimated by taking live 

zooplankton samples from a depth of 1m to a depth of 26m at 1m intervals using a Schindler 

trap. Samples were not taken below 26m because few animals were found below this depth on 

previous sampling days, and the trap collected a fair amount of sediment. To get a sense of 

variability in the depth profile, we took two replicate samples simultaneously from either side of 

the dock using 35L and 19.5L Schindler traps. Each trap was used for one complete replicate. 

Each depth profile took roughly 90 minutes to complete and samples were taken every three 

hours starting at 9:00, 12:00, 15:00, 18:00, 21:00, 0:00, 3:00 and 6:00. Samples from each depth 

were stored live in cold, filtered (80 µm) lake water pumped from 10m, and held in an iced 

cooler. Samples were transferred to a refrigerator immediately upon return to the field station. 

Enumeration of the samples was done using size-calibrated photographs because other 

preservation methods changed the redness of individuals. Photos of each sample were taken 
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within 36 hours of sample collection using a Samsung WB350F camera. All photos were taken 

on a specially made platform to ensure consistent lighting and photo quality (Figure B1, 

Appendix B). From each photo, Daphnia were counted and classified as either adult or juvenile 

using size-class circles. Daphnia greater than 1.4 mm in length (measured from the top of the 

head to just before the tail spine) were considered adults (Gliwicz and Boavida 1996). Individual 

Daphnia were classified as either a red morph (Hb-rich) or a pale morph (Hb-poor) based on 

body colour (Gittens, Meyer and Nelson (in prep)).  

 

The hemoglobin content of individuals was estimated by the degree of redness in the animal 

following the approach of Gittens, Meyer and Nelson (in prep).  They found that the closeness of 

an individual’s colour to pure red (RGB = {255, 0, 0}) corresponded well with hemoglobin 

concentration, such that highly red individuals were Hb-rich, and weakly red or pale individuals 

were Hb-poor (Figure B2, Appendix B). Adult D. pulicaria with a Euclidian distance ≥ 193.063 

units from pure red were classified as pale morphs (Hb-poor) and individuals with a value below 

193.063 units were classified as red morphs (Hb-rich) (Gittens, Meyer and Nelson in prep) 

(Figure B3, Appendix B). RGB scores were obtained from each adult Daphnia by taking the 

average colour of an oblong area running along the digestive tract between the heart and the 

digestive tract (Figure B4, Appendix B), since hemoglobin will accumulate here (personal 

observation). The size of this selection was 0.17 mm2, and remained consistent for each adult 

measured. Colour was quantified as the average colour of the oblong selection for each 

individual using the Average Colour of Selection plug-in in paint.net and the colour-quantifying 

application Just Colour Picker.  

 



23 

 

Controlled-Migration Experiment 

Apparatus  

Controlled-migration experiments were done in two blocks that ran from Sept 19th to Oct 8th 

2014. Daphnia were placed inside PVC tubes (length 100cm, diameter 10.16cm) with 80 µm 

nylon screen caps on either end (Figure C1, Appendix C). Migration of the tubes was controlled 

using custom built automated robots (see Appendix C for details). The meshed ends of each tube 

allowed for the continuous replacement of water through the tubes as they moved through the 

water, while simultaneously preventing adults, juveniles, and eggs of Daphnia and other 

zooplankton from entering or exiting the tube.  

 

Over the course of the experiment, each tube containing a population of Daphnia was forced to 

undergo one of two possible migrations. Migrations were designed to follow the mean depth 

distribution of adult red and pale morphs respectively over a 24 hour period (Figure 2, Results). 

Thus, Daphnia in the experiment underwent either a ‘shallow’ migration based on the average 

migration of the pale morph, or a ‘deep’ migration based on the average migration of the red 

morph. In addition to the vertical migrations, each tube jigged up 1m and down again every 15 

minutes. This ensured the continuous cycling of water (and thus food, temperature and oxygen 

conditions) through the tube such that the environmental conditions on the outside of the tube 

closely matched those on the inside. Water cycling was tested in the field by simultaneously 

measuring the temperature on the inside and outside of a migrating tube (Figure C3, Appendix 

C). 
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Experimental Design  

Daphnia populations were forced to undergo either their ‘natural’ migration behaviour or the 

‘alternate’ migration behaviour of the other morph. To quantify the fitness consequences of each 

morph’s natural behaviour, one treatment had pale morphs undergoing a shallow migration, 

while red morphs underwent a deep migration. To quantify the fitness consequences of switching 

migration behaviours for each morph, a second treatment had pale morphs undergoing a deep 

migration, and red morphs undergoing the shallow migration. Thus, there were a total of four 

morph-migration treatments in this experiment: pale morphs doing a shallow migration (PS), red 

morphs doing a deep migration (RD), pale morphs doing a deep migration (PD), and red morphs 

doing a shallow migration (RS).  

 

All experiments ran for 14 days under the manipulated migrations, time enough for both 

individual growth and reproduction to occur. Each treatment was replicated 10 times (total of 40 

migration robots) with two blocks of replicates staggered in time to allow time enough to sample 

and photograph Daphnia. The first 20 tubes (5 reps x 4 treatments) ran from September 19th to 

October 3rd 2014 and another 20 tubes ran from September 24th 2014 to October 8th 2014. Five of 

the robots failed over the course of the experiment owing to sensor issues, which brought the 

final replicate count to: PS n=9; RD n=8, PD n=9, RS n=9.  

 

Experiments were started overnight on September 19th (20 tubes) and overnight September 24th 

(20 tubes). Sampling of Daphnia for experiments was done at night to prevent damaging animals 

with heat or UV radiation. Sampling at night also ensured that the pale morphs being collected 

had indeed migrated into the epilimnion and that collected red morphs had remained in the 
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hypolimnion at night. Red morphs for the RD and RS treatments were sampled from a depth of 

15m using Schindler traps. Sampled Daphnia were placed into a bucket filled with 15L of 

filtered (80 µm) water pumped from a depth of 15m. Prior to transfer into the bucket, any 

Chaoborus or pale individuals present from the sample were removed using tweezers. The same 

procedure was used for collecting pale individuals, except that Daphnia were sampled from 3-

5m and red individuals were removed. Pale Daphnia were placed in a bucket filled with 15 L of 

filtered water pumped from a depth of 5m. Approximately 100 red adults or 100 pale adults were 

added to each tube, and each population was photographed prior to beginning the appropriate 

migration.  

 

Subsequent censuses were taken of each tube on Days 7 and 14 of the experiment. All photos 

were taken using the photo box (Figure B1, Appendix B) and a Samsung WB350F camera on the 

AUTO setting and censuses were done at night to avoid damaging the Daphnia with heat or UV 

radiation. In order to photograph the individuals, each tube was gently removed from the lake 

and brought onto the dock. The sides of the tube were gently rinsed until the contents of each 

tube collected on the meshed cap at one end, which could then be removed. Daphnia were then 

gently rinsed onto a tight 80 µm mesh marked with a grid and scale markings for later size-

classing. After the census photo was taken, Daphnia were rinsed back into the tube, which 

immediately resumed migration. All water used for Daphnia handling was pumped from the 

depth from which the tubes were taken and filtered (80 µm).  

 

To quantify biomass, individual Daphnia from each photograph was classified as being in size-

class S1, S2, S3, S4 or S5 (S1 = <1.0mm; S2 = 1.0-1.4mm; S3 = 1.4-1.85mm; S4 = 1.85-2.3mm; 
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S5 = >2.3). Daphnia were considered within a size class when the length of the individual from 

the tip of the helmet just above the eyespot down to just before the tail spine was completely 

inside the size class circle.  The number of eggs visible in the brood pouch of each Daphnia was 

also recorded. Fitness was estimated as the change in biomass within each tube. Individual 

biomass was estimated using a size-weight curve for Daphnia pulicaria, W = 2.62 x 10-3  L 2.4, 

where W is carbon in milligrams and L is length in millimeters (Nisbet et al. 2004). Egg weight 

was taken to be 1.613 µg (Nisbet et al. 2004). The size of each Daphnia was taken to be the 

average size of the size class for which it belonged (S1 = 0.92mm; S2 = 1.2mm; S3 = 1.63mm; 

S4 = 2.08mm; S5 = 2.47mm). Biomass was chosen as a measure of fitness because it includes 

individual growth, reproduction and death within the tube, all of which are important for tracking 

fitness changes over a short-term study.  

 

Statistical Methods 

Characterizing Morphic and Behavioural Diversity  

I used a kernel density estimation analysis to determine whether individual variation in colour 

represented one continuous population distribution or multiple distributions around distinct 

colour modes (Silverman 1981). This analysis was repeated for each of five size classes for 

individuals sampled over the entire water column at 3:00 on August 27th 2014 in order to identify 

any ontogenetic shifts in colour morph.   

 

I also evaluated differences in behaviour associated with changes in mean depth through time. 

These mean migrations match the manipulations in the experiment. To characterize the mean of 

the natural migration behaviour for each phenotype, we fit a Generalized Additive Model (s() for 
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spline function) of mean depth (Y) through time (T) to the observational data on the phenotype-

specific (M for morph) mean depth. We compared four statistical models using Akaike 

information criteria. The models considered scenarios where i) morphs occupy different mean 

depths but do not migrate, ii) morphs have identical migration patterns over the same depths, iii) 

morphs have identical migration patterns over different depths, and finally iv) morphs have 

distinct migration patterns over different depths. Thus, the models were: i) a model with no time-

dependence but where red and pale morphs could occupy different depths on average (Y~M), ii) 

a model with a time-dependent spline for mean depth but no difference between red and pale 

morphs (Y~s(T)), iii) a model with a single time-dependent spline for mean depth and an 

intercept difference between red and pale morphs (Y~s(T)+M), and iv) a model with a different 

time-dependent spline for mean depth for each morph(Y~s(T,M)).  

 

Effect of Morph and Experimental Migration on Fitness  

To evaluate whether the morphic state (red or pale) and/or migration behaviour (deep or shallow) 

affected the fitness of D. pulicaria in the controlled-migration experiment, we conducted a two-

way analysis of variance (ANOVA) with growth rate (change in tube biomass per day) as the 

response variable, and morph and migration as predicting factors. Tukey HSD was used for post 

hoc comparisons of morph fitness under each migration behaviour. Four two-tailed t-test were 

also done to assess whether the growth rate of each treatment was different from zero (alpha 

value adjusted using Šidák correction for multiple comparisons, Abdi 2007).  
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Colour Change during Forced Migrations 

The degree of body redness was measured as the Euclidian distance from an RGB score of [255 

0 0] (pure red). To evaluate the average change in redness through time in each treatment, we fit 

a linear regression to the mean color (Y) through time (T) in each tube (I) and treatment (M for 

morph and B for behaviour). The full model was Y~T*M*B+I, where tube (I) was treated as a 

random effect. Significance was evaluated using AICc across the full series of nested models 

(Burnham and Anderson 2004).  

 

2.3 Results 

A kernel density estimation analysis (Silverman’s test) revealed a bimodal distribution of 

individual colour among adult D. pulicaria sampled over the entire water column in Round Lake 

(p=0.0050 when null is one or fewer modes; p=0.0641 when null is two or fewer modes; 

Silverman 1981). Figure 1a shows one mode around 183 units from pure red, which is highly red 

and hemoglobin rich (Figure B2; Appendix B) and another around 202 units from pure red, 

which is weakly red or pale and hemoglobin poor. In order to determine whether colour morph 

can be explained purely by ontogeny, I also ran a kernel density estimation analysis for each size 

class of D. pulicaria sampled over the entire water column at 3:00 on August 27th 2014 (depth 

profile in Figure 1c). This analysis revealed a unimodal distribution of individual colour for size 

classes 1-3 (p1=0.3384, p2=0.5177, p3=0.2492 when null is one or fewer modes) and a bimodal 

distribution of individual colour for size classes 4 and 5 (p4=0.0171, p5=0.0076, when null is one 

or fewer modes; p4=0.6346, p5=0.1181, when null is two or fewer modes). Figure 1b shows 

individuals of all sizes have modes around roughly 200 units from pure red, which is weakly red, 
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or pale (Figure B2; Appendix B). Figure 1b also shows that for sizes 4 and 5, a second mode also 

exists around roughly 180 units from pure red, which is highly red.  

 

Pale colour morphs (i.e. those with colour >193.063 units from pure red; Figure B3, Appendix 

B) showed strong evidence of a diel vertical migration, where the majority of pale adults 

remained below the thermocline during the day and migrated into the epilimnion at night (Figure 

1c). They occupied a mean depth of 10.9m during the day and 6.8m at night, representing an 

average migration of 4.1m (Figure 2). At each sampling time, red adults remained 4m deeper 

than pale adults on average, occupying a mean depth of 14.4m during the day and 10.9m at night 

(Figure 2). The model that best fit the mean depth profile was a generalized additive model that 

assumed identically shaped average migration patterns between morphs, occurring at different 

depths for pale and red colour morphs (df=8, AICc=74.6). Thus, red colour morphs occupied 

deeper depths on average than pale morphs, but underwent an average migration that did not 

differ from pale morphs in timing or vertical distance travelled. This model provided a better fit 

than a GAM that assumed morphs have distinct migration patterns over different depths (df=12, 

AICc=93.2) (model comparisons in Table 2, Appendix D).  

 

Though the average migration patterns did not differ between morphs, the overall depth profiles 

suggest that pale and red morphs do not have the same diel vertical migration behaviours (Figure 

1c). Some individuals of the red colour morph migrate upwards at night out of the oxygen-poor 

region to form a peak around the thermocline (6.5m), while other individuals of the red colour 

morph appear to remain within the low-oxygen region, forming a peak at 15m. Taken together, 
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the Daphnia density profile and the average depth and migration patterns strongly suggest that 

individuals of both colour morphs underwent diel vertical migration, but individuals of the red 

colour morph remained consistently deeper on average than pale colour morphs (Figure 2), and 

may harbour intra-morphic behavioural diversity where some individuals migrate upwards at 

night while others remain deep in the hypolimnion (Figure 1c).  

 

To test the fitness consequences of migration behaviour in pale and red colour morphs I 

performed a field experiment in which the migration behaviour of mesh-capped tubes containing 

D. pulicaria were controlled using automated migration robots. Red and pale colour morphs 

were forced to undergo their natural average migration behaviour or the average migration 

behaviour of the opposite morph, and the change in total biomass in each tube was measured. 

The migration patterns were based on the observed average migration of each morph (Figure 2), 

which corresponded to very different exposures of environmental conditions owing to the strong 

gradients in Round Lake (Figure 3). For example, shallow-migrating tubes had a mean 

temperature of 12⁰C (range of 7-19⁰C) and a mean dissolved oxygen of 9 mg/L (range of 7-12 

mg/L), whereas deep-migrating tubes had a mean temperature of 6⁰C (range of 5-7⁰C) and a 

mean dissolved oxygen of 3.2 mg/L (range of 0.5-8 mg/L).  

 

Tubes containing pale morphs forced to undergo their natural shallow migration had no clear 

trend in biomass change over time (Figure 4a) and appear to have a slightly negative mean 

growth rate (Figure 4e). Tubes with red morphs undergoing their natural deep migration 

appeared to increase slowly in biomass over time (Figure 4b) and had a slightly positive average 

growth rate (Figure 4e). In the alternate forced migration behaviour, pale morphs undergoing the 
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deep migration decreased sharply in biomass from day 0-7, and underwent little change in 

biomass from days 7-14 (Figure 4c), resulting in a strongly negative average growth rate (Figure 

4f). By contrast, tubes containing red morphs undergoing the shallow migration increased in 

biomass from days 0-7, but showed greater variation from days 7-14 (Figure 4d), resulting in a 

positive average growth rate (Figure 4f). Statistical analysis of the mean growth rate revealed a 

significant interaction between colour morph and migration behaviour (df=1, F=8.25, p=0.007). 

Post-hoc analysis showed no difference in average growth rate between pale morphs doing their 

natural shallow migration and red morphs doing their natural deep migration (F=8.25, p=0.290). 

By contrast, in the alternate migration behaviour the average growth rate differed between pale 

morphs doing a deep migration and red morphs doing a shallow migration (F=8.25, p<0.001). In 

addition, red morphs had higher average growth rates than pale morphs in both the shallow 

migration (F=8.25 p=0.033) and deep migration (F=8.25 p<0.001) as compared to pale morphs 

in the same migration. 

 

To identify whether morphs in each migration behaviour increased in biomass, decreased in 

biomass, or remained the same over the 14 days of the experiment, a series of four t-tests were 

done comparing the average growth rate of each morph-migration treatment against zero. Both 

naturally migrating groups (pale morphs in a shallow migration and red morphs in a deep 

migration) had average growth rates not significantly different from zero (dfPS=8, tPS=-0.52, 

α=0.013, pPS=0.620; dfRD=7, tRD=3.25, α=0.013 pRD=0.014). For populations undergoing the 

alternate migration, pale morphs undergoing a deep migration had a significantly negative 

average growth rate (dfPD=8, tPD=-6.20, α=0.013, pPD<0.001), while red morphs undergoing a 
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shallow migration had a significantly positive growth rate (dfRS=8, tRS=3.45, α=0.013, 

pRS=0.009) (full summary in Table 3, Appendix D).  

 

The average body color of some Hb-morph populations changed during the course of the 

experiments. In the natural migration behaviours, populations of pale and red morphs remained 

consistent in colour across census days (Figure 5). In the alternate migration, populations of pale 

morphs in a deep migration became more red on average, while red morphs in a shallow 

migration showed a slight tendency to lose colour, becoming more pale (Figure 5) (model 

summary in Table 4; Appendix D).  
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Figure 1. A. Density distribution of individual colour for adult D. pulicaria sampled from discrete 

depths over the entire water column over 24 hours. Larger values indicate paler individuals. Kernel 

density estimation analysis revealed a bimodal distribution of colour (p=0.0050 when null is one or 

fewer modes; p=0.0641 when null is two or fewer modes; kernel density estimation is indicated by 

the blue line). B. Distribution of individual colour across all size classes for one replicate of D. 

pulicaria sampled at discrete depths over the entire water column at 3:00. Kernel density analysis 

revealed a bimodal distribution. Warmer colours indicate greater density. C. Depth profile of pale and 

red colour morphs of adult D. pulicaria in Round Lake, sampled every 3 hours. Points show the 

density of adults sampled at each depth during that time period. Curves show the fit statistical model 

(Table 1, Appendix D). The pale colour morphs (black points/curves) show a clear vertical migration 

above the thermocline at night, whereas the red colour morphs (red points/curves) tend to remain 

below thermocline. The solid horizontal line is the thermocline (the inflection point of rapid 

temperature change between the epilimnion and hypolimnion) and the dashed horizontal line equals 3 

mg O2/L, below which Hb-poor Daphnia tend to experience a sharp drop in filtration rates (Kring and 

O’Brien 1976).   
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Figure 2. Mean depth profile of pale and red colour morphs. Points show the mean depth of 

each morph at each sampling time over 24 hours of sampling. Each point represents a single 

replicate. Curves show the fit statistical model (Generalized Additive Model). The pale 

morphs (black points/curve) and red morphs (red points/curve) undergo the same average 

migration pattern but at different depths, where the red morphs remain 4m deeper than pale 

morphs throughout.  
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Figure 4. Fitness consequences of natural and alternate migration behaviours for red and pale morphs. A-D: 

Biomass within each tube, measured on days 0, 7 and 14 of the experiment. E-F: Average growth rate between 

each treatment. PS is pale morphs doing a shallow migration, RD is red morphs doing a deep migration, PD is 

pale morphs doing a deep migration and RS is red morphs doing a shallow migration. The mean growth rates of 

PS, RD and RS all differed significantly from the mean growth rate of PD (Table 2, Appendix D). The mean 

growth rate of RS also differed significantly from the mean of PS. An asterisk indicates a mean growth rate 

significantly different from zero (α=0.013, pPD<0.001, pRS=0.009).  
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Figure 3. Depth, temperature and oxygen conditions experienced by Daphnia in shallow and deep 

migrating tubes, respectively. Solid lines show the depth and environmental conditions of the shallow 

migration and dashed lines show the depth and environmental conditions of the deep migration.  Figure 

3a shows the depth of shallow and deep migrating tubes. Figure 3b shows temperature conditions and 

figure 3c shows the oxygen conditions of shallow and deep migrating tubes over a 24 hour cycle. 

Temperature and oxygen conditions are from measurements taken on September 18th 2014 (Appendix 

A). 
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Figure 5. Average colour of Daphnia within each tube with respect to pure red. Larger values 

indicate a greater distance from pure red, or paler Daphnia. PS is pale morphs doing a shallow 

migration, RD is red morphs doing a deep migration, PD is pale morphs doing a deep 

migration and RS is red morphs doing a shallow migration. The dotted horizontal line indicates 

a colour threshold, above which individuals are considered pale morphs, and below which 

individuals are considered red morphs. A positive relationship indicates a loss of red colour, 

while a negative relationship indicates a gain in red colour. Summary of model fits Table 4, 

Appendix D.   
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2.4 Discussion  

Behavioural diversity within a population is common in many vertebrates and invertebrates 

(Araujo et al. 2011), but the mechanisms maintaining such diversity are not fully understood. In 

this study, I characterized distinct strategies of diel vertical migration among Daphnia pulicaria 

differing in bodily Hb concentration in an Ontario lake. By controlling the migration behaviour 

of experimental populations in the field, it was possible to measure the fitness consequence of 

observed migration behaviours, as well as the fitness consequence of switching migration 

behaviour for the different morphs. While other studies have also estimated fitness or life-history 

parameters for individuals differing in behaviour (e.g. McLaughlin et al. 1999; Duffy 2010; 

Mehner and Kasprzak 2011), few studies have measured the fitness of invertebrates in an 

experimentally altered behaviour (but see Jones et al. 2010 and Bonte et al. 2014).  

 

This study of natural migration behaviours revealed intraspecific morphic and behavioural 

diversity in a zooplankton population. In the late summer, Round Lake Daphnia are composed of 

two distinct colour morphs. Though there is strong statistical support for a bimodal distribution 

of colour among adults, there is substantial overlap between pale and red colour distributions, 

revealing a number of individuals of intermediate redness (Figure 1a). This result is to be 

expected since individuals typically take several weeks to become rich in hemoglobin and thus 

highly red in colour (Kring and O’Brien 1976). This delay may indicate that morphic diversity in 

Round Lake Daphnia represents an ontogenetic shift in Hb regulation.  

 

Individual variation in ontogeny can be an important factor maintaining intraspecific behavioural 

diversity within a population via conditional strategies (Helfman et al. 1982; Leis 2010). Within 
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zooplankton populations, depth selection and diel vertical migration can be strongly influenced 

by ontogenetic changes such as increased vulnerability to fish predation with increased size (Uye 

et al. 1990; Neill 1992; Hansson and Hylander 2009) and age-specific life-history changes such 

as between non-feeding and feeding juvenile stages (Uye et al. 1990). However, this 

phenomenon is not ubiquitous within natural populations of zooplankton, and coexisting species 

can vary greatly in the extent to which ontogenetic variation is associated with variation in 

morphology and behaviour (Osgood and Frost 1994). The extent to which morphic diversity in 

Round Lake Daphnia is explained by ontogenetic variation was examined using colour 

distributions of each size class (Figure 1b). If morphic diversity is purely ontogenetic, where all 

individuals occupy deeper depths and produce more hemoglobin with age, then a unimodal 

distribution of colour should be expected for each size class, with each mode becoming redder 

with increased size. This was not observed. Instead, all size classes maintained a strongly pale 

colour mode, suggesting that a substantial portion of the population does not up-regulate Hb at 

any point in their life-histories. However, a second and strongly red colour mode was only 

observed among large adults (size classes 4 and 5). Thus, morphic diversity in Round Lake can 

be partially explained by variation in age and size, but a bimodal distribution of colour among 

large size classes suggests that factors other than size and age maintain morphic diversity among 

adult Daphnia.  In order to identify the possible mechanisms maintaining morphic and 

behavioural diversity in Round Lake Daphnia, I characterized the migration patterns of each 

morph and the fitness associated with undergoing a natural or alternate migration behaviour.  

 

The majority of pale (Hb-poor) morphs migrated into the epilimnion at night, while red (Hb-rich) 

morphs remained in the hypolimnion during night and day. The mean depth profiles of each 
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colour morph suggest that the daphnids migrate as one population, with colour morphs at 

opposite ends of one population distribution (Figure 2). However, sampling of vertical profiles of 

Daphnia individuals revealed additional behavioural variation within red morphs. Some 

migrated upwards at night to just below the thermocline while others remained deep in the 

hypolimnion during the day and night (Figure 1c). Thus, there may be at least three distinct co-

occurring migration strategies within the adult population of D. pulicaria. However, since the 

threshold value for colour classification in this study (193.063 units from pure red) splits two 

overlapping colour distributions (Figure 1a), a portion of the observed shallow-migrating red 

morphs may represent misclassified pale individuals (though some red morphs were directly 

observed near the thermocline in person and in photos; personal observation). This result 

contributes to a growing body of evidence demonstrating the richness of individual behavioural 

diversity within populations. The disparity between the mean migration pattern of red morphs 

and their seemingly bimodal distribution was not expected at the outset of this study, and 

logistical constraints prevented me from controlling three distinct behaviours between groups 

sampled from three different depths. Thus, in order to quantify the importance of Hb production 

to migration behaviour, controlled behaviours were designed using the inter-morphic variation 

represented by the mean migration patterns of each colour morph.  

 

The fitness consequences of migration behaviour were compared between red and pale morphs 

forced to undergo either their natural migration behaviour, or the migration behaviour of the 

alternate morph. The tubes were designed so that the animals in the tubes could not impact the 

within-tube food environment, which means that the fitness measures are point estimates of the 

lake habitat integrated over the migration profile. The physical design also means that the fitness 
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does not depend on the density of animals inside each tube because daphnids only interact with 

each other through their food environment. Tubes with red morphs undergoing a natural deep 

migration had a slightly higher average growth rate than pale morphs undergoing a natural 

shallow migration, but this difference was not significant. Given that pale and red morphs co-

occur in Round Lake throughout the summer and fall (Gittens 2014), roughly equal fitness 

between the morphs should be expected. Furthermore, that the average growth rates of red and 

pale morphs in a natural migration behaviour did not differ from zero suggests that populations 

of each morph were roughly at equilibrium during the late summer and early fall, when the 

experiments took place. This result is consistent with previous work in Round Lake showing that 

the relative abundance of red and pale morphs does not change much during the late summer 

(Gittens 2014).   

 

Although the average growth rates did not differ between red and pale morphs doing their natural 

migration, there were striking differences in several life-history parameters between morphs. A 

greater proportion of red morphs had eggs at each census point, as well as larger clutches and 

body sizes compared to pale morphs (Figures E1, E2 & E3, Appendix E). While not directly 

measured, I expect that the generation time of pale morphs was shorter than red morphs, owing 

to higher temperature and oxygen conditions (Figure 3). In lab populations of Daphnia, egg 

development time and age at first reproduction decreases with increasing temperature 

(Gulbrandsen and Johnsen 1990; Orcutt and Porter 1983). Likewise, the juvenile growth rate of 

Daphnia is reduced in poor oxygen conditions (Hanazato and Dodson 1995), which deep-

migrating populations in the present study were subject to during the day (Figure 3c). 

Differences in clutch size between morphs were likely due to variation in food availability. 
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Clutch size in Daphnia is reduced by food limitation (Gliwicz and Boavida 1996; Lampert 

1978), and food in Round Lake is scarce in the epilimnion and most abundant deep in the 

hypolimnion (Figure A2, Appendix A; Gittens 2014), where red morphs remain throughout the 

day and night (Figure 1; Figure 3a). Thus, naturally shallow-migrating and deep-migrating 

Daphnia could have equal fitness despite vast differences in clutch size, body size, and 

proportion reproducing, if the brood duration and maturation time of shallow migrating 

individuals was much shorter than that of deep-migrating individuals.   

 

To discern whether shallow and deep migration strategies are conditional on bodily Hb 

concentration, the fitness consequences of populations undergoing the alternate migration 

behaviour were measured for each morph. Tubes with red morphs in a shallow migration had a 

significantly higher average growth rate than tubes with pale morphs in a deep migration. The 

average growth rate of red morphs in a shallow migration was significantly positive, while the 

average growth rate of pale morphs in a deep migration was significantly negative (Table 2, 

Appendix D). For pale morphs in a shallow migration, biomass dropped sharply from days 0 – 7 

and remained extremely low from days 7 – 14 for most tubes (Figure 4c), largely due to poor 

survivorship in the first week (personal observation). Decreased survivorship for Hb-poor 

animals was likely caused by the extremely poor oxygen conditions deep in the hypolimnion 

(Figure 4c), since filtration and respiration rates in Daphnia decrease sharply below 3 mg O2/L 

(Kring and O’Brien 1976; Heisey and Porter 1977). Between 1 and 1.5 mg O2/L it is possible for 

a closely related species (D. pulex) to recover from reduced filtration rates within 24 hours, and 

adjust to these condition by up-regulating Hb (Kring and O’Brien 1977). In the present study 

however, deep-migrating tubes were subject to roughly 0.5 mg O2/L throughout the daytime, and 
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temperatures were low, fluctuating between 5⁰C and 7⁰C (Figure 3). This combination of factors 

likely prevented pale individuals from recovering. Some of the surviving pale morphs did 

become more red between days 7 and 14, indicating an increase in Hb (Figure 5c). However, 

these populations remained much less red than red morphs in the deep migration. The observed 

colour change may be due in part to poor survivorship among the least red individuals. Since 

tracking individual Daphnia within each tube was not possible, it is not possible to make this 

distinction.  

 

Hb-rich animals doing a shallow migration increased in biomass from days 0 – 7 (Figure 4d), 

and a larger number of new juveniles were observed after week 1 compared to Hb-rich morphs in 

a deep migration (Figure E4. Appendix E). Moving from the natural deep migration to a forced 

shallow migration may have decreased the brood time and increased the metabolic and growth 

rates of these populations due to the higher temperature and oxygen conditions in the shallow 

migration (Figure 3) (Orcutt and Porter 1983; Dawidowicz and Loose 1992; Goss and Banting 

1983). Biomass change from days 7 – 14 was more varied. Some tubes increased in biomass, 

some decreased, and some had little change (Figure 4d). The proportion of females with eggs 

also decreased in this time to levels close to the starting levels of pale morphs in a shallow 

migration (Figure E1, Appendix E). Daphnia store lipids when food is abundant and can use 

them in times of food limitation (Lemche and Lampert 1975; Goulden and Hornig 1980), and red 

morphs likely had lipid stores from their time in the food-abundant hypolimnion, which they 

could have used to maintain large reproductive outputs during week one. The exhaustion of these 

energy stores, in concert with an increased metabolic rate, may have contributed to the observed 

variation in biomass change between weeks one and two. These results suggest that had the 
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experiment continued beyond 14 days, the fitness and life-history of red morphs in a shallow 

migration may have resembled that of pale morphs in a shallow migration.  

 

These experimental results allow us to piece together whether behavioural diversity in this 

system is maintained by alternative strategies of equal fitness or by conditional strategies. If 

migratory behaviour among Daphnia in Round Lake is conditional on individual variation in Hb 

production, each morph should have lower fitness in the alternate behaviour than in their natural 

behaviour. Conversely, if behavioural diversity is maintained due to multiple fitness peaks 

available to all individuals, morphs should experience roughly equal fitness between natural and 

alternate strategies. Since pale morphs had much lower fitness in the alternate behaviour, the 

fitness of migration into low oxygen regions is indeed conditional on having high Hb 

concentration. Though Hb production is highly plastic in Daphnia (Fox et al. 1949; Kring and 

O’Brien 1976), our results show that pale morphs are not capable of producing Hb at a rate 

sufficient to allow for rapid behavioural switching. Red morphs, by contrast, had roughly equal 

fitness between the natural and alternate behaviours, which suggests that for these individuals, 

shallow and deep migrations represent multiple strategies of equal fitness. Furthermore, red 

morphs had higher fitness in both shallow and deep migrations compared to pale morphs in the 

same migration (Figure 4). Thus, the results of the experiment suggest that deep migration is 

conditional on high Hb concentration, and that red morphs are able to switch quickly between 

multiple strategies of equal fitness, while pale morphs are not. 

 

 If producing high levels of Hb provides individuals with equal or higher fitness than not 

producing Hb, and allows individuals to switch behaviours, why then, don’t naturally shallow-
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migrating Daphnia also upregulate Hb? Here are two possible explanations. First, variation in 

environmental gradients between shallow and deep migrations may prevent individuals in the 

shallow migration from maintaining high levels of Hb in the long term. Steep vertical gradients 

in temperature, oxygen and food in Round Lake cause shallow-migrating individuals to 

experience much higher temperature and oxygen conditions and poorer food availability than 

deep-migrating individuals (Figure 3; Figures A1 & A2, Appendix A). When oxygen is 

abundant, the rate of Hb loss in Daphnia increases with rising temperature (Smaridge 1954; 

Hoshi and Sato 1974; Landon and Stasiak 1983). Thus, the energetic cost of maintaining high 

levels of Hb may be greater for individuals migrating into regions of high temperature and 

oxygen. Some Daphnia in a lab setting require a minimum amount of food in order to produce 

Hb (Fox et al. 1949). Further, Hb-rich Daphnia can allocate energy stored as Hb to growth or 

reproduction when oxygen is abundant and food is limiting (Schwerin et al. 2010). This suggests 

that the energetic cost of maintaining high levels of Hb may be prohibitive when food is limiting. 

This is consistent with studies reporting lower levels of Hb in females with ephippia (Engle 

1985), the presence of which can indicate poor nutrition in Daphnia (Carvalho and Hughes 1983; 

Slusarczyk 2001; Koch et al. 2009). Thus, maintaining levels of Hb sufficient to provide a fitness 

advantage may not be energetically feasible for individuals splitting their time between the 

epilimnion and upper hypolimnion. The loss of some pigmentation by red morphs doing a 

shallow migration is consistent with this hypothesis (Figure 5d) and indicates that because of the 

shift in environmental gradients, maintaining high levels of Hb in the shallow migration is not 

possible in the long term. 
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Predation by visual predators may also play a role in preventing shallow-migrating individuals 

from up-regulating Hb. Although all Daphnia in Round Lake migrate into a large hypolimnetic 

refuge during the day to avoid predation, conspicuous individuals may still be threatened by 

visual predators at dawn and dusk before vertical migrations have been completed. In a lab 

setting, fish preferentially prey upon Hb-rich individuals over Hb-poor individuals due to their 

darker colour (Vinyard and O’Brien 1975). Further, the absence of visual predators such as 

juvenile fish is associated with increased Hb production across a range of oxygen conditions in 

lakes and ponds (Lanson and Stasiak 1983; Engle 1985). The effects of predation on the fitness 

or colour change of red morphs switching to a shallow migration could not be measured in this 

study, however these individuals may suffer greater losses due to predation in a shallow 

migration compared to pale morphs.  

 

Individuals may also vary in their physical capacity to produce high levels of Hb. Genotypic 

variation can cause individuals to differ in oxygen tolerance and Hb production in response to 

low oxygen (Green 1956; Weider and Lampert 1985). Given the strong vertical gradients in 

oxygen concentration in Round Lake, it is possible that clonal variation in oxygen tolerance or 

Hb production may promote depth segregation or distinct migration behaviours between 

genotypes differing in oxygen tolerance. However, genotypic analysis of different Hb morphs in 

Round Lake using multi-loci protein electrophoresis has not revealed clear genotypic distinctions 

between morphs (Gittens 2014). Hb production and migration behaviour can also be dependent 

on individual age, size, or body condition. For instance, Daphnia can make depth-selection 

choices based on individual size in response to UV radiation or predation (Hansson and Hylander 

2009; De Meester and Weider 1999). A similar phenomenon is commonly observed in partially 
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migrating bird populations where larger individuals remain residents of an area year-round, 

while smaller individuals migrate to avoid harsh conditions (Chapman et al. 2011). Similarly, 

Hays et al. (2001) found that within a population of marine copepods, individuals lacking lipids 

migrated into shallow waters at night, while those with lipid stores remained deep in the water 

column. Thus, the energetic costs of producing Hb may limit its production to larger, more 

competitive individuals or those that feed enough to store lipids. However, if red and pale 

morphs were vastly asynchronous in body condition and competitive ability, there should be a 

far greater relative abundance of red morphs in the late summer or much higher growth rates in 

their natural migration behaviours, neither of which have been observed (Gittens 2014). The 

challenge with drawing conclusions based on observed size is that cooler and food-rich waters 

will result in individuals with larger body sizes relative to warmer food-poor waters just from 

metabolic scaling and energetics (Giebelhausen and Lampert 2001; Weetman and Atkinson 

2004). Thus, I am not able to state whether the size difference emerged after individuals decide 

to undergo different behaviours, or whether it contributed to individual choice. 

  

These experiments reveal that an unexpected combination of mechanisms maintains behavioural 

diversity within the population of zooplankton studied. While intraspecific behavioural diversity 

is often attributed to conditional strategies (e.g. Badyaev and Hill 2002; Sato et al. 2014), it is 

also hypothesized to arise from the existence of multiple strategies of equal fitness (Kerckove et 

al. 2006; Chapman et al. 2011). However, when phenotypic variation between individuals is 

highly plastic, it is not clear whether such variation represents conditional strategies or alternate 

strategies of equal fitness, with individuals choosing one behaviour in order to increase feeding 

efficiency (Bolnick et al. 2003). Furthermore, though some studies have found roughly equal 
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fitness between behaviourally distinct individuals (e.g. McLaughlin et al. 1999), none have 

demonstrated that observed behaviours confer equal fitness to individuals switching between 

strategies. The results of this study demonstrate that Daphnia pulicaria morphs differing in a 

highly plastic trait, Hb concentration, co-occur while undergoing distinct migration strategies of 

equal fitness. Further, by controlling the migration behaviour of populations we show that 

migration behaviour in Daphna pulicaria exists as a conditional strategy for some individuals 

and as alternative strategies of equal fitness for others.  

 

Characterizing intraspecific behavioural diversity provides a more complete picture of ecological 

systems that has the potential to explain broader ecological and evolutionary phenomena. For 

instance, some bird populations harbouring intraspecific behavioural diversity are more resilient 

to environmental change than behaviourally homogenous populations (Gilroy et al. 2016). 

Similarly, as the climate warms, intraspecific variation in temperature preference and dispersal 

behaviour in lizards may cause divergent selection along new thermal habitats (Bestion et al. 

2015). Understanding the mechanisms maintaining intraspecific behavioural diversity will 

improve the broader understanding of how behaviours may change under shifting environmental 

conditions, and the ecological and evolutionary changes that may follow.  
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Chapter 3 

General Discussion and Conclusions 

 
Behavioural diversity within populations is a widespread phenomenon across taxa and types of 

behaviours (Araujo et al. 2011; Bolnick et al. 2003). Studies of individual behaviour typically 

fall into one of three bodies of literature: resource-use specializations, social role and alternative 

tactics, and animal personality. In the first chapter of this thesis I highlighted important 

conceptual ties between these literatures, and argued that a more general explanation of 

individual behaviours might be reached through an emphasis on the fitness consequences of 

behaviour, and the limits of individual plasticity. Mainly, since individuals attempt to optimize 

their fitness given the internal and external conditions felt at the individual level, multiple 

behavioural strategies within a population can be maintained either as alternative strategies of 

equal fitness, or as conditional strategies dependent on individual phenotype. This approach may 

be applied across a range of behaviours and has the potential to explain individual differences in 

suites of behavioural strategies (Sih et al. 2004; Wolf and Weissing 2010; Dall et al. 2012). In 

the second chapter of this thesis I studied a population of freshwater zooplankton in which 

variation in a plastic and reversible trait, hemoglobin concentration, is associated with distinct 

strategies of diel vertical migration. By measuring the fitness of each morph in the natural and 

alternate migration behaviour, I found that behavioural diversity in this population is maintained 

as a conditional strategy, but that Hb-rich morphs are capable of reaching equal fitness in either 

strategy while Hb-poor morphs are not. Though this is true for adult daphnids in Round Lake, the 

factors influencing a juvenile’s choice of migration strategy have not yet been addressed. Here, I 

provide a discussion of the causes of individual behavioural diversity as well as the potential 
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ecological consequences of individual specializations in diel vertical migration and other 

behaviours, and highlight new avenues for future research.  

 

3.1. Intraspecific Behavioural Diversity among Juveniles  

In Round Lake, shallow and deep migrations are associated with variation in Hb concentration, 

body size, and clutch size among adult individuals. However, juvenile Daphnia in Round Lake 

are rarely Hb-rich, even when sampled from oxygen-poor regions of the hypolimnion (personal 

observation). In order to better understand whether juveniles have similar migration behaviours 

to adults, I sampled the depth profiles of juvenile Daphnia (i.e. individuals under 1.4 mm) over 

24 hours on August 27th 2014, following the methods presented in Chapter 2. Observing the 

juvenile profiles may provide additional insight into the causes of individual behavioural 

diversity because depth selection among juveniles occurs prior to the development of obvious 

individual distinctions in Hb concentration, size, and clutch size. Thus, since juveniles are small 

and inconspicuous (lacking pigmentation and eggs in their brood pouches) I expect their 

behaviour to closely resemble that of pale adults. These results are presented in Figure 6.  

 

The depth profiles of juvenile daphnids during the day closely resembled the daytime profiles of 

pale morphs (Figure 1c; Figure 6). The majority of juveniles remained below the thermocline, 

with a peak density between 8 and 9 meters. However, the depth profiles at night suggest the 

existence of intraspecific variation in vertical migration among juveniles. Many juveniles 

migrate into the epilimnion at night, much like pale adults. However, 61% on average appear to 

remain in the hypolimnion during day and night. Given that none are yet reproducing, and 

individual growth rate is closely tied to temperature (Orcutt and Porter 1983), why so many  
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Figure 6. Depth profile of juvenile D.pulicaria in Round Lake, sampled every 3 hours. Points show the percent 

of the total juveniles sampled during that time period. Curves show the fit statistical model (Generalized 

Additive Model). During the day, juveniles closely resemble the daytime depth profiles of pale colour morphs 

(see Figure 1). However, in contrast to pale morphs, roughly 61% of juveniles (average between four samples 

taken at night, two replicates at 0:00 and two replicates at 3:00) appear to remain in the hypolimnion during day 

and night. Thus, similar to adults, there appears to be intraspecific behavioural diversity among juvenile 

Daphnia. The solid horizontal line is the thermocline and the dashed horizontal line equals 3 mg O2/L, below 

which Hb-poor Daphnia tend to experience a sharp drop in filtration rates (Kring and O’Brien 1976).   
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juveniles would choose not to migrate into the epilimnion to take advantage of warmer waters is 

puzzling. All individuals are smaller than 1.4mm, making avoidance of visual predators an 

unlikely explanation, especially since the larger pale adults migrate into the epilimnion at night. 

Though not measured in this study, genotype-specific behaviour is also unlikely because clear 

genetic distinctions were not detected between deep and shallow-migrating adults in previous 

work (Gittens 2014).  

 

One explanation is that variation in temperature conditions during early development affects 

juvenile depth selection and migration behaviour. There is strong experimental evidence that 

prior acclimation to different temperature regimes can cause sister juveniles to ‘choose’ different 

vertical migration behaviours (Leibold et al. 1994). Thus, juvenile daughters of red adults that 

developed deep in the hypolimnion may prefer colder waters compared to the daughters of pale 

adults that developed in warmer waters. Though a sizeable group remained in the hypolimnion, 

few juveniles occupied low-oxygen regions, a phenomenon that may reflect an inability for most 

juveniles to upregulate Hb to sufficient levels. Whether these migratory and non-migratory 

behaviours represent conditional or alternative strategies depends on the plasticity of juvenile 

migration behaviour and the fitness associated with each behaviour, which could not be 

determined in this study. Furthermore, like other studies reporting bimodal depth profiles in 

Daphnia, whether the observed profiles represent temporally consistent behaviours cannot be 

inferred from depth profiles alone because of the phenotypic similarity between behavioural 

groups. Recent behavioural work with zooplankton has resolved this challenge by measuring 

variation in stable isotopes between behavioural groups (Ogonowski et al. 2013). This technique 

can also be used in Daphnia (Lampert and Grey 2003), and would be a welcome addition in 
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future works regarding the consistency of individual behaviour and the factors influencing the 

‘initial choice’ of migration behaviour among juvenile daphnids.  

 

If juveniles consistently follow the behavioural patterns of their parents, stronger morph-

genotype matching might be expected by the late summer and fall. However, clear morph-

genotype matching has not been observed in Round Lake (Gittens 2014), which may be due to 

the combined effects of selection for behaviourally flexible genotypes and fitness equality 

between shallow and deep migration strategies. There are large fluctuations in food, temperature 

and oxygen conditions between seasons in Round Lake (Gittens 2014). Thus, morph-genotype 

matching may be limited by selection for behaviourally plastic genotypes, which are capable of 

adopting a range of behaviours. Variation in adaptive phenotypic plasticity in Hb production has 

been observed between clones of Daphnia magna from different latitudes (Yampolsky et al. 

2014), indicating that selection for highly plastic genotypes around Hb production could be 

occurring in Round Lake. If all present genotypes have been ‘selected’ for behavioural plasticity, 

and fitness is roughly equal between migration strategies, as presented in Chapter 2 (Figure 4), 

then both shallow and deep-migrating individuals should be expected amongst all common 

genotypes. It should be noted that selection for a range of behaviours within a genotype does not 

necessarily guarantee behavioural plasticity throughout an individual’s life. Recent theory has 

suggested that highly behaviourally flexible juveniles can over time become inflexible, even 

when environmental conditions shift (Dingemanse and Wolf 2010). This is an important 

development for understanding the importance of plastic traits to maintaining individual 

behavioural strategies.      
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3.2. A Positive Feedback Loop between Behaviour and Plastic Internal Conditions  

Minor individual variations in Hb concentration, temperature preference, or other highly plastic 

and reversible traits, can potentially lead to temporally consistent behavioural differences 

through a positive feedback mechanism (Wolf and Weissing 2010; Dingemanse and Wolf 2010). 

Positive feedbacks between behavioural strategies and internal conditions occur when a 

behavioural strategy reinforces a condition that improves the fitness benefits of ‘choosing’ that 

strategy (Sih et al. 2015). In Round Lake, otherwise behaviourally flexible juveniles might 

consistently undergo one strategy because of reinforced morphic conditions associated with 

‘initial choice’ of migration behaviour. Though not detectable in sample photographs, daughters 

of red morphs may be slightly more Hb-rich than the daughters of pale morphs because Hb-rich 

Daphna are able to transfer Hb to their ovaries prior to laying eggs (Fox et al. 1949).  If small 

variations in Hb concentration influence an otherwise behaviourally plastic juvenile’s ‘initial 

choice’ of deep or shallow migratory behaviour, variation in temperature and oxygen conditions 

between strategies might then reinforce variation in Hb concentration. In this way, larger 

differences in Hb concentration, body size and clutch size can develop between individuals, 

further discouraging behavioural switching as adults. While small differences in Hb 

concentration between juveniles is plausible in Round Lake, a positive feedback between internal 

conditions and behavioural strategy can still occur between individuals that ‘choose’ migration 

strategy randomly (Dingemanse and Wolf 2010). Positive feedback loops provide an intriguing 

explanation for conditional strategies maintained by highly plastic conditions. Though recent 

theoretical work has demonstrated that consistent personalities and foraging strategies can 

develop through positive feedbacks (Luttbeg and Sih 2010; Rands et al. 2003), empirical 

evidence is scarce (Sih et al. 2015). Using the experimental apparatus featured in Chapter 2, 
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Round Lake Daphnia may be an excellent system for testing empirically the role of positive 

feedbacks in maintaining behavioural and morphic diversity because the behaviour of juveniles 

of known parentage and developmental conditions can be controlled. For example, by measuring 

the fitness consequences of forced behavioural switching following varying time spent in an 

initial strategy (i.e. varying amounts of positive reinforcement), the effect of positive feedback 

on internal conditions to behavioural consistency could be quantified.   

 

3.3. The Ecological Consequences of Intraspecific Behavioural Diversity  

Given the widespread characterization of individual specializations in traits and behaviours 

across taxa (Araujo et al. 2011), understanding how such diversity forms and is maintained is an 

interesting biological question in its own right. However, studies of individual specializations in 

traits and behaviours have also begun to reveal new ecological insights within well-characterized 

systems, such as in diel vertical migrations. Diel vertical migration is one of the most studied 

animal movement phenomena, and the ecological importance of zooplankton diel vertical 

migration at the population level is well documented. For instance, vertical migrations can 

strongly effect oceanic carbon cycling (Longhurt 1989), dispersal patterns (Emsley et al. 2005), 

predator behaviour (Hays 2003), and phytoplankton dynamics and community composition 

(Reichwaldt and Stibor 2005; Haupt et al. 2009), among other phenomena. However, to my 

knowledge only one study to date has examined the ecological consequences of intraspecific 

variation in the diel vertical migrations of zooplankton. Duffy (2010) presents strong evidence 

that non-migratory individuals within a natural population of Daphnia dentifera experience 

different seasonal dynamics and levels of interspecific competition than do migratory 

individuals. Though further empirical evidence is lacking in zooplankton, it is likely that any 
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ecological consequences of population-wide diel vertical migration will be at least modulated by 

the presence of within-population variation in behaviour, especially under shifting environmental 

conditions. Whether characterizing such variation will lead to better predictive models of 

nutrient cycling, community assembly, or interspecific interactions remains to be seen, but this 

may be a productive avenue for future work in aquatic and behavioural ecology. 

 

In addition to influencing ecological dynamics, individual specializations in behaviour such as in 

migratory and non-migratory zooplankton can represent ‘functional diversity’ within a 

population when behavioural groups interact with their environment and with other species 

differently (Barnett et al. 2007; Duffy 2010). Functional diversity is a measure of trait 

differences within a community and is increasingly being recognized as an important metric of 

biodiversity and ecosystem health (Cadotte et al. 2011). In the present study, deep and shallow-

migrating individuals also harboured functional diversity in trait values such as body size and 

generation time (Barnett et al. 2007). The possibility that intraspecific variation in diel vertical 

migration behaviour increases functional diversity in aquatic ecosystems is intriguing, and 

warrants further investigation.  

 

Outside of diel vertical migration, there are many recent examples demonstrating the ecological 

importance of individual specializations in a wide range of behavioural strategies. For instance, 

individual specialization in diet and habitat use creates large intraspecific variation in pathogen 

exposure in sea otters (Johnson et al. 2009) and can limit the role of predatory fish as nutrient 

transporters between spatially separated food webs (Quevedo et al. 2009). Intraspecific variation 

in personality can also affect the strength of interspecific interactions (Sih et al. 2012). For 
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example, while aggressive ants will defend plants from damaging herbivores, highly aggressive 

ants can negatively impact their host plant by destroying flowers (Yu and Pierce 1998). Finally, 

the frequency of alternative tactics such as in partially migrating fish populations can affect the 

seasonal dynamics of lower trophic levels including zooplankton and phytoplankton (Brodersen 

et al. 2011). These diverse examples across taxa demonstrate the importance of understanding 

the mechanisms creating and maintaining individual behavioural diversity.  

 

Despite a great number of studies of individual specializations in behaviour, different types of 

behaviours are usually studied separately, with few connections made between the mechanisms 

maintaining individual variation across behaviours. In order to build a more general 

understanding of the mechanisms maintaining intraspecific behavioural diversity, and a more 

complete picture of biodiversity, future work should characterize intraspecific behavioural 

diversity in new systems, and make connections to the broader literature. The results of this 

study suggest that at potentially three distinct diel vertical migration behaviours exist within a 

natural population of Daphnia pulicaria. Though many studies have investigated the causes of 

diel vertical migration among species, only recently have researchers taken focus on the 

mechanisms responsible for individual migration behaviours (Hansson and Hylander 2009; 

Mehner and Kasprzak 2011). To date, no other study has directly measured the fitness 

consequences of a natural and alternate diel vertical migration behaviour. More generally, these 

results demonstrate that individual variation around a highly plastic internal condition, in this 

case body Hb concentration, can maintain behavioural diversity as a conditional strategy for 

some individuals, and as alternative strategies of equal fitness for others. Ultimately this study 

contributes in a novel way to an existing trend in ecology of quantifying and explaining 
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biodiversity at increasingly finer scales. As long as this research direction continues to garner 

new ecological and evolutionary insights, I see this as a fruitful endeavor.  
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Figure A1. Round Lake temperature and oxygen profiles from summer 2014. Points and lines 

represent measurements taken on June 9th (blue), August 4th (gold), September 18th (black), and 

October 3rd (red). Measurements were taken every meter beginning at 1m to a maximum depth of 

28m in June, 26m in August and 20m in September and October, using a YSI probe (model 560A).  

Appendix A: 

Vertical Environmental Gradients in Round Lake  
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Figure A2. Round Lake chlorophyll a profiles from summer 2014. Points and lines represent samples 

taken on June 18th (blue), August 7th (gold) and September 18th (black). Samples were collected by 

pumping a 1L sample of water from different depths at 1m intervals starting at 1m and going down to 

27m in June, 20m in August and 26m in September. At each depth, 1L of lake water was pumped and 

discarded prior to collection to ensure that collected water was representative of the sampled depth. 

Water samples were stored in Nalgene bottles and kept in the dark until filtered for chlorophyll ɑ. Within 

24 hours of collection, 250 mL of the sample was filtered onto 25mm GF/F filters, which were then 

placed in a freezer at -12⁰C. Chl-a was extracted from the filter paper using methanol extraction for 24 

hrs following the methods of Welschmeyer (1994) and measured using a TD-700 fluorometer.   
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Figure B1. Platform for photographing Daphnia. When closed, the box 

blocks out external light, maintaining consistent lighting condition for 

photos. Daphnia were photographed over a tight mesh back-lit with LED 

lights.  

Appendix B:  

Colour Quantification and Colour Morph Definition 
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Figure B2. From Gittens, Meyer and Nelson (in prep): Relationship between 

individual hemoglobin concentration and colour (distance from pure red). Grey 

points represent Hb-poor individuals that appear pale. Pink points represent 

individuals that appear pink, and red points represent individuals that appear 

red. The black line indicates distinction between hemoglobin poor, and 

hemoglobin rich individuals can be made using RGB scores, but that 

differentiating between individuals with moderate levels of Hb (pink points) 

and high levels of hemoglobin (red points) is not possible using RGB scores. 
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Figure B3. From Gittens, Meyer and Nelson (in prep): Colour threshold for distinguishing 

between Hb-rich and Hb-poor individuals. The solid line shows the % individuals correctly 

identified as being a pale or red morph at each threshold distance from pure red. The dotted 

line marks the peak threshold value where 88% of Daphnia were correctly identified 

(193.063). Thus, all individuals with a distance from pure red above the threshold are 

deemed Hb-poor pale morphs and all those below the threshold value are deemed Hb-rich 

red morphs.   
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Figure B4. Oblong selection used to measure the colour of individual Daphnia. The area was 0.17mm2 

and remained consistent in size and shape between individuals. Colour was quatified as the average 

colour of the oblong selection using the Average Colour of Selection plug-in in paint.net and the colour-

quantifying application Just Colour Picker.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



79 

 

Appendix C:  

Experimental Apparatus and Dock Setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C1. Experimental apparatus including migration tube (C1-A), meshed cap (C1-B), and automated 

migration robot (C1-C). Migration tubes were made out of PVC tubing (length 100cm, diameter 

10.16cm). Meshed caps on both ends were removable and made using 80 µm nylon screening. Each robot 

consisted of a servo motor attached to a spool, which in turn was connected to a PVC tube using fishing 

line (see Figure C2). Thus, as the motor turned the spool, the tube was forced to move up or down in the 

lake according to a programmed migration schedule. 
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Figure C2. Experimental set-up on floating dock over the deepest point in Round Lake, Ontario. Each 

protruding arm housed one automated migration robot which connected to a migration tube via fishing 

line (C2-A). As the motor turned the spool, the tube was forced to move up or down in the lake according 

to a programmed migration schedule. Migration logic was controlled by a custom-built computer 

assembly based on the Arduino computer and spool movement was tracked and controlled using custom-

built sensors. Each computer assembly controlled a group of robots and were housed inside the red boxes 

(C2-B). Robots were weather protected with plastic coverings.  
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Figure C3. Field pilot results showing water cycling through a migration tube as it migrates 

from the surface to just above the sediment and back to the surface again over 70 minutes. The 

black line shows the temperature outside of the tube and the blue line shows the temperature 

inside of the tube. Unlike during experiments, the tube did not jig up and down, but moved 

down to a max depth of 28m, and the up again to the surface at a steady pace.  
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Appendix D:  

Model and Statistical Summary Tables 

 

 

 

 

 

 

 

 

 

 

Model Model Description Df AICc ΔAIC 

GAM 1 Pale and red morphs occupy distinct, but temporally consistent 

depths  

3 141.8 67.13 

GAM 2 Pale and red morphs do not differ in migration shape or depth.  5 147.8 73.02 

GAM 3 Pale and red morphs have same migration shape at different 

depths 

8 74.6 0.00 

GAM 4 Pale and red morphs differ in both migration shape and depth.  12 93.2 18.56 

Model  Model Description 
Pale 

qAIC 

Red 

qAIC 

GAM 1 Daphnia of each morph have different depth profiles at every time point.  356.9 451.3 

GAM 2 Daphnia of each morph have different depth profiles between day and nighttime 

profiles.   

298.6 401.7 

GAM 3 Daphnia of each morph have no change in depth profile through any of the time 

points.   

469.1 478.4 

Treatment Mean R df T Adjusted α p 

Natural Behaviour      

Pales doing Shallow -6.061 8 -0.515 0.0127 0.620 

Reds doing Deep 33.118 7 3.251 0.0127 0.014 

Alternate Behaviour      

Pales doing Deep -91.187 8 -6.196 0.0127 <0.001 

Reds doing Shallow 45.238 8 3.450 0.0127 0.009 

Table 2. Model selection for describing average migration pattern and mean depth of pale and red morphs. The best 

model is GAM 3, which uses the same average migration pattern to describe the movement of both red and pale 

morphs, but assumes different mean depths for each morph.   

 

Table 3. Results of two-tailed t-tests comparing the mean growth rate (R) for each treatment against zero. Alpha was 

adjusted using Šidák correction for multiple comparisons. Significant p-values are in bold.  

 

Table 1. Model selection for depth profiles of pale and red morphs sampled every three hours of 24 hours. Here, 

C=Daphnia Count, D=Depth, T=Time, and represents each different sampling time points, and DN= Day vs Night, 

where time points 9:00, 12:00, 15:00, 18:00 and 6:00 represent ‘Day’ and time points 21:00, 0:00, and 3:00 represent 

‘Night’. All models use a Poisson distribution and were done for pale and red depth profiles separately. Model selection 

was done using qAIC to account for over-dispersion in the models.  
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Model Model Description Df AICc ΔAIC 

GAM 1 Null model, no predicting variables 3 58046.6 232.38 

GAM 2 Day is the only predicting variable 4 57043.8 232.56 

GAM 3 Interaction between day and migration behaviour 6 57951.3 140.07 

GAM 4 Interaction between day and colour morphs 6 57945.2 133.97 

GAM 5 Interaction between day, colour morph and migration behaviour  10 57811.3 0.00 

Table 4. Model selection for change in red colour between morph-migration treatments. The best fitting model is GAM 5, 

which assumes there is an interaction between colour morph and migration behaviour when describing colour change over 

time.  
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Appendix E:  

Supplementary Life-History Data  
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Experiment Day 

Figure E1. Proportion of adult Daphnia (S3 - S5) with at least one egg in their brood pouch at 

time of sampling. Each coloured line represents a separate tube (replicate). Red lines are red 

morphs in a deep migration, orange lines are red morphs in a shallow migration, blue lines are 

pale morphs in a deep migration, and green lines are pale morphs in a shallow migration.  
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Size Class 

Figure E2. Size class counts of Daphnia (black bars) sampled from 15m and Daphnia (white 

bars) sampled from between 3-5m on day 0 of the experiment. S1 = <1.0mm; S2 = 1.0-1.4mm; 

S3 = 1.4-1.85mm; S4 = 1.85-2.3mm; S5 = >2.3. There appear to be a greater number of large (S4 

ad S5) red morphs than pale morphs.  
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Figure E3. Average clutch size of all reproducing Daphnia in each treatment over each 

sampling day. Here, replicates have been pooled so that each point represents an individual 

daphnid, and individuals without eggs have been excluded. PS is pale morphs doing a shallow 

migration, RS is red morphs doing a shallow migration, PD is pale morphs doing a deep 

migration and RD is red morphs doing a deep migration. 
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Figure E4. Size class counts of red morphs in a shallow migration (white bars) and red morphs in a 

deep migration (black bars) on days 0, 7 and 14 of the experiment. S1 = <1.0mm; S2 = 1.0-1.4mm; S3 

= 1.4-1.85mm; S4 = 1.85-2.3mm; S5 = >2.3. Replicates are pooled. While the relative proportion of 

each size class was quite similar when the experiment began on Day 0, by Day 7 shallow-migrating 

pales had roughly double the number of S1 juveniles. This trend continues into Day 14.  
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