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Abstract 

The schedule of growth, reproduction and survivorship of an individual are the key 

components of life history, which reflect fitness performance of a genotype. Examining the 

variation in life history performance among genotypes provides an avenue for which 

genotypic fitness differences can be compared. The parthenogenetic freshwater 

zooplankton, Daphnia pulicaria, is a model organism to investigate and disentangle the 

genotypic from the phenotypic influences of life history variation. While Daphnia spp. life 

history has been extensively studied, few have examined the effect of low food 

concentrations on life history traits. Since Daphnia spp. are frequently subjected to periods 

food limitation caused by natural phytoplankton cycles, it is necessary to understand how 

individuals respond in low food environments in order to obtain an accurate representation 

of life history responses among genotypes. In this study, I conducted a set of highly 

controlled laboratory experiments using multiple genotypes of Daphnia pulicaria under a range 

of food-limited conditions in order to gain insight into the environmental and genotypic 

responses of life history traits. I measured a suite of life history traits, growth, reproduction 

and survivorship, as discrete elements for each individual and synthesized these traits into a 

representation of the life history schedule. This provided an accurate method to compare 

genotypes and allowed for identification of trade-offs between life history traits. My results 

indicate a significant effect of low food concentration on life history traits, causing a 

decrease in performance of all traits. Additionally, genotypic differences occurred in most 

traits, however these differences only manifested within the intermediate food levels. There 

were no genotypic differences in daily reproductive rate, indicating that genotypes only differ 

in the number of individuals reproducing within an environment. Allocation-based trade-

offs among these life history traits were examined within a genotype, however the only 

trade-off identified was between reproduction and survivorship and this only manifested at 

low food levels. Even though these genotypes do not co-exist in the same lakes, similar 

patterns occurred in trade-offs among genotypes. This potentially indicates that trade-offs 

among genotypes occur due to the same physiological mechanisms witnessed at the 

individual level. 
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Chapter 1 

Introduction 

Fitness, a central feature of evolutionary theory, is a reflection of the survival and 

reproductive success of a genotype (Stearns, 1992). In a given environment, genotypes 

within most species have evolved various strategies to maximize their lifetime fitness and 

survival for the next generation. These strategies consist of various reproductive and 

survivorship responses, along with other important aspects of individual fitness, such as 

somatic growth and maturation. These traits are summarized as an individual’s life history 

schedule, and understanding the variation seen in life history traits among genotypes and 

across environments is one of the primary goals in life history theory (Schwartz, 1984; Roff, 

2002). The study of life history provides a method to investigate the influences of 

environmental and genetic factors on individual fitness and allows for evaluations and 

predictions of what traits will be favoured under different environmental conditions. 

Additionally, since the amount of resources in an environment is finite, it is assumed 

individuals allocate energy to some traits at the expense of other traits. At the individual 

level, this allocation trade-off also contributes to the variation seen in life history schedules. 

However, life history trade-offs can also occur among genotypes, at the population level. 

These trade-offs are thought to be a primary means for species co-existence (Chesson and 

Huntly, 1997) and have the potential to be influenced by evolution.  
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Life history traits are components of an individual’s phenotype and as such, are influenced 

by both environmental and genetic factors. They can display considerable plasticity across 

environments, such as changes in growth rate (e.g. butterflies: Nylin et al., 1989; silverside 

fish: Conover and Present, 1990; purple loosestrife: Shipley, 2000), clutch size (eastern 

kingbirds: Murphy, 1986; lizards: Ferguson and Talent, 1993; guppies: Reznick and Yang, 

1993) and longevity (beetles: Moller et al., 1990; waterstriders: Kaitala, 1991; bivalves: Bauer, 

1992). This plasticity can be illustrated using reaction norms, a visual representation of how 

phenotypic traits of a genotype change across a range of environmental conditions (Stearns, 

1989). To establish the relative effects of environmental variation and genetically induced 

responses on life history trait plasticity, and the existence of life-history trade-offs, it is 

necessary look at the responses of identical genotypes raised across an environmental 

gradient. Sexually reproducing organisms make this task difficult, as each offspring is a 

unique genotype. Typically, reaction norms for sexual species are estimated through point-

measurements of genetically different individuals along a gradient. However, this does not 

help with disentangling plasticity from genotypic variation and environmental influences. 

This endeavour can be accomplished through asexual, or parthenogenetic, organisms. Using 

parthenogens, it is possible to experimentally separate, under a variety of ecological 

conditions, the environmentally induced and genotypic responses of parthenogenetic clones 

(Pace et al., 1984). 

 

One of the most commonly used parthenogenetic genera in life history studies are species of 

freshwater zooplankton, Daphnia spp.. For several decades, Daphnia spp. have been 

frequently used in studies examining ecotoxicology, evolutionary theory and ecological 
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dynamics. Daphnia spp. exist in freshwater habitats, where they occupy an essential position 

in aquatic food webs, acting as both predator to algae and as prey to secondary consumers. 

Most species also have the ability to reproduce sexually or asexually depending on 

environmental conditions (Figure 1.1). Daphnia spp. largely reproduce asexually, each 

daughter offspring being genetically identical to its mother. However, under stressful or 

temporary environments (e.g. ephemeral ponds), females can produce male offspring and 

haploid eggs called ephippia, which require male fertilization. These sexual eggs are enclosed 

in an ephippium, a protective, desiccation resistant casing, which allow the ephippia to 

persist indefinitely, until an environmental cue (e.g. photoperiod, temperature) causes them 

to hatch and release sexually produced offspring (Carvahlo and Hughes, 1982).  

 

Their asexual nature, as well as their short generation time and ability to be easily cultured in 

the laboratory, make Daphnia spp. exemplary organisms for life history studies. Additionally, 

natural Daphnia spp. populations consist of multiple co-existing genotypes (Loaring and 

Hebert, 1981; Hebert and Crease, 1983; Weider et al., 1987, Geedey et al., 1996), whose 

abundances can be influenced by environmental variability (Epp, 1998). Daphnia spp. also 

experience natural variation in environmental conditions, as freshwater habitats frequently 

exhibit seasonal fluctuations in both abiotic (e.g. temperature) (Orcutt and Porter, 1984) and 

biotic (e.g. food quantity) components (McCauley and Murdoch, 1987). This allows for the 

possibility of genotype-by-environment (GxE) interactions with various clones exhibiting 

different life history strategies in response to varying environmental conditions (Weider, 

1987). Thus, measuring life history traits of individuals from multiple genotypes developing 
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under similar environmental regimes assists with understanding phenotypic plasticity and the 

genotypic variation for life history (Pace et al., 1984; Barata and Baird, 1998).  

 

Numerous life history experiments have been conducted using Daphnia spp., however there 

are some key limitations to previous work. One of the main concerns is that most 

experiments are conducted at food levels that provide ingestion concentrations much higher 

than natural in environments (George and Edwards, 1974; Luecke et al., 1990; Guisande and 

Gliwicz, 1992; Boersma and Vijverberg, 1994b). Secondly, most studies do not synthesize 

the measured life history traits into a complete life history schedule for a genotype. Notably, 

there are very few studies that analyze survivorship as an independent trait. Condensing life 

history traits into a complete life history schedule, especially those traits directly connected 

to fitness such as growth, reproduction and survivorship, allows for a concise analysis of 

where to expect genotypic differences. Separation of these traits into independent units 

allows for trade-off analysis between competing life history traits and how these trade-offs 

compare among genotypes and across food levels. Additionally, controlling the amount of 

carbon ingested permits for energy allocation modeling and dynamic energy budget (DEB) 

analyses. DEB theory is an advancement of energy allocation models as it includes how 

energetics change throughout an individual’s life cycle (Kooijman, 2000; Nisbet et al., 2000). 

Most previous experiments are conducted in the light (e.g. Weider, 1987; Glazier and Calow, 

1992; Pereira and Gonsalves, 2008), or use chemostats (e.g. Lampert, 1976; Gliwicz and 

Guisande, 1992; Burns, 2000). This means the amount of food ingested by an individual 

cannot be accurately quantified. However, experimentally controlling for ingested food is 
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easily accomplished by raising isolated daphniids in the dark. This prevents algal growth and 

maintains a set amount of carbon to be ingested by each individual.  

 

In my study, I resolved and rectified these concerns by conducting a set of highly controlled 

laboratory life history experiments on multiple genotypes of Daphnia pulicaria. Using a range 

of carbon levels that represent food limitation levels that D. pulicaria experience seasonally in 

nature, my experiment measured the effects of food limitation on the three major life history 

traits that affect fitness success: growth, reproduction and survivorship. Further, I 

investigated how these traits vary among genotypes. As each of these traits were analyzed as 

independent elements, I was also able to examine potential trade-offs that might exist 

between these traits, both within and among genotypes. 
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Figure 1.1. The parthenogenetic life cycle of Daphnia (From Ebert, 2005). 
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Chapter 2 

  Literature Review 

2.1  Introduction to Life History  

Studying individual life history characteristics provides a method to connect demographic 

traits at the individual level, such as birth, death and growth rates, to the dynamics at the 

population level (Murdoch et al., 1985; McCauley et al., 1996; Urabe and Sterner, 2001). As 

such, the study of life history aids in understanding several ecological and evolutionary 

questions: how individuals respond to their environment, how this response contributes to 

population dynamics, and how these changes influence evolution and natural selection.  

 

Both plants and animals demonstrate substantial inter- and intra-specific variation in their 

life history schedules (Roff, 1992). The phenotypes expressed by an individual in any 

population are influenced by the individual’s responses to the environment (Kawecki and 

Stearns, 1993). As natural environments are heterogeneous, environmental variability can 

lead to variation in life history among individuals (Roff, 1992; Kawecki and Stearns, 1993). 

Understanding the effects of environment, genetics and their interactions on life history 

variation contributes to the interpretations of what factors influence fitness differences 

among genotypes (Stearns, 1992). 

 

Both abiotic and biotic environmental variables influence the variation in life history traits. 

Abiotic influences on life history variation include temperature, salinity and water quality 

(Orcutt and Porter, 1984; Weider and Hebert, 1987; Heithaus and Laushman, 1997) whereas 
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biotic factors consist of factors such as predation pressure (Stibor, 1992), parasitism 

(Wolinska et al., 2006), trophic interactions (Carpenter et al., 1895) and the type, quality and 

quantity of food resources (Repka, 1997; DeMott et al., 2010). Genetic factors also 

contribute to the variation in life history traits as certain species have shown high genotypic 

variability in life history traits when raised under uniform environmental conditions (Berven, 

1982; Stibor, 1992; Baird et al., 1990). It is the interaction of both environmental and genetic 

factors that contribute to life history variation among individuals. Understanding the relative 

contributions of the environment and genetics contributes to understanding genotypic co-

existence and the effect life history variation has on natural selection (Gadgil and Bossert, 

1970; Mousseau and Roff, 1987; Reznick et al., 1996; Hamel et al., 2009).  

 

The phenotypic plasticity of life history traits can be visually represented using reaction 

norms. Reaction norms are graphs that represent the phenotype expressed by a genotype 

across a range of environmental conditions (Stearns, 1989; Angilletta et al., 2003). They 

provide an illustrative method for recognizing life history variation among genotypes and for 

determining genotype-by-environment interactions (GxE). If reaction norms are parallel, 

differences among genotypes are independent of the environment, and one genotype will be 

superior across all environments (Stearns, 1989; de Jong, 1990; Fig. 2.1a). However, if 

reaction norms are non-parallel, it indicates a GxE interaction, suggesting that the genotypic 

response depends on environmental conditions (Stearns, 1992; Fig. 2.1b). Differences in 

reaction norms between individuals can arise through the constraints between traits, called 

trade-offs (Tessier et al., 2000). 
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Trade-offs represent linkages between two traits, such that an increase in one trait is 

associated with a decrease in another (Stearns, 1989; Angilletta et al., 2003). The three main 

types of trade-offs are acquisition trade-offs, specialist-generalist trade-offs and allocation 

trade-offs. Acquisition trade-offs occur through behavioral modifications in order to 

increase the amount of acquired resources. However, this increased foraging duration could 

come at an expense of increased predation or parasitization (Lankford et al., 2001). 

Specialist-generalist trade-offs involve specialization at one environmental regime at the 

expense of poor performance at the other extreme, e.g. temperature (Bennett and Lenski, 

1999). Allocation trade-offs arise from the differential allocation of resources (energy) to life 

history components (Zera and Harshman, 2001). These trade-offs are perhaps the most 

familiar and play a central role in the development of life history theories.  

 

The allocation of resources to life-history traits is a primary component of life history theory. 

The resources acquired from the environment are converted into energy, which can be used 

for a host of regulatory processes, such as metabolism, growth and reproductive output. 

However, since only a finite amount of energy can be obtained, an individual must partition 

and divide that energy into basic somatic and reproductive needs (van Noordwijk and de 

Jong, 1986). These decisions create trade-offs within an individual and are usually selected 

based on evolutionary strategies that maximize lifetime fitness (Nicoll et al., 2006). 

 

Many studies in both plants and animals have examined trade-offs among life history traits. 

Some of the most common are the trade-offs between size and number of offspring (Karl et 

al., 2007; Simons, 2007; Saeki et al., 2009; Wilson et al., 2009), reproduction versus parental 
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survival (Snell and King, 1977; Koufopanou and Bell, 1983; Dobson and Jouventin, 2010) 

and the trade-off between current and future reproduction (Law et al., 1979; Richner and 

Tripet, 1999; Desouhant et al., 2005). Having the highest fitness across every environment is 

rare thus, determining potential trade-offs among life history traits within an individual 

provides a method for understanding genotypic differences in life history strategies and how 

these strategies change across environments (Kawecki and Stearns, 1993). 

 

One of the difficulties in life history theory is disentangling the variation caused by 

phenotypic plasticity from genetic based variability. Parthenogens have a life history that is 

particularly well suited to studying these questions. The relative contributions of genetics and 

environment to life history variation can be examined by raising numerous genetically 

identical individuals under varying experimental regimes (Pace et al., 1984). Further, 

examining life history differences among genotypes developing under similar environmental 

conditions facilitates in explaining clonal coexistence in populations, as considerable 

genotypic variation is found in life history parameters in natural habitats (Hebert, 1974; 

Hebert and Crease, 1980; Lynch, 1983; Weider, 1985; Innes et al., 1986; Korpelainen, 1987). 

The parthenogenetic freshwater zooplankton, Daphnia spp. represents a model organism 

frequently used in life history studies.  

 

2.2  Life History of Zooplankton 

Zooplankton are dominant secondary producers in aquatic food webs and act as both 

predators to phytoplankton and as prey for vertebrate and invertebrate predators in upper 

trophic levels (Carpenter and Kitchell, 1998). Zooplankton communities are rich with 
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diversity, consisting of both multiple species and multiple genotypes within a species (Hebert 

and Crease, 1980; Lynch, 1983, Innes et al., 1986). Individual zooplankton within these 

communities demonstrate substantial variation in their life history traits (Vijverberg, 1976; 

Orcutt and Porter, 1984; Larsson et al., 1985; Korpelainen, 1987; Weider and Hebert, 1987; 

Boersma and Vijverberg, 1994b; Gliwicz and Boavida, 1996). It is logical to examine how 

individual life history traits respond to variation in environmental, genetic or their interacting 

effects as this contributes to understanding changes in population dynamics.  

 

Daphnia spp., are freshwater cladocerans and dominant members of zooplankton 

communities. As cladocerans have parthenogenetic life cycles, their populations usually 

consist of multiple asexual genotypes for a large part of the season. The life history variation 

that occurs among Daphnia spp. genotypes has been shown to exhibit just as much variation 

in life history traits as between two different species (Boersma and Vijverberg, 1994a; Repka, 

1996). Further, Daphnia spp. regularly experience heterogeneous environments, both spatially 

and temporally, due to the seasonal nature of freshwater lakes (Muller-Navarra and Lampert, 

1996). As such, they are a model organism for identifying the proximate sources of life 

history variation.  

 

In natural lakes, the quality and quantity of ingestible resources undergo seasonal 

fluctuations in phytoplankton species composition (Sarnelle, 1986), elemental stoichiometry 

(Hochstadter, 2000) and food concentration (Sommer et al., 1986). Freshwater lakes contain 

considerable diversity in primary producers in the form of phytoplankton. As Daphnia spp. 

are generalist filter feeders (De Mott, 1995), they will non-selectively consume a variety of 
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phytoplankton within a given size range (Lampert, 1987). The quality of food available can 

influence life history traits. As expected, Daphnia spp. fed food that was of a low quality 

either due to algal morphology (e.g. filamentous cyanobacteria (Allan, 1971)) or elemental 

composition (e.g. high C:P ratio (Sterner et al., 1992)) had decreased growth and 

reproductive rates and increased mortality (Arnold, 1971; Boersma and Vijverberg, 1994a; 

Repka, 1996, 1997,1998; Weider et al., 2008). There is also seasonal variation in 

phytoplankton abundance, which causes cyclical patterns in the quantity of available food for 

Daphnia spp.. These cycles are internally generated through predator-prey interactions 

between phytoplankton and zooplankton (McCauley and Murdoch, 1987; George and 

Edwards, 1974; Luecke et al., 1990). Thus, Daphnia spp. frequently live under periods of 

food limitation (McCauley et al., 1990).  

 

The cycles of food concentration within a lake are summarized by the PEG-model of 

seasonal succession (Sommer et al., 1986): At the end of winter, increased nutrient 

availability and low zooplankton abundance results in phytoplankton growth. These high 

levels of edible algae in early spring cause an exponential increase in zooplankton numbers. 

Eventually, the zooplankton filtration rate exceeds the phytoplankton production rate, which 

causes the edible algae concentration to decrease to very low levels. In eutrophic systems, 

this “clear-water phase” is a period of extreme food limitation for zooplankton and causes a 

decrease in population. Studying the life history responses of individual daphniids to periods 

of resource depression can elucidate this population decline as individual responses to food 

quantity and quality will be reflected through zooplankton population growth patterns 

(Threlkeld, 1976; Larsson et al., 1985) 
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The natural fluctuations in the amount of food available contribute to substantial plasticity in 

life history traits (Hebert and Crease, 1980; Weider, 1985; Gliwicz and Guisande, 1992). As 

food becomes limited, Daphnia spp. exhibit decreased growth rates (Lynch, 1989; Glazier 

and Calow, 1992; Ebert et al., 1993; Boersma and Vijverberg, 1994a,b; Repka, 1997; Pereira 

and Goncalves, 2008), decreased reproductive output (Vijverberg, 1976; Lynch, 1989; 

Guisande and Gliwicz, 1992; Boersma and Vijverberg, 1994a,b; Repka, 1997; Rose et al., 

2000; Pereira and Goncalves, 2008), increased juvenile mortality (Lynch, 1992; Glazier, 1992) 

and increased frequency of sexual reproduction via ephippial production (Korpelainen, 1987; 

Perrin et al., 1992). As food concentration increases, there is a general improvement in most 

life history parameters including increasing brood sizes and earlier reproduction (Orcutt and 

Porter, 1984; Boersma and Vijverberg, 1995; Gliwicz and Boavida, 1996; Pereira and 

Goncalves, 2008). There is still some discrepancy in the effects of food limitation on 

survivorship in Daphnia spp. as longevity has been found to both decrease (Glazier, 1992; 

Boersma and Vijverberg, 1994a,b; Repka, 1997) and increase (Rose et al., 2000; Antunes et 

al., 2003) with decreasing food concentrations.  

 

Many studies have examined individual life history responses of Daphnia spp. to decreasing 

food concentration. However, with the exception of a few studies, most are conducted at 

food levels that provide considerably higher ingestion rates than those found in natural 

environments (George and Edwards, 1974; Luecke et al., 1990; Guisande and Gliwicz, 1992; 

Boersma and Vijverberg, 1994b). The natural food levels ingested by mature Daphnia spp. 

have been found to be between 0.001-0.004 mgC/L (McCauley and Murdoch, 1987), 

however the experiments listed use carbons levels around 0.5-1.0 mgC/L. Additionally, life 



 14 

history responses from studies that have investigated the affects of complete starvation are 

artificial, as there would rarely be a time in a natural lake system where no food would be 

available (Threkheld, 1976; Tessier et al., 1983; Elendt, 1989; Perrin et al., 1992; Epp, 1998; 

Antunes et al., 2003). In studies that have used natural food concentrations, the 

concentrations used are on the upper end of the natural range (Muck and Lampert, 1980; 

Duncan et al., 1985; Lynch, 1989, 1992; McCauley et al., 1990b; Guisande and Gliwicz, 1992; 

Boersma and Vijverberg, 1994a,b). It is pertinent to capture a range of natural food 

conditions, as different degrees of food limitation will affect the variation in reproduction, 

growth and survivorship of individuals (Threkheld, 1976). The experimental methods 

implemented in most of the above studies are also of concern, as the experiments were 

conducted with exposure to light. This condition permits algal growth and potentially 

increases food concentration ingested. As such, there is a need for an assessment of life 

history variation under a range of natural food concentrations conducted under protocols 

that allow for accurate manipulation and quantification of ingested carbon. The study of 

how life history characteristics respond to food resource availability is necessary for 

understanding how zooplankton genotypes can adjust to constantly changing environmental 

conditions (Lynch, 1989).   

 

When Daphnia spp. genotypes are compared under varying food quantities, GxE interactions 

have been demonstrated in growth rates (Yampolsky and Kalabushkin, 1991; Glazier and 

Calow, 1992; Repka 1997, 1998; Antunes et al., 2003; Pereira and Goncalves, 2008) and 

reproductive traits, such as clutch size, age and size at maturity and neonate size (Yamplosky 

and Kalabushkin, 1991; Glazier, 1992; Glazier and Calow, 1992; Gliwicz and Boavida, 1996; 
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Repka 1997; Barata and Baird, 1998; Repka, 1998; Antunes et al., 2003; Pereira and 

Goncalves, 2008). Controlled laboratory studies have also shown genotypic differences in 

ephippial and male production (Lynch, 1983; Innes et al., 1986; Yampolsky and Kalabushkin, 

1991). These findings agree with information from natural populations, as there are 

considerable differences in male and ephippial production between genotypes from 

temporary and permanent lakes. Genotypes from ephemeral ponds show greater ephippial 

and male production than those from permanent lakes, presumably because of the necessity 

for desiccant-resistant resting eggs as temporary habitats dry up (Loaring and Hebert, 1981; 

Lynch, 1983). Within the limited studies conducted on genotype comparisons in 

survivorship, GxE interactions also exist in longevity, although survivorship has primarily 

been analyzed under a demographic framework, using intrinsic rates of increase, which 

combines both reproduction and survivorship (Repka, 1997, 1998; Antunes et al., 2003, 

Pereira and Goncalves, 2008). However, despite its association with population dynamics, 

calculations of intrinsic rates of increase do not allow for analysis of the relative effects of 

genetic differences on birth and death rates. Studying survivorship as an independent trait 

contributes to the understanding of trade-offs by looking at the effects of 

increased/decreased longevity on other life history traits and where genotypes differ in their 

life history strategies. 

 

There are particular life history traits that do not seem to exhibit genotypic variation when 

compared under a standard food level. For example, several studies have found that there 

were no genotypic differences in age, size and development time of the first clutch (Lynch, 

1983; Vanni, 1987; Ebert, 1991). Also, metabolic rate seems constant among genotypes 
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(Perrin et al., 1992), however some studies have found that this only holds true at low food 

levels (Glazier, 1992; Glazier and Calow, 1992). This trend of significant clonal differences 

occurring more frequently at higher food level than at lower food has been identified in 

other traits, such as growth rates, brood production rates and neonate survival (Lynch, 1983; 

Yampolsky and Kalabushkin, 1991; Glazier and Calow, 1992; Glazier, 1992, Tessier et al., 

2000). It has been explained by several arguments, including that quantitative traits become 

more independent from the environment as the concentration of food increases and 

environmental conditions improve (Yampolsky and Kalabushkin, 1991; Ebert et al., 1993) or 

that higher food levels result in greater changes in energy allocation strategies (Glazier and 

Calow, 1992).  

 

Through these multiple observations, it is clear that genotypes exhibit appreciable life-history 

variation and that no genotype performs best under all environmental conditions (Pace et al., 

1984; Weider 1985; Carvalho, 1987; Vanni, 1987). These GxE interactions could help 

explain the maintenance of diversity in natural populations that consist of multiple coexisting 

genotypes (Perrin et al., 1992). These interactions suggest that certain genotypes could be 

favoured under various environmental conditions, including fluctuations in food, either 

seasonally within a lake or microgeographically throughout a lake (Weider, 1985). These 

conditions provide an opportunity for clonal succession or replacement, as different 

genotypes will have superior fitness when exposed to a new environment (Pace et al., 1984; 

Weider, 1985). Further, this provides an explanation for the absence of competitive 

exclusion, as these environmental changes shift genotypic fitness before exclusion occurs 

(Hebert and Crease, 1980). Thus, both the heterogeneous nature of freshwater environments 
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and the reaction of various genotypes to these changing conditions contribute to the clonal 

diversity found in natural habitats (Loaring and Hebert, 1981).  

 

2.3  Research Overview  

Previous research examining individual life history schedules in zooplankton has several 

limitations. Primarily, the food concentrations used were not comparable to natural food 

limitation caused by seasonal fluctuations in freshwater systems. Studies conducted on 

genetic differences in life history traits, despite their cogent results, used food levels which 

are not representative of natural food environments; a limitation similar to experiments 

looking at food concentrations within a single clone line. There are also several voids in the 

life history traits examined within studies of Daphnia spp. Although studies on genotypic 

differences in growth and reproduction are numerous, survivorship as an independent trait 

has been overlooked. Analyzing survivorship independently from other life history traits 

provides a more detailed analysis of where genotypes could vary in their life history 

responses. 

 

Additionally, the individual life history traits examined are usually reported as the response 

across several instars or clutches, leading to complex and elaborate representation of the life 

history schedule, for example body length at 3rd instar, brood size at 2nd clutch and number 

of progeny within 15 days (Korpelainen, 1986; Threlkeld, 1987; Glazier, 1992; Vanni and 

Lampert, 1992; Weider, 1993; Boersma and Vijverberg, 1994). The beauty of life history 

theory is its endeavor for generalization (Tessier et al., 2000), so by collating an individual’s 

life history characteristics into three predominant fitness-related traits, growth, reproduction 
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and survivorship, it allows for a more incisive and generalized analysis of genotypic and 

environmental influences. This succinct synthesis can be attained through parameter 

estimation from growth functions, analyzing reproductive rates and collecting full cohort 

survivorship. Further, this distillation also permits investigation of trade-offs, as each trait is 

measured as an independent component of life history. 

 

To my knowledge, this is the first study to examine and compare the complete life history 

schedule for multiple Daphnia pulicaria genotypes at low levels of available food for ingestion. 

The primary objective of this research was to conduct a comprehensive and systematic 

investigation of three salient life history traits, growth, reproduction and survivorship, for 

different D. pulicaria genotypes under a food limitation environment. This objective was 

realized through analysis of growth, reproduction and survivorship responses within food 

limited conditions and identifying where genotypes differ in life history schedules. In 

addition, the methods allowed for the investigation of trade-offs among these three 

predominant life history traits. 
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Figure 2.1. Hypothetical reaction norms for two genotypes across an environmental gradient.  

a: Parallel reaction norms, no GxE interaction. b: Crossing reaction norms, GxE interaction. 
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Chapter 3 

Materials and Methods 

3.1  Experimental Methods  

The experimental approach consisted of raising individuals from four distinct genotypes of 

Daphnia pulicaria in isolation at various food concentration levels, which are representative of 

food limitation conditions. The experimental vials were kept in the dark for the duration of 

the experiment and food preparations were refreshed every two days. This protocol ensured 

high experimental control over the amount of carbon ingested by each individual in the 

experiment. Growth, reproduction and survivorship were measured and recorded every two 

days for each individual throughout their lifespan. Using R Statistical Software (Version 

2.9.2), these life history traits were statistically analyzed across treatment levels for each 

individual within each genotype and genotypic comparisons were made for each of the life 

history traits. Trade-offs between life history traits both within and among genotypes were 

also evaluated.  

3.1.1 Food Preparation 

The green algae Chlamydomonas reinhardtii (from the Canadian Phycological Culture Center 

(CPCC)) was the food source for the zooplankton throughout the duration of the 

experiment. C. reinhardtii previously has been found to be a high quality food source for 

Daphnia spp. (Porter et al., 1983). The algae was cultured in 1 L flasks containing 500 ml of 

autoclaved, modified COMBO (Appendix A), a freshwater culture medium for 

phytoplankton and zooplankton (Kilham et al., 1998). Algal cultures were grown at ~23°C, 

under constant light (95-105 µmol s-1 m-2/µA) for six days before use in experimental 
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treatments, which ensured constant cell densities and a constant algal cell age in batch 

transfer. The density was estimated by diluting an algal sample 1:10 with distilled water, 

followed by staining with Lugol’s solution (Montanges et al., 1994). The algal cells were 

counted by pipetting 1 ml of the stained algal solution into a Sedgewick cell and counting the 

algal cells in 18 squares using a compound microscope (AO Scientific) at 100x magnification. 

A minimum of two samples were counted on each transfer day, and the average densities of 

the counts were used to prepare the seven experimental food treatments. Adding aliquots of 

counted stock algae to autoclaved modified COMBO media produced the experimental food 

treatments. An estimate of 40pgC/cell was used to calculate the carbon concentrations based 

on measured cell diameters of the algal cultures (Rocha and Duncan, 1985). The daily 

treatment concentrations (in mg carbon) were: 0.025 mg/L, 0.021 mg/L, 0.017 mg/L, 0.013 

mg/L, 0.008 mg/L, 0.004 mg/L and 0.002 mg/L. 20 ml of the prepared treatments were 

pipetted into 35 ml acid-washed glass vials using an automatic pipettor. These treatment 

levels are representative of the natural food concentrations ingested by Daphnia spp. in 

freshwater lakes (McCauley and Murdoch, 1987; See Appendix B for example calculations).  

3.1.2 Origin and Maintenance of Genotypes 

This experiment used four genotypes of the zooplankton Daphnia pulicaria obtained from 

different lakes located in Ontario, Canada (Table 3.1). These genotypes were chosen based 

on their ability to culture in the laboratory and, despite not being a random set of genotypes, 

they originate from lakes that span a range of environmental settings, trophic levels and 

different chemical contents (Table 3.1). For example, Ramsey Lake has a higher copper 

content and lower pH than Long Lake or Lindsay Lake. Since these four genotypes do not 

compete in nature, the comparisons made between genotypes will be exclusively to illustrate 
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genotypic differences when raised under identical environmental conditions. Prior to the 

experiment, monoclonal populations of each genotype were maintained in 1 L glass jars in 

250 ml of standard COMBO at ~23°C, under constant light (95-105 µmol s-1 m-2/µA). The 

populations were created using a single individual from each genotype to ensure every 

individual in the stock population was genetically identical. The zooplankton were fed 5-10 

ml of C. reinhardtii every two days to ensure reproduction and population growth.  

3.1.3 Experimental Protocol 

To standardize environmental maternal effects (Lynch and Ennis, 1983; Barata and Baird, 

1998; LaMontange and McCauley, 2001) 20 individuals from each genotype stock population 

were selected and raised in isolation in 35 ml acid-washed glass vials containing 20 ml of 

treatment algae at the highest food treatment (0.025 mgC/L) for three generations. 

Offspring from each genotype, born within 24h from the third generation at this treatment, 

were then transferred into experimental food treatments. The number of individuals raised 

for each genotype at each treatment level is defined in Table 3.2. Batch cultures of 

individuals were maintained at the highest food level (0.025 mgC/L) and neonates that were 

at least 24h old were transferred into the respective treatment concentration vials. This 

protocol was necessary to maintain individuals genotypes and treatment replicates 

throughout the experiment, as there was little to no reproduction at the lower food levels. 

To assess the effects of the drop in food level from the maternal environment on life history 

responses of individuals, I conducted a set of controlled maternal effects experiments at the 

food levels for which reproduction occurred (Appendix C). Despite there being significant 

effects of maternal treatment for certain genotypes for some life history traits, the protocol 

used in the main experiment is necessary to obtain life history data for individuals grown at 
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low food concentrations because reproduction ceases at these extreme levels of food 

limitation. Further, keeping maternal effects within the experiment is representative of 

natural conditions; as offspring will experience different food environments relative to their 

mother due to the natural cycles found in phytoplankton abundance. This protocol is 

reflective of the life history responses to the declines in food concentration within these 

cycles.  

3.1.4 Life History Experiments 

The treatments consisted of raising individuals at seven experimental food levels (in mg 

carbon - 0.025 mg/L , 0.021 mg/L, 0.017 mg/L, 0.013 mg/L, 0.008 mg/L, 0.004 mg/L and 

0.002 mg/L) in a physical environment where the individual will consume all the algae 

between transfer days (Gurney et al., 1990). This allows for strict experimental control over 

the total food ingested and aids in the interpretation of an individual’s carbon output from 

the perspective of energy budgets. This experimental protocol is referred to as batch culture. 

Individuals were raised in isolation in 35 ml acid-washed glass vials containing 20 ml of the 

respective treatment algae. Every two days, life history traits were recorded and individuals 

were transferred to fresh preparations of treatment algae. Throughout the transferring 

procedure and between transfers, the glass vials were kept in the dark to prevent algal 

growth. This system of batch culture is more suitable for carbon output analysis compared 

to conventional flow-through systems (Lampert, 1976) as the exact amount of ingested 

carbon cannot be accurately determined in flow-through systems. To ensure that all the food 

was ingested, the remaining media after individual transfer was preserved with Lugol’s 

solution and subsequently counted to measure remaining algal density. There was ~99% 

food consumption for each genotype and at each treatment level. 
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On each transfer day, individuals were removed from the vial using a wide-mouthed pipette 

and placed on 100µm mesh. Life history traits and measurements were viewed and recorded 

using one of two stereoscopes (Leica MZ6/Leica M80). The length of the individual was 

measured from the base of the tail spine to the top of the head (Figure 3.1). This length was 

measured either by ocular length (Leica MZ6) or by digital imagery (Leica M80) through 

which the length was measured using digital imaging software (Leica Application Suite – 

Version 3.4.0). The two scopes were calibrated weekly to ensure accurate measurements. The 

number of eggs in the brood pouch and number of offspring released were also counted on 

each transfer day. The gender of the released offspring and any production of sexual resting 

eggs (ephippia) were recorded. All individuals were observed for the duration of their 

lifespan, in order to get an accurate measurement of survivorship. Individual death was 

recorded and dead individuals were replaced using neonates from the batch culture in the 

highest food to maintain replicates. The pipettes were changed and the mesh and 

microscope were cleaned with 70% ethanol solution between transfers of each genotype 

group.  
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3.2  Data Analysis 

3.2.1 Growth 

I used von Bertalanffy’s growth function (Equation 1) to model each individual’s growth 

trajectory through time. This function is a three-parameter model given by:  

        [1] 

The three parameters in the model are L!, k and to. L! represents the maximum attainable, 

or asymptotic, length of an individual, k a growth constant, and to is the age at which length 

(L) = 0. Focusing on L! and k allowed emphasis of two parameters that are directly related 

to life history dynamics. The von Bertalanffy function provides a method by which 

individuals can be compared throughout their lifespan, ensuring that all of the growth 

dynamics are incorporated into analysis, regardless of an individual’s longevity. This method 

retains a larger amount of growth data compared to selecting the length of an individual at a 

specific age, which excludes individuals that did not live to the specified age and additionally, 

omits the growth dynamics after that age. The nls function (base Package) was used to fit 

equation 1 to the raw growth data and, using least squares analysis, L! and k values were 

determined for each individual. Due to the exponential nature of the von Bertalanffy 

equation, a nonlinear model was chosen over a generalized linear model. As a first step, I 

allowed both L! and k values to be free fitting within the model. To assess for 

independence between L! and k parameters, I plotted the estimates against each other. This 

plot shows a strong correlation between the two parameters, suggesting that these 

parameters are not independent. This arises because in parameter estimation for short-lived 

individuals, there is a trade-off between L! and k, meaning that high values of L! lead to 

small values of k and vice versa. Moreover, there were convergence problems in the 

! 

L
t

= L"(1# exp
#k( t# t

o
)
)



 26 

parameter estimation, leading to approximately 70 individuals being removed from the 

analysis. Thus, I decided to only fit a single parameter in the von Bertalanffy growth model. 

The growth analysis was conducted on a model where both L! and k were fixed to their 

respective mean values, in order to ensure robustness in the data.  

 

The von Bertalanffy parameters were estimated for each individual in all genotypes and at 

each treatment level. A non-linear regression was applied to this growth data and a single 

parameter estimate for each individual at each treatment level was obtained. An ANOVA 

was performed on each of the parameter estimates to test for genetic and environmental 

differences. The fits of the parameter values and their means were compared using the glm 

function (base Package) and significant pairwise comparisons were determined using the 

TukeyHSD function (stats Package).  

3.2.2 Reproduction  

The reproductive life history traits were divided into three parts: length at first reproduction 

(LFR), the proportion of individuals that reproduced after reaching a size of 1.4mm and the 

daily egg rate of the individuals that reproduced after 1.4mm. The length at first 

reproduction (LFR) was collected for every individual in each genotype at each treatment 

level. An ANCOVA was performed in order to assess for genotype, treatment and 

interaction effects in the LFR values, the covariate being treatment level.  

 

Looking at the proportion of individuals reproducing after 1.4mm, and the daily egg rate of 

the individuals which successfully reproduced after 1.4mm, allowed for a more detailed 

analysis of where genotypes differ in their reproductive decisions and reproductive rates. I 
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first examined the proportion of individuals that reproduced after a length of 1.4mm 

compared to the individuals that did not reproduce, but survived to 1.4mm for all genotype 

and treatment levels. A minimum length of 1.4mm was chosen as it excludes those 

individuals that died as juveniles in the analysis. This approach provides information on how 

the genotypes differ in the reproductive choices after reaching a certain size. The numbers of 

individuals successfully versus unsuccessfully reproducing by a length of 1.4mm were 

compared using the glm function (base Package), assuming a binomial family. To determine 

genotypic differences, a log likelihood ratio test was performed on two models, one that 

included the interaction between treatment and genotype and one that excluded the 

interaction. This was conducted due to statistical complications from an ANOVA with a 

binomial distribution. Using the glht function (multcomp Package), one-factor level contrast 

statements allowed for a TukeyHSD comparison of the genotypes at each treatment level to 

determine significant differences.  

 

Subsequently, the slope of an individual’s cumulative eggs over their lifetime was compared 

to examine the differences in reproductive rate for each treatment and each genotype. This 

slope represents the individual’s mean daily egg production rate. The slopes were collected 

by fitting a linear model to an individual’s cumulative egg count past a minimum length of 

1.4mm. The slopes were calculated by using the lm function (base Package). These slopes 

were log transformed to assure values were normally distributed, and the mean slopes of 

each genotype at each treatment level were compared using the glm function (base Package). 

Significant pairwise comparisons were determined using the TukeyHSD function (base 
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Package). Slope data from the two lowest food treatments was not calculated, as there was 

little to no reproduction at these food levels.  

3.2.3 Survivorship 

Survivorship for each genotype was analyzed by collecting the age at death (AOD) for each 

individual at each treatment level, which was used to plot survivorship curves. Using the Surv 

function (survival Package), AOD data was transformed into a survival object and analyzed 

using Cox’s Proportional Hazard’s regression model (function: coxph (survival Package)) 

(Anderson and Gill, 1982). One-factor level contrast statements allowed for TukeyHSD 

comparisons of the genotypes at each treatment level to determine significant genotypic 

differences in survivorship. Further, the average mortality was calculated using the hazard 

function for each genotype at each treatment level from the coxph fit in order to better 

visualize the biological trends of food environment, however mortality rate was only 

calculated until 50% of the individuals remained in order to avoid capturing mortality due to 

senescence. This is demonstrated in Figure 3.2 as the sharp increase in mortality rate at later 

ages. 

3.2.4 Life history trade-offs within and among genotypes 

Trade-offs among the primary life history traits, growth, reproduction, and survivorship, 

were analyzed both within and among genotypes. The trade-off combinations analyzed were 

growth and survivorship, growth and reproduction, and reproduction and survivorship. 

Growth values were derived from L! values, reproduction was derived from daily egg rate 

values and survivorship was derived from the age at which an individual died. To ensure 

normality, all values were log-transformed and a Shapiro-Wilk test was conducted.  
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The within genotype analysis consisted of plotting the traits values for every individual 

within each genotype and treatment level. For the among genotype analysis, I plotted the 

median value of each trait, for each genotype separately, at every treatment level. The median 

value was selected over the mean because outliers heavily influenced and skewed the results.  

I analyzed the association between each trade-off separately at each of the treatment levels 

for both within and among genotypes analysis using a correlation test. The correlation 

estimates for each genotype were plotted at the different treatment levels. A positive 

correlation estimate suggests no trade-off between traits whereas a negative correlation 

estimate is indicative of a trade-off. The sign of the correlation estimate represented the 

direction of the trade-off and the identification of significant correlation estimates was 

determined using the cor.test function (stats Package). 

3.2.5 Carbon output to reproduction versus growth 

To further analyze the life history patterns of growth and reproduction across food 

treatments, I looked at the ratio of carbon observed in eggs versus the total carbon observed 

in weight and eggs. This analysis provides a more refined comparison of the trade-offs 

between growth and reproduction as it uses carbon currency for both growth and 

reproduction to obtain a percent proportion to either trait. This ratio also provides 

information on how genotypes differ in their growth and reproductive outputs. Further, it 

allows for the formation of hypotheses regarding genotype energy budgets, should this data 

be analyzed further under a dynamic energy budget (DEB) framework (Nisbet et al., 2004). 

These calculations required converting individual weight and cumulative eggs into carbon 

(mg) using equations from Nisbet et al. (2004). The parameter values are described in Table 

3.3: 
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         [3] 

         [4] 

         [5] 

After these carbon conversions, the amount of carbon observed in eggs versus the amount 

of total carbon was calculated. For discussion purposes, I called this ratio phi (!):  

! =
 Eggs (mgC)

Eggs (mgC) + Weight (mgC)        [6] 

The phi analysis was performed by collecting single phi values for each individual in all 

genotypes and for all treatments at a length of 1.8mm. This length ensures that individuals 

are well past reproductive maturity. This provides individuals with enough time to 

accumulate asexual egg production. Similar to the analysis conducted on reproducing 

individuals, the effects of genotype were determined by performing a log likelihood analysis 

on two GLM models, one including and one excluding the interaction effects of treatment 

and genotype. The glm function was used to compare the phi values for each genotype and 

one-factor level contrast statements allowed for TukeyHSD comparisons of the genotypes at 

each treatment level to determine significant genotypic differences in phi values. 

 

 

! 

W (mg) = "Lq

! 

E(mg) = "E(t)we

! 

we = (1+ ")#Lb
q



 31 

Table 3.1. Geography, bathymetry and chemical details of the lakes and the respective clone line names used throughout the experiment. 

Lake 
Clone 

Line 
Location 

Surface 

Area  

(km2) 

Maximum 

Depth  

(m) 

Total P 

(µg/L) 

Total N 

(µg/L) 

DOC 

(mgC/L) 
pH 

Trophic 

Status* 

Lindsay 2C 44°32’ N 76°23’ Wa 0.1250a 13.7a 8.0b 490.0b 5.20b 8.21b Oligo 

Long 4B 44°55’ N 76°40’ Wb 0.155b 26.0b 4.1c N/A N/A N/A Oligo 

Glen GLEN 45°08’ N 78°30’ Wd 0.1630d 15.0d 10.3d 456.5d 3.6d 7.35d Oligo 

Ramsey RAM 46°28’ N 80°56’ Wd 7.9520d 20.5d 11.5d 303.0d 3.9d 7.30d Meso 

a Provided by Nelson Laboratory, Queen’s University, Kingston, ON 
b From Reavie and Smol, 2001. 
c From Reavie et al., 2006. 
d Provided by Dorset Environmental Science Center (DESC), Dorset, ON 
*Oligo = Oligotrophic (0-11 µgP/L); Meso = Mesotrophic (12-24 µgP/L) 
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Table 3.2. Number of individual D. pul i car ia  used in experiment for each clone at each treatment 

level. 

Clone 0.025 0.021 0.017 0.013 0.008 0.004 0.002 

2C 71 47 66 66 75 62 99 

4B 86 71 66 81 73 72 85 

GLEN 89 61 57 48 74 38 60 

RAM 89 91 55 73 73 53 66 
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Figure 3.1. Diagram of body length measurement of Daphnia pu l i car ia . 

Measurement of 

total body length 
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Figure 3.2. An example plot demonstrating the sharp increase in mortality date due to senescence for 
treatment levels 0.025 mgC/L (black line) and 0.002 mgC/L (blue line).   
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Table 3.3. Parameter values for carbon conversion calculations (From Nisbet et al., 2004) 

Parameter Description Value 

!  Parameter in length:carbon relationship 2.62 • 10-3 

q Parameter in length:carbon relationship 2.4 

"  Cost of egg production 0.5 

Lb Length at birth 0.69 
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Chapter 4 

Results 

4.1  Growth  

The von Bertalanffy equation (Eq.1) was fit to the growth data for each replicate individual, 

in each genotype at each treatment level in order to analyze growth dynamics. This provided 

parameter estimates for asymptotic growth (L!), and maximum growth rate (k), for each 

individual. Figure 4.1 illustrates two individual growth curves estimated from growth data, 

each having different parameter estimates. The estimates of L! and k for all individuals 

show a pronounced correlation where high values of k correlated with low values of L! 

(Figure 4.2), due to the model being statistically ill-posed for the given data set. Potentially, 

the model cannot distinguish between high k values and low L! values or vice versa, as 

these two difference values could have similar log likelihood. Moreover, when allowing L! 

and k to be free-fitting, I encountered problems for individuals with short time series growth 

data that could not be fit to the model, thus I chose to fit L! and k separately due to the 

non-independence of the two parameters.  

 

Figure 4.3 shows the results of the mean parameter estimates of both L! and k for each 

genotype at each treatment level. As expected, increased food concentration caused an 

increase in growth performance. This result is shown in both the mean L! and k values, as 

both parameters change as treatment level changes (L!: Figure 4.3a, ANOVA, p<0.05, 

F=336.34[6,1222]; k: Figure 4.3b, ANOVA, p<0.05, F=269.61[6,1222]). Further, genotypic 
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differences were found in both L! and k (L!: Figure 4.3a, ANOVA, p<0.05, F= 22.30[3,1222]; 

k: Figure 4.3b, ANOVA, p<0.05, F= 49.09[3,1222]). These differences predominantly occur at 

intermediate food levels and between certain genotypes, resulting in a significant interaction 

(L!: Figure 4.3a, ANOVA, p<0.05, F= 2.22[18,1222]; k: Figure 4.3b, ANOVA, p<0.05,         

F= 3.08[18,1222]) Notably, at the intermediate food levels, clone line RAM has lower L! values 

from clone line 2C and lower k values from all clone lines (Tukey HSD, see Table 4.1). 

There were no genotypic differences for both L! and k at the lowest food levels and no 

genotypic differences for L! values at the highest food level.  

 

4.2  Reproduction 

As the food concentration increased, there was a decrease in the mean length at first 

reproduction (LFR) for all the genotypes (Figure 4.4, ANCOVA, p<0.05, F=10.255[1,633]). 

Further, LFR differed significantly among genotypes (ANCOVA, p<0.05, F=54.288[3,633]), 

however the interaction was not significant (ANCOVA, p>0.05, F=0.895[3,633]). Genotypic 

differences were found in the proportion of individuals successfully reproducing after a size 

of at least 1.4mm. Similar to the trends found in growth patterns, there was a significant 

interaction between genotypes and treatment levels (Log likelihood ratio test of the genotype 

X treatment interaction, p<0.05, ChiSq=24.99, df=12). Genotypes GLEN and RAM had a 

significantly higher proportion of individuals successfully reproducing at 0.013 mgC/L 

compared to the other clone lines and GLEN had the highest proportion of individuals 

reproducing at 0.008 mg C/L compared to the other clone lines (Figure 4.5; Table 4.2). The 
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two lowest food levels were not included in any reproductive analysis as there were no 

individuals reproducing at or after size 1.4mm in these treatments.  

The daily egg rate was calculated for individuals that successfully reproduced at any point in 

their lifetime after size 1.4mm. There were no significant genotypic differences in the daily 

egg production rate (Figure 4.6, ANOVA, p>0.05, F=2.0560[3,561]). The egg rate increased as 

treatment level increased (Figure 4.6, ANOVA, p<0.05,F=64.8160[4,561]) and these changes 

were significant at all food levels except between 0.008 mgC/L and          0.013 mgC/L 

(Tukey HSD, see Table 4.3).  

 

4.3  Survivorship 

The effects of food level on survivorship can be seen in Figure 4.7. There are genotypic 

differences in survivorship among most treatment levels, predominantly in the intermediate 

food concentrations (Table 4.4). At food levels 0.017 and 0.013 mgC/L, genotype RAM 

shows differences in survivorship between genotypes GLEN and 2C and genotype 4B 

respectively. There is also a difference between RAM and 2C at the lowest food level (0.002 

mgC/L). At 0.008 mgC/L, clone line GLEN has significantly different survivorship 

compared to all other genotypes. To visualize biological effects of food treatment on 

survivorship, Figure 4.8 shows the decrease the mean mortality rates that were calculated 

before 50% of the individuals died in order to limit capturing mortality due to senescence.  
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4.4  Life History trade-offs within and among genotypes 

Figure 4.9 shows the mean correlation estimates within a genotype and the among genotype 

correlation estimates for the life history trade-offs examined: growth/reproduction, 

growth/survivorship, and reproduction/survivorship. The raw data for both among and 

within genotypes, from which the correlation estimates were determined, is found in 

Appendix D. The majority of the within genotype correlation estimates for the 

growth/survivorship were positive (Figure 4.9a) and any negative correlations were not 

statistically significant. However, the mean correlation coefficients show a trend across 

treatment levels. To study the linear trend in correlation coefficients, and how it may differ 

among genotypes, I performed an ANCOVA with mean correlation coefficient as the 

dependent variable, treatment level as the independent variable, and genotype as a 

categorical factor. There was a positive relationship between growth and survivorship and 

this trend significantly increased as food level increased (ANCOVA, p<0.05, F=8.793[1,20]). 

There were no significant genotype (ANCOVA, p>0.05, F=1.556[3,20]) or interaction effects 

(ANCOVA, p>0.05, F=1.040[3,20]). None of the correlation estimates among genotypes were 

statistically significant and these estimates did not change significantly across treatments 

(Figure 4.9a, ANCOVA, p>0.05, F=0.030[1,5]).  

 

Similar results were found for the growth/reproduction trade-off within a genotype. Most of 

the correlation estimates were positive, however almost all correlations were statistically 

insignificant (Figure 4.9b) Further, these correlations did not change significantly across 

treatment levels (ANCOVA, p>0.05, F=0.793[1,12]) and there were no significant genotype 

(ANCOVA, p>0.05, F=2.521[3,12]) or interaction effects (ANCOVA, p>0.05, F=0.076[3,12]). 
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Most of the correlations among genotypes were positive and statistically insignificant. There 

was also no significant change across treatment levels (ANCOVA, p>0.05, F=2.768 [1,3]). 

 

The results for the survivorship/reproduction trade-off exhibited negative correlation 

estimates in the low treatments and positive correlation estimates in the higher treatments. 

This pattern was the same for both the within and among genotype estimates (Figure 4.9c). 

Most of the within genotype and all of the among genotype correlation estimates were 

insignificant however, there was a significant effect of treatment on the correlation estimates 

within genotypes (ANCOVA, p<0.05, F=11.557[1,12]) but no significant genotype 

(ANCOVA, p>0.05, F=0.843[3,12]) or interaction effects (ANCOVA, p>0.05, F=0.415[3,12]). 

There was also no statistically significant effect of treatment among genotypes (ANCOVA, 

p>0.05, F=8.405[1,3]). This indicates that there is a trade-off between growth and 

survivorship at the low food but not at the high food treatment levels within a genotype. 

 

4.5  Carbon output to reproduction versus growth 

The proportion of carbon to reproduction (phi) for each genotype across treatment levels is 

shown in Figure 4.10. The only significant genotypic difference was found at the highest 

food level (0.025 mgC/L) where clone line GLEN had a lower carbon output to 

reproduction compared to the other three genotypes (Table 4.5). In all other treatment 

levels, there were no significant genotypic differences in the carbon output observed to 

reproduction (Log likelihood ratio test of the genotype/treatment interaction, p>0.05, 

ChiSq=0.07, df=3). Clone line 4B was not included in the phi analysis at 0.008 mgC/L as 

there were no individuals that reproduced by a size of 1.8mm. 
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Figure 4.1. Graph showing raw growth data (circles) and the fit of the von Bertalanffy growth function 

(Equation 1) for two example individuals from the experiment (lines). The red individual has 

parameter estimates L!  = 2.41, k = 0.11 and the blue individual has parameter estimates L!  = 2.15, k 

= 0.13. 
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Figure 4.2. Relationship between individual estimates of L!  and k at food level 0.025 mgC L-1. The 

relationship holds for all treatment levels and all genotypes.  
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Figure 4.3. Mean parameter estimates for all genotypes at all treatment levels (circles). The vertical 
bars represent 95% confidence intervals. The letters above the lines represent when genotypes are 
significantly different from each other determined by Tukey's Honest Significant Difference method 
(p< 0.05). a. L! parameter estimates with k fixed. b. k parameter estimates with L! fixed. 
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Table 4.1a. Summary of TukeyHSD for genotype comparisons of L!  

parameter estimates at each treatment level. Significant differences 

emphasized with an asterisk (*). 

Table 4.1b. Summary of TukeyHSD for genotype comparisons of k 

parameter estimates at each treatment level. Significant differences 

emphasized with an asterisk (*). 

 

Treatment  2C 4B GLEN RAM 

0.025 2C  1.0000000 0.9988549 0.9968772 

 4B   0.9999996 0.9999971 

 GLEN    1.0000000 

 RAM     

0.021 2C  0.9998148 0.9999978 0.0134084* 

 4B   1.0000000 0.7213649 

 GLEN    0.5913438 

 RAM     

0.017 2C  0.9997612 0.9970201 0.0288869* 

 4B   1.0000000 0.9577836 

 GLEN    0.9623410 

 RAM     

0.013 2C  1.0000000 1.0000000 0.0198225* 

 4B   0.9999999 0.0276937* 

 GLEN    0.0027093* 

 RAM     

0.008 2C  0.1877840 1.0000000 0.8474988 

 4B   0.8018920 0.0000352* 

 GLEN    0.5377017 

 RAM     

0.004 2C  1.0000000 0.9989907 1.0000000 

 4B   0.9999999 0.9999892 

 GLEN    0.9710853 

 RAM     

0.002 2C  0.8253856 1.0000000 1.0000000 

 4B   0.9774403 0.6336968 

 GLEN    1.0000000 

 RAM     
 

Treatment  2C 4B GLEN RAM 

0.025 2C  1.0000000 0.9481246 0.0006075* 

 4B   0.9992606 0.0082036* 

 GLEN    0.5803324 

 RAM     

0.021 2C  0.9587839 0.9927245 0.0000000* 

 4B   1.0000000 0.0001580* 

 GLEN    0.0001437* 

 RAM     

0.017 2C  0.9495457 0.9999575 0.0000000* 

 4B   1.0000000 0.0304811* 

 GLEN    0.0002502* 

 RAM     

0.013 2C  1.0000000 1.0000000 0.0001298* 

 4B   1.0000000 0.0000402* 

 GLEN    0.0004289* 

 RAM     

0.008 2C  0.8918298 0.9999988 0.6356302 

 4B   0.9999998 0.0010722* 

 GLEN    0.0976878 

 RAM     

0.004 2C  1.0000000 1.0000000 1.0000000 

 4B   1.0000000 1.0000000 

 GLEN    0.9999999 

 RAM     

0.002 2C  1.0000000 1.0000000 1.0000000 

 4B   1.0000000 1.0000000 

 GLEN    1.0000000 

 RAM     
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Figure 4.4. Mean length at first reproduction (LFR) for all genotypes at all treatment levels (circles). 
The vertical bars represent 95% confidence intervals. The letters above the lines represent main 
genotypic effects and statistically significantly differences determined by Tukey's Honest Significant 
Difference method (p< 0.05). Treatment x genotypes interaction effects were insignificant.   
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Figure 4.5. Proportion of individuals reproducing after 1.4mm (circles). There was no reproduction 

at the two lowest food treatments. Vertical bars represent 95% confidence intervals. The letters 

above the lines demonstrate significant genotypic differences (TukeyHSD, p< 0.05). 
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Table 4.2. Summary of TukeyHSD for genotype comparisons of proportion reproducing by 1.4mm for 

each treatment level. Significant differences emphasized with an asterisk (*). The lowest treatments 

were not analyzed, as there was no reproduction at these levels. 

 

Treatmenta  2C 4B GLEN RAM 

0.025 2C  0.995 0.766 0.990 

 4B   0.899 1.000 

 GLEN    0.898 

 RAM     

0.021 2C  1.000 0.929 0.460 

 4B   0.907 0.430 

 GLEN    0.805 

 RAM     

0.017 2C  0.706 0.573 0.613 

 4B   0.998 1.000 

 GLEN    0.999 

 RAM     

0.013 2C  0.82583 0.00208* 0.00271* 

 4B   0.01684* 0.03002* 

 GLEN    0.93855 

 RAM     

0.008 2C  0.50199 0.00365* 0.90705 

 4B     < 0.001* 0.21332 

 GLEN    0.03324* 

 RAM     

amgC l-1 
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Figure 4.6. Mean daily egg rate for all genotypes at all treatment levels from a minimum length of 
1.4mm. The vertical bars represent confidence intervals. The letters above the lines represent main 
genotypic effects determined by Tukey's Honest Significant Difference method (p< 0.05). Treatment 
x genotypes interaction effects were insignificant.   
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Table 4.3. P-values for treatment only comparisons in log egg-slope analysis. Significant differences 

are highlighted with an asterisk (*) (Tukey HSD p<0.05).  

Treatmenta 0.025 0.021 0.017 0.013 0.008 

0.025  0.0428393* 0.0000000* 0.0000000* 0.0000000* 

0.021   0.0000000* 0.0000000* 0.0000000* 

0.017    0.0005021* 0.0009277* 

0.013     0.9589979 

0.008      
 

a mg C l-1 
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Figure 4.7a. Survivorship curves for food treatment concentrations 0.025, 0.021, 0.017 and 0.013 
(mgC/L). The different lines for each treatment level represent survivorship curves for each genotype. 
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Figure 4.7b. Survivorship curves for food treatment concentrations 0.008, 0.004 and 0.002 (mgC/L). 
The different lines for each treatment level represent survivorship curves for each genotype. 
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Table 4.4. Summary of TukeyHSD for genotype comparisons of survivorship for each treatment level. 

Significant differences emphasized with an asterisk (*). 

 

Treatmenta  2C 4B GLEN RAM 

0.025 2C  0.9962 0.8012 0.3603 

 4B   0.7004 0.5299 

 GLEN    0.0557 

 RAM     

0.021 2C  0.592 0.884 0.994 

 4B   0.968 0.434 

 GLEN    0.763 

 RAM     

0.017 2C  0.95406 0.83968 0.03896* 

 4B   0.60437 0.18277 

 GLEN    0.00582* 

 RAM     

0.013 2C  0.9746 0.9148 0.0571 

 4B   0.7347 0.0202* 

 GLEN    0.3277 

 RAM     

0.008 2C  0.9961 0.0162* 0.1077 

 4B   0.0122* 0.2147 

 GLEN    <0.001* 

 RAM     

0.004 2C  0.881 1.000 0.637 

 4B   0.934 0.967 

 GLEN    0.777 

 RAM     

0.002 2C  0.25035 0.89724 0.00781* 

 4B   0.82578 0.43791 

 GLEN    0.16140 

 RAM     

amgC l-1 
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Figure 4.8. Mortality rates for all genotypes in all treatment levels. The morality rates were calculated 

using the hazard function from the Cox’s Proportional Hazard output. These rates were taken until 

50% of the individual in each treatment level has survived in order to remove the mortality caused by 

senescence.  
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Figure 4.9. Correlation estimates on the median values between life history traits for both among 
(triangles) and within (circles) genotypes. Significant correlation estimates are represented with filled 
points (p<0.05). a. Growth/Survivorship b. Growth/Reproduction and c. Survivorship/Reproduction 
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Figure 4.10. Mean phi values at a size of 1.8mm for all genotypes at each treatment level. The vertical 

bars represent 95% confidence intervals. The letters above the lines represent significant genotypic 

differences (Tukey HSD, p<0.05). Clone line 4B was not analyzed at food level 0.008 mg C l-1 as there 

were no individuals reproducing in this genotype at 1.8mm.  
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Table 4.5. Summary of TukeyHSD for genotype comparisons of phi (!) values for each treatment 

level. Significant differences emphasized with an asterisk (*). The lowest treatments and 4B at 0.008 

mgC l-1 could not be analyzed, as there was no reproduction at these levels. 

 

Treatmenta  2C 4B GLEN RAM 

0.025 2C  0.98115  .00576* 0.35146 

 4B   0.04813* 0.26504 

 GLEN    < 0.001* 

 RAM     

0.021 2C  0.9998 0.9861 0.1022 

 4B   0.9942 0.1203 

 GLEN    0.0633 

 RAM     

0.017 2C  0.988 0.831 0.152 

 4B   0.731 0.184 

 GLEN    0.596 

 RAM     

0.013 2C  0.933 0.929 0.932 

 4B   1.000 0.510 

 GLEN    0.334 

 RAM     

0.008 2C  -- 0.808 0.178 

 4B   -- -- 

 GLEN    0.157 

 RAM     
amgC l-1 

 

 

 

 

 

 

 

 

 

 

 



 57 

Chapter 5 

Discussion 

5.1  Synthetic Approach to Studying Life History 

Prior life history studies in Daphnia spp. have parsed life history traits into discrete and 

elaborate categories, with a large focus on instar and clutch-specific traits (Korpelainen, 

1986; Threlkeld, 1987; Glazier, 1992; Vanni and Lampert, 1992; Weider, 1993; Boersma and 

Vijverberg, 1994). Although this provides a detailed description of an individual’s life history 

schedule, the complexity of this type of analysis limits the ability for genotypic comparisons 

in order to gain insight into physiological and ecological processes. The synthetic approach 

used in this study provides succinct distillation of life history schedules into the three 

principal components of fitness: growth, reproduction and survivorship.  

 

The most sagacious statistical method used in this study is the von Bertalanffy analysis of 

growth parameters. Most growth analyses exclude individuals that do not live until a 

predetermined age limit. For example, Nisbet et al. (2004) restricted their analysis to those 

individuals that only lived to 50 or more days. However, considerable variation is seen in 

growth and survivorship within genotypes, with some individuals living much longer and 

growing bigger than others. It is pertinent to include this variability in life history analysis in 

order to achieve an accurate representation of performance for all individuals within a 

genotype. The von Bertalanffy growth equation provides a method in which all individuals 

can be included in statistical analysis, regardless of lifespan (LaMontange and McCauley, 

2001; Rinke and Vijverberg, 2005). The estimation of L!, which includes the growth 
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dynamics for every individual, allows for a more simplistic and inclusive analysis of 

individual growth performance compared to multiple parameters, such as size at 2nd clutch, 

or size at death.  

 

Accompanying growth analysis, reproduction was quantified as an individual’s daily egg rate. 

Previously, reproduction has been measured through brood size (Lynch, 1983; Weider, 1987; 

Bradley et al., 1991; Gliwicz and Guisande, 1992; Burns, 2000; Rose et al., 2000;) or the 

number of eggs produced by specific instars or clutches (Glazier and Calow, 1992; Gliwicz 

and Boavida, 1993; Boersma or Vijverberg, 1994; Epp, 1998). Despite accurately quantifying 

reproductive output, these methods complicate direct links to fitness measurements. As 

specified by the Euler-Lotka equation: 

        [7] 

r is the per capita rate of increase for the population (day-1), lx is the probability of survival to 

age x and mx is the number of offspring born at age x. A daily reproductive rate is needed to 

accurately calculate r. Using reproductive measurements such as brood size or clutch size by 

a specific instar results in assumptions of how many eggs are being produced per day. By 

directly measuring the daily eggs rate, it eliminates the need for any assumptions about 

reproductive output. 

 

Additionally, very few studies looking at genotype comparisons in Daphnia spp. accurately 

measure cohort survivorship as an independent trait for each individual within an 

experiment (Epp, 1998; Rellstab and Spaak, 2009; Pietrzak et al., 2010). Survivorship analysis 
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is usually embedded through using the Euler-Lotka equation as lx (Eq.7) (Brookfield, 1984; 

Vanni, 1987; Tessier and Consolatti, 1991; Repka, 1996, 1997, 1998; Antunes et al., 2003; 

Pereira and Goncalves, 2008; Weider, 2008). This prevents the separation of survivorship 

from reproduction and subsequent analysis as an independent element of fitness. Further, 

full cohort survivorship cannot be accurately quantified in truncated experiments that are 

stopped without capturing the full lifespan of experimental individuals (Arnold, 1971; Perrin 

et al., 1992; Vanni and Lampert, 1992; Boersma and Vijverberg, 1994; Hietala et al., 1995; 

Urabe and Sterner, 2001).  This study conducted full cohort survivorship for the complete 

life span of an individual, in each genotype across all treatment levels. Survivorship was then 

analyzed independently, which allowed for direct genotypic comparisons.  

 

Using the intrinsic rate of increase as a life history trait provides information on population 

dynamics. However, limitations arise, as it does not allow for comparisons to be made 

between fecundity and survivorship since they are confounded within the Euler-Lotka 

equation (Eq. 7). Using the analysis presented here resolves this concern. The separation of 

these three fitness traits into distinct units allows for an independent investigation of the 

genotypic differences within these traits at varying food conditions. Further, it permits 

examinations of trade-offs among these three major components of fitness. 

 

5.2  Responses to Natural Food Ingestion  

Many of the previous life history experiments in Daphnia spp. use levels of food resources, 

which provide high levels of food available for ingestion (e.g. Glazier and Calow, 1992; 

Boersma and Vijverberg, 1995; Urabe and Sterner, 2001; Rinke and Vijverberg, 2005). These 
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concentrations do not represent natural conditions found in freshwater systems and can 

generate uncharacteristically high rates of reproduction and survivorship (McCauley et al., 

1990a). Even in experiments looking at food limitation, the resource levels expand into 

higher ranges of food concentration (Taylor, 1985; Lynch, 1989; McCauley et al., 1990a). 

The food concentrations used in my study are characteristic of the availability of ingestible 

food in freshwater systems caused by the natural cycles in phytoplankton abundance (See 

Appendix B; McCauley and Murdoch, 1987). This provides an accurate interpretation of 

how individuals respond to a range of food limitation conditions expected in nature and how 

these responses change among genotypes.  

 

Overall, the D. pulicaria genotypes in this study show a decreased performance in all of the 

measured life history traits as food concentration decreased. At the lower levels, 

reproduction ceased entirely. There was a decrease in growth parameters as estimated from 

the von Bertalanffy growth equation. This decrease is consistent with previous studies 

looking comparatively at the growth between high and low food concentrations (Lynch, 

1989; McCauley et al., 1990a; Glazier and Calow 1992; Antunes et al., 2003; Rinke and 

Vijverberg, 2005). The reproductive traits measured were also influenced by a decrease in 

food concentration. Length at first reproduction (LFR) increased significantly as food 

concentration decreased. These results are also consistent with previous life history studies 

looking at the responses of length at first reproduction to different food levels (Lynch, 1983; 

Pace at al, 1984; Vanni, 1987; Ebert, 1991; Repka, 1997). Similar to the responses in growth 

rate, there was a significant reduction in reproductive rate. The differences in survivorship 
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yielded similar results to the above life history traits, with longevity decreasing as food 

concentration decreased.  

 

The proportion of individuals reproducing within the environment is an alternative method 

to analyzing reproductive output within a genotype. The predominate assumption is that if 

individuals are provided with enough resources, then all individuals in a population should 

reproduce once they reach maturation size (Hülsmann, 2001). However, the results 

presented here demonstrate that not all individuals within a genotype reproduce despite 

being past the common size and age of maturity and being provided with enough resources 

under identical conditions. As the experimental design used in this study controlled for the 

food ingested through batch transfers, it eliminates the possibly of larger individuals being 

able to obtain more food (mass-specific scope for growth (SFG) – Baillieul et al., 2005). 

Energy budgets can possibly provide insight into this result, as genotypes may show 

individual variation in metabolic costs, or maintenance rates.  

 

A hypothetical example helps clarify this reasoning. Suppose there are two genetically 

identical individuals, A and B, each being raised in identical environments. Individual A 

exhibits a high reproductive rate whereas Individual B does not reproduce at all. Potentially, 

these differences could be occurring due to individual differences in maintenance rate, i.e. 

the amount of energy required for metabolic costs. These costs are paid prior to energy 

allocation towards growth or reproduction. If Individual A reproduces more than Individual 

B, perhaps this occurs because Individual A has a lower energy requirement for metabolic 

processes. Or potentially, Individual B has an extremely high maintenance rate, meaning it 
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would have no remaining energy to allocate towards reproduction.  Thus, some individuals, 

despite being genetically identical, may have more energy to invest into reproduction because 

they have a lower maintenance rate for other metabolic processes. 

 

5.3  Genotypic Differences in Life History Traits 

Although the results for life history responses are expected (Lynch, 1989; McCauley et al., 

1990a; Glazier and Calow, 1992; Boersma and Vijverberg, 1995), the comparisons among 

genotypes provides a more comprehensive view of where selection pressures would be the 

strongest within natural phytoplankton cycles.  

 

There was a significant interaction between genotype and food treatment, indicating that that 

effect of treatment on the growth parameters depends on genotype. This result is 

concordant with previous research, which identifies genotypic differences in body size 

(Lynch, 1983; Weider, 1987; Ebert and Jacobs, 1991; Antunes et al., 2003). However, in my 

data set, the genotypic differences only manifested within the intermediate food 

concentrations and there were no genotypic differences at both the highest and lowest food 

levels. This trend of genotypes having similar performance at certain food regimes has been 

previously demonstrated (Glazier, 1992; Glazier and Calow, 1992; Barata and Baird, 1998), 

however comparisons are difficult as the food levels used in these previous experiments are 

an order of magnitude greater than the highest concentration in this experiment. 

 

Similarly, there were significant genotypic differences in LFR and the proportion of 

individuals reproducing across environments. This is concordant with other studies, which 
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have also found significant genotypic differences in LFR at varying food levels (Lynch, 1983; 

Pace at al, 1984; Vanni, 1987; Ebert, 1991; Repka, 1997). Significant genotypic differences 

were also found in the proportion of individuals reproducing and similar to the results found 

for growth, genotypes only differed at the intermediate food levels. Interestingly, there were 

no significant genotype or interaction effects on the daily reproductive rate. Both these 

reproductive results suggests that any fitness differences and selective advantages among 

genotypes occur through an increase in the number of individuals of each genotype 

reproducing within a population, not in the amount of offspring each genotype produces.  

 

An interesting trend manifested when looking at genotype comparisons across food levels; 

genotypic differences were only found at intermediate food levels. While the reasons for this 

trend remain unexplored, the consequences of this could lead to selection pressures being 

the strongest during the intermediate levels of phytoplankton abundance. Within a natural 

cycle of phytoplankton abundance, this corresponds to the periods during increasing and 

decreasing phytoplankton concentrations. Similarly, we can assume that there would be very 

little selection pressure at the maximum and minimum abundance of phytoplankton, as 

genotype performances are comparable. 

 

5.4  Trade-offs Within and Among Genotypes 

There is a substantial amount of individual variation seen within a genotype compared to the 

variation among genotypes (See Appendix D). The batch transfer protocol prevented mass-

specific scope for growth and experimental conditions were rigorously controlled ensuring 

all individuals were subjected to identical conditions. Most importantly,  the individuals 
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within a genotype are genetically identical. Thus, the variation seen among individuals is 

unexpected. Some hypotheses for this variation could either be due to variation in 

ontogenetic performance or stochastic differences. However, since the potential for genetic 

and environmental variation has been removed, any correlations seen between fitness 

components must be governed by physiological constraints. As such, we can apply this 

individual variation towards an understanding of physiological based trade-offs within a 

genotype.  

  

This study is the first to assess correlations between growth and survivorship in zooplankton 

in order to identify trade-offs. The analysis on the growth/survivorship trade-off 

demonstrated predominantly significantly positive correlations within a genotype. This 

indicates that, within a genotype, individuals that grow larger also live longer and this trend is 

consistent across treatment levels. Allocation-based trade-offs between growth and 

survivorship have never been extensively examined within Daphnia spp. genotypes. This 

contribution provides a better understanding of energy allocation mechanisms attributed to 

physiological mechanisms controlling growth and survivorship performance, perhaps being 

attributed to differences in individual maintenance rates as described earlier. 

 

There were also positive correlation estimates between growth and reproduction, indicating 

positive associations between high growth and high reproductive output. This positive 

correlation is substantiated from results found in other species of Daphnia. Spitze et al. 

(1991) found individuals of D. pulex that grew faster also had higher fecundity throughout 

their lifespan. Similarly, Hülsmann (2001) and Urabe and Sterner (2001) also found positive 
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associations between growth and reproductive traits in D. galeata and D.obtusa respectively, 

finding that individuals with small body size produced low clutch sizes, however these 

individuals might have been from within the same genotype.  

 

In order to achieve a finer resolution of the trade-offs between growth and reproduction, I 

conducted an analysis examining the amount of carbon proportioned to reproduction (phi). 

Primarily, there were no statistical differences in genotypes across the range of food levels in 

the proportion of carbon proportioned to reproduction, demonstrating that reproductive 

individuals in each of the genotypes proportion similar amounts of energy towards 

reproduction, regardless of food condition. This result, in conjunction with the reproductive 

life history analysis, indicates that genotypes only differ in the amount of reproductive 

individuals in the environment and not through how many eggs or how much energy they 

proportion to reproduction. Additionally, this analysis converts growth and reproduction to 

units of carbon. By converting these traits to similar units of currency, this assists in 

providing a more refined description of trade-offs between growth and reproduction 

through allocation mechanisms and energy budgets.  

 

The only set of traits that demonstrated a negative trade-off was the correlation between 

reproduction and survivorship. This trade-off also changed significantly across food levels, 

as demonstrated from the significant ANCOVA. This reveals a potential trade-off between 

reproductive output and individual longevity during periods of food limitation, however this 

trade-off weakens as food conditions improve. Although negative relationships between 

survivorship and reproduction have been previously identified (rotifers: Snell and King, 
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1977), this is the first study to identify the changing trend of a reproduction/survivorship 

trade-off across food treatments in zooplankton.  

 

Previous work on allocation-based trade-offs in zooplankton has primarily focused on the 

trade-off between offspring size and number (Glazier, 1992; Gliwicz and Guisande, 1992; 

Ebert, 1993). This is the first zooplankton study to look at trade-offs among the three 

primary life history traits associated with fitness, growth, reproduction and survivorship, and 

how these trade-offs vary with food quantity. The life-history correlations presented here 

add to the understanding of allocation-level trade-offs and can be applied towards 

understanding energy budgets within a natural system. 

 

It is recognized that these four genotypes do not co-exist in nature and co-evolutionary 

adaptations cannot be inferred. Further, the statistical power of this analysis is low due to the 

inclusion of trait values for only four genotypes. The main purpose of my study was to 

identify where we might expect genotypic differences under food-limited conditions and by 

no means can any claims be made about evolutionary strategies among these four arbitrary 

genotypes. However, despite this limitation, there is indication from the data within 

individuals that the presence of trade-offs among genotypes could potentially be attributed 

to the same physiological and allocation processes occurring at the individual level. 

 

Among genotypes, similar correlations were found as within a genotype. There were only 

positive correlations found growth and survivorship and growth and reproduction at most 

food levels. Additionally, the only negative correlations were between survivorship and 
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reproduction at the lower food levels, however the correlations were positive as food 

increased. These results are remarkably similar to the patterns seen within a genotype. 

Although highly speculative, it is possible that the trade-offs among genotypes are occurring 

through similar allocation mechanisms that occur within a genotype and not through co-

evolutionary strategies.  
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Chapter 6 

Summary and Conclusions 

This study is the first to examine the life-history responses for multiple Daphnia pulicaria 

genotypes when subjected to natural levels of food limitation. Overall, there was a negative 

effect of decreasing food concentrations on all of the life history traits examined. Further, 

significant genotype-by-environment (GxE) interactions were identified in growth 

trajectories, the length at first reproduction (LFR), number of individuals reproducing in a 

population and survivorship dynamics. However, the genotypes did not differ in their daily 

reproductive rate. Additionally, most of the genotypic dissimilarities occurred within the 

intermediate treatment levels. Although the reasons for this remain speculative, it suggests 

that selection would be the strongest during these intermediate levels within a natural 

phytoplankton cycle. The results from my study provide a synthetic, systematic and 

thorough analysis of life history responses to natural levels of food limitation for four D. 

pulicaria genotypes. 

 

The statistical methods used in this study synthesized an individual’s full life-history schedule 

into three concise fitness-related traits: growth, reproduction and survivorship. Using the 

von Bertalanffy growth equation, I was able to define the growth trajectory for every 

individual in my experiment using one parameter. This allowed me to thoroughly analyze the 

growth performance for each genotype, without removing any individuals from the analysis. 

This provides a more accurate representation of the growth dynamics occurring within a 

natural system. This independent growth analysis, along with the separation of reproductive 
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traits and survivorship into independent elements, permits analysis of life-history trade-offs 

both within and among genotypes.  

 

Additionally, there was considerable variation in the life-history traits within a genotype. As 

the experiments were highly controlled, variation that could be attributed to experiment 

design was reduced, such as inhibiting algal growth, controlling the amount of ingested food 

through using batch culture transfer and removing scope for growth effects. As such, 

investigation of trade-offs within genotype provides information about allocation-level trade-

offs due exclusively to physiological processes. For every genotype, there were positive 

correlations between growth and survivorship and growth and reproduction across all food 

levels. These positive associations indicate that large individuals live longer and reproduce 

more. However, there was a negative correlation between reproduction and survivorship at 

the low food levels, which switched to a positive correlation at the high food levels. This 

suggests a trade-off at low food levels between reproduction and survivorship and this study 

is the first to identify this trend in zooplankton. 

 

Further, the analysis of life-history traits within a genotype led to some interesting 

hypotheses on trade-offs occurring among genotypes. The trade-offs among genotypes 

exhibited similar trends to the within genotype trade-off patterns. This result was 

unexpected, as these four genotypes do not co-exist naturally and have not developed co-

evolutionary strategies. Due to the similarity in trends, it can be postulated that perhaps 

population-level trade-offs are occurring through the same mechanisms as the physiological 

trade-offs seen at the individual level. 
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The experimental conditions also allow for future investigations of this data under an energy 

allocation context, as the amount of carbon ingested by each individual was highly 

controlled. Energy allocation models provide the theoretical framework in order to 

understand how individuals partition their energy under various environmental conditions. 

Daphnia spp. are a model system to empirically test these theoretical assumptions, as the 

energy spent on life history outputs can be easily quantified and replicate genotypes can be 

reared across a range of environments, as demonstrated in this experiment. Dynamic energy 

budget (DEB) models are an advancement of energy allocation models as they include how 

energetics change throughout an individual’s life cycle (Koojiman, 2000; Nisbet et al., 2000). 

They provide the connection between individual physiology to population dynamics and 

community assemblages (Nisbet et al., 1990). The ultimate objective is to create a framework 

that describes flow of energy in all organisms and to make connections of energy flow 

through all levels of organization. In order to help attain this goal, empirical studies of DEB 

theory are required. Additionally, this theory needs to be tested across a range of 

environmental conditions.  

 

Individual life history data, collected from various genotypes under natural food levels, 

would contribute to the promising venture of linking the individual level characteristics to 

population level dynamics (Perrin et al., 1992). Life history variation, regardless of whether it 

is caused by genetic differences among individuals or differences in the environment, 

influences both population dynamics and community assemblage (Nelson et al., 2001). 

Fluctuations in abundance within a population are caused by the differences in birth and 
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death rates. Through identification of differences in abundance, studies can contribute to the 

understanding of community assemblages by examining selection and competition between 

the occurring genotypes. Therefore, this study provides an understanding of the variation in 

life history traits among genotypes under natural food limitation conditions and 

disentangling genetic from environmental sources. This can lead to a better understanding of 

how the life history of individual organisms can contribute to dynamics of lake populations 

and further, contribute to understanding evolutionary processes at higher levels of 

organization.  
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Appendix A 

Combo Medium Preparation 

Table A.1a. Compounds required for preparation of laboratory COMBO medium. Original amounts from 

Kilham et al. (1998) are in parentheses. Modifications to P and N concentrations are noted in text 

A. Composition of COMBO       

Compound 
Stock Final Medium   Elements  

g l-1 mg l-1 µmol l-1  mg l-1 µmol l-1 

CaCl2 ! 2H2O 36.76 36.76 250 
Ca 10.0 250 

Cl 17.7 500 

MgSO4 ! 7H2O 36.79 36.79 150 
Mg 3.91 150 

SO4 14.4 150 

K2HPO4  
0.871 

(8.71) 

0.871 

(8.71) 

5 

(50) 

K 3.91 10 

(100) 

P 1.55 5 

(50) 

NaNO3 85.01 85.01 1000 
Na 23 1000 

N 14 1000 

NaHCO3 12.6 12.6 150 
Na 3.44 150 

CO3 9.00 150 

Na2SiO3 ! 9H2O 28.42 28.42 100 
Na 4.6 200 

Si 2.81 100 

H3BO3 24 24 388 B 4.6 426 

ATE (see Table A.1b)       

ANIMATE (see Table A.1c)       

VIM (see Table A.1d)       
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Table A.1b. Compounds required for preparation of Algal Trace Elements (ATE) (Kilham et al., 1998). 

B. Composition of ATE       

Compound 

Stock Final Medium   Elements  

g l-1 mg l-1 µmol l-1  mg l-1 µmol l-1 

Na2EDTA ! 2 H2O 4.36 4.36 11.7 

Na 0.54 23.4 

EDT

A 

3.4 11.7 

FeCl3 ! 6H2O 1 1 3.7 
Fe 0.21 3.7 

Cl 0.39 11 

MnCl2 ! 4H2O 18 180 0.18 
Mn 0.05 0.9 

Cl 0.06 1.8 

CuSO4 ! 5H2O 0.1 1 0.001 
Cu 0.00025 0.004 

SO4 0.00038 0.004 

ZnSO4 ! 7H2O 2.2 22 0.022 
Zn 0.005 0.08 

SO4 0.007 0.08 

CoCl2 ! 6H2O 1 10 0.012 
Co 0.003 0.05 

Cl 0.0018 0.1 

Na2MoO4 ! 2H2O 
2.2 22 0.022 Mo 0.0086 0.09 

Na 0.0042 0.18 

H2SeO3 0.16 1.6 0.0016 Se 0.001 0.012 

Na3VO4 
0.18 1.8 0.0018 V 0.0005 0.01 

Na 0.0007 0.03 

 

 

 

 

 

 

 

 

 

 

 

 



 85 

Table A.1c. Compounds required for preparation of Animal Trace Elements (ANIMATE)  

(Kilham et al., 1998). 

C. Composition of ANIMATE       

Compound 

Stock 
Final 

Medium 
 

 
Elements  

g l-1 mg l-1 µmol l-1  mg l-1 µmol l-1 

LiCl 31 310 0.31 
Li 0.05 7.3 

Cl 0.25 7.3 

RbCl 7 70 0.07 
Rb 0.05 0.6 

Cl 0.03 0.6 

SrCl2 ! 6H2O 15 150 0.15 
Sr 0.05 0.57 

Cl 0.03 1.14 

NaBr 1.6 16 0.016 
Na 0.004 0.16 

Br 0.0125 0.16 

KI 0.33 3.3 0.00033 
K 0.0008 0.02 

I 0.0025 0.02 

 

 

Table A.1d. Compounds required for preparation of Vitamin Solution (VIM) (Kilham et al., 1998). 

D. Composition of VIM   

Compound 

Final Medium  

mg l-1 µmol l-1 

B12 0.00055 0.0004 

Biotin 0.0005 0.002 

Thiamin-HCl 0.1 0.3 
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Appendix B 

Example Food Limitation Calculations 

The following calculations demonstrate that the experimental food concentrations used 

within this experiment are representative of a range of carbon concentrations that Daphnia 

spp. would encounter within a natural freshwater habitat. The data for example algal 

concentrations comes from McCauley and Murdoch (1987). A type II functional response is 

used to determine the amount of daily food a 2.0mm individual would ingest (Nisbet et al., 

2004): 

        [B.1] 

Using the parameters from Table B.1 and inputting them into Eq. B.1, we find that natural 

food levels of carbon ingested by a 2.0mm individual range from a maximum of 0.00486 

mgC/day to a minimum of 0.00106 mgC/day. The experimental food treatments used in 

this study include this low range of food and increase to abundant concentrations.  

Table B.1. Parameters used for ingestion rate calculations 

Parameter Definition Value 

 Algal biomass (mgC/L) Max = 0.00759a 
Min = 0.0417a 

 

 

 
Conversion efficiency 

0.5b 

 

 

 
Maximum assimilation rate 

 
0.012 mgC/dayb 

 

 

 
Half saturation coefficient 

 
0.164a 

aMcCauley and Murdoch, 1987 
bNisbet et al., 2004 

Ingestion Rate2.0mm =
Imax•F

F + fh

F

!

! I
max

fh



 87 

Appendix C 

Evaluation of Maternal Effects 

C.1  Experimental Protocol  

To evaluate for maternal effects caused by the original experimental protocol, I conducted a 

set of “carry-forward” experiments that placed offspring born within a treatment level back 

into the same treatment level. This ensured that the offspring were raised in the same 

environment as their mother. For the treatment levels that had sufficient reproduction 

within the carry-forward experiments, the same life history traits were measured and 

analyzed as in the main experiment. Trade-offs were also examined between treatment levels 

both with and without maternal effects.  

 

C.2  Statistical Analysis and Results 

For the following analysis, the main experiments are designated as M+ and the carry-forward 

experiments, which eliminated maternal effects, are designated as M-. The methods for life 

history data collection in the M- treatments were identical to the M+ treatments in the 

primary experiment. However, to better compare survivorship between the two protocols, I 

used the mean age of death (AOD) instead of survivorship curves. For each of the measured 

traits for each genotype, the means of the M- and M+ treatments were plotted against food 

concentration. A two-way ANOVA was conduced on each life history trait in order to 

identify statistical differences between the two experimental protocols.  
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Within the all of the life history traits measured, there were statistically significant effects of 

maternal effects within certain genotypes (Tables C.1-C.3). M- experiments also 

demonstrated similar trends across treatment levels as M+ experiments (Figures C.1-C.3).  

As only certain genotypes for certain life history exhibited statistical differences between the 

two protocols, the remainder of my experiment was conducted on the M+ treatment 

protocol. This allowed for more individuals to be included in the analysis. Additionally, it is 

necessary to maintain maternal effects in experiments that look at life history at low food 

levels, as there is little reproduction at these low concentrations. Maternal effects also 

represent a natural condition within a lifespan of an individual. The maternal environment 

will be different from the released offspring due to the natural cycling of food within a 

freshwater system (McCauley and Murdoch, 1987). In this experiment, the maternal effects 

can be correlated to the decline in the natural phytoplankton cycle. 
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Table C.1. Summary of two-way ANOVAs used to assess effect of maternal effects, treatment and the 

interaction between the two variables on L!. Asterisks denote statistically significant differences 

(p<0.05) 

Clone Source df F-Ratio p 

2C Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

284 

 

5.857 

11.182 

3.832 

0.0006* 

0.0009* 

0.0103* 

4B Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

248 

 

4.785 

0.682 

0.821 

 

0.0029* 

0.4095 

0.4831 

GLEN Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

216 

 

2.292 

4.778 

0.609 

0.0790 

0.0298* 

0.6099 

RAM Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

302 

16.114 

1.525 

0.051 

9.644e-10* 

0.218 

0.985 
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Table C.2a. Summary of two-way ANOVAs used to assess effects of maternal effects, treatment and 

the interaction between the two variables on length at first reproduction (LFR). Asterisks denote 

statistically significant differences (p<0.05) 

Clone Source df F-Ratio p 

2C Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

3 

1 

3 

247 

 

1.937 

0.016 

3.253 

0.124 

0.900 

0.022* 

4B Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

 

3 

1 

3 

201 

3.414 

7.526 

0.119 

0.018* 

0.007* 

0.949 

GLEN Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

 

3 

1 

3 

164 

1.836 

0.133 

0.912 

0.143 

0.715 

0.437 

RAM Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

3 

1 

3 

226 

2.058 

0.009 

2.285 

0.107 

0.923 

0.082 

 

Table C.2b. TukeyHSD results for maternal effect comparisons of proportion reproducing for each 

treatment level and genotype. Significant differences emphasized with an asterisk (*).  

Treatmenta Clone Estimate z-value p 

0.025 2C 

4B 

GLEN 

RAM 

 

1.704 

-23.06 

0.023 

1.120 

1.889 

-0.000 

1.154 

1.461 

0.058 

1.000 

0.984 

0.144 

0.021 2C 

4B 

GLEN 

RAM 

 

0.945 

-0.057 

1.488 

1.681 

1.346 

-0.063 

1.611 

1.475 

0.178 

0.950 

0.107 

0.140 

 

0.017 2C 

4B 

GLEN 

RAM 

 

0.028 

-0.629 

-0.616 

0.524 

0.892 

-0.533 

0.957 

0.481 

0.594 

 

0.013 2C 

4B 

GLEN 

RAM 

 

-1.661 

-1.157 

-0.655 

-0.955 

-2.327 

0.645 

-0.561 

-0.846 

0.020* 

0.073 

0.575 

0.398 

a
 mgC/L 
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Table C.2c. Summary of two-way ANOVAs used to assess effects of maternal effects, treatment and 

the interaction between the two variables on daily egg rate. Asterisks denote statistically significant 

differences (p<0.05) 

Clone Source df F-Ratio p 

2C Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

3 

1 

3 

188 

 

21.903 

8.902 

0.939 

3.291e-12* 

0.003* 

0.423 

4B Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

3 

1 

3 

174 

 

11.985 

0.358 

2.003 

3.591e-07* 

0.550 

0.115 

GLEN Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

3 

1 

3 

161 

 

13.686 

0.100 

1.117 

5.37e-08* 

0.752 

0.344 

RAM Treatment  

Mat. Effect 

Mat x Treat 

Residuals 

3 

1 

3 

219 

30.547 

0.195 

3.133 

< 2e-16* 

0.659 

0.026* 
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Table C.3. Summary of two-way ANOVAs used to assess effect of maternal effects, treatment and the 

interaction between the two variables on age of death (AOD). Asterisks denote statistically significant 

differences (p<0.05) 

Clone Source df F-Ratio p 

2C Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

284 

 

0.212 

7.545 

4.668 

0.888 

0.006* 

0.003* 

4B Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

248 

0.102 

0.656 

1.185 

0.985 

0.418 

0.144 

 

 

GLEN Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

216 

 

0.756 

2.050 

2.361 

0.519 

0.153 

0.072 

RAM Treatment  

Mat. Effect 

Mat. x Treat. 

Residuals 

3 

1 

3 

302 

1.129 

0.022 

1.698 

0.337 

0.881 

0.167 
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Figure C.1. Mean L!  parameter estimates separated by genotype at each treatment level (circles) (See 

Section 3.2.1). Open circles represent the M- treatments (without maternal effects) and the closed 

circles represent the M+ treatments (with maternal effects). The vertical bars represent 95% 

confidence intervals. The numbers above the lines represent the number of individuals used to 

calculate each mean. The asterisks represent statistical difference (p<0.05). 
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Figure C.2a. Mean length at first reproduction (LFR) separated by genotype at each treatment level 

(circles) (See Section 3.2.2). Open circles represent the M- treatments (without maternal effects) and 

the closed circles represent the M+ treatments (with maternal effects). The vertical bars represent 95% 

confidence intervals. The numbers above the lines represent the number of individuals used to 

calculate each mean.   
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Figure C.2b. Proportion of individuals reproducing by size 1.4mm (circles) (See Section 3.2.2). Open 

circles represent the M- treatments (without maternal effects) and the closed circles represent the M+ 

treatments (with maternal effects). The vertical bars represent 95% confidence intervals. The numbers 

above the lines represent the number of individuals used to calculate each mean.  
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Figure C.2c. Mean daily egg rate (circles) (See Section 3.2.2). Open circles represent the M- 

treatments (without maternal effects) and the closed circles represent the M+ treatments (with 

maternal effects). The vertical bars represent 95% confidence intervals. The numbers above the lines 

represent the number of individuals used to calculate each mean.  

 

 

 

 

 

 



 97 

 

Figure C.3. Mean age at death (AOD) (circles) (See Section 3.2.3). Open circles represent the M- 

treatments (without maternal effects) and the closed circles represent the M+ treatments (with 

maternal effects). The vertical bars represent 95% confidence intervals. The numbers above the lines 

represent the number of individuals used to calculate each mean.  
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Figure C.4a. Correlation estimates on the median values between survivorship and reproduction 

among each genotype. Triangles represent the M- treatments (without maternal effects) and circles 

represent the M+ treatments (with maternal effects). Significant correlation estimates are represented 

with filled points (p<0.05). 
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Figure C.4b. Correlation estimates on the median values between growth and survivorship among 

each genotype. Triangles represent the M- treatments (without maternal effects) and circles represent 

the M+ treatments (with maternal effects). Significant correlation estimates are represented with filled 

points (p<0.05). 
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Figure C.4c. Correlation estimates on the median values between growth and reproduction among 
each genotype. Triangles represent the M- treatments (without maternal effects) and circles represent 

the M+ treatments (with maternal effects). Significant correlation estimates are represented with filled 

points (p<0.05). 
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Appendix D 

Life History Trade-offs  
Supplementary Data 

 

Figure D.1. Log-data values (circles) for L! by AOD for all genotypes. Median values were used to 

calculate correlation estimates for trade-off identification. The different colours represent the various 

treatment levels for which data could be collected. 
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Figure D.2. Log-data values (circles) for L! by Egg Rate for all genotypes. Median values were used 

to calculate correlation estimates for trade-off identification. The different colours represent the 

various treatment levels for which data could be collected. 
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Figure D.3. Log-data values (circles) for AOD by Egg Rate for all genotypes. Median values were 

used to calculate correlation estimates for trade-off identification. The different colours represent the 

various treatment levels for which data could be collected. 
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Figure D.4. Log-median data values (circles) for among genotype trade-off comparisons. The 

different colours represent the four genotypes and the coloured lines represent the treatment levels.    
a. L! by AOD; b. L! by Egg Rate; c. Egg Rate by AOD  

 

 

 

 

 

 


