


 
 

Abstract 

Intraspecific Variation in Metacommunities: Linking Regional 

Heterogeneity to Local Population Dynamics 

by 

Christopher Joseph Dibble 

 Variation within species drives differences in population dynamics, interactions 

between species, and the functioning of complex ecosystems. Fittingly, understanding the 

factors that govern this intraspecific variation remains a central goal of ecology and 

evolutionary biology. Local processes such as adaptation tend to increase divergence 

among distinct populations, while regional processes such as dispersal and gene flow 

tend to homogenize those differences. My research addresses how heterogeneity is 

maintained despite the movement of individuals around a landscape. Specifically, I use 

an experimental host-parasite system to propose and test mechanisms contributing to 

ecological differentiation. Initially, I found that variation in colonizer traits makes the 

order in which they arrive to a new habitat important. Intraspecific priority effects (IPEs) 

occur when early arrivers limit the growth of late arrivers, and drive context-dependent 

differences in growth among populations (Chapter 1). These effects of variation in 

individual traits and arrival order extended to alter interspecific competition and 

host/parasite interactions. My research indicates, then, that the process of community 

assembly depends not only on the traits of a dominant species in the environment, but 

also which individuals of that species get there first (Chapter 2). The relatively short-term 

importance of IPEs, however, may wane over time as individuals continue to disperse 



 
 

among populations. I tested the consequences of repeated dispersal, and found that they 

depend heavily on the expected fitness of migrants in their new habitat. That is, dispersal 

from a common source can increase ecological heterogeneity among populations if 

migrants have different effects in different environments (Chapter 3). The context-

dependent effects of dispersal suggested an underlying trait-based mechanism. 

Specifically, I hypothesized that the effects of increasing trait variance in a population 

(e.g. via immigration) depend on the relationship between a population’s trait mean and 

the local environmental optimum. I found that increasing trait variance helps populations 

with suboptimal trait means, but harms populations already well-suited to the local 

environment, doubling their disease burden (Chapter 4). Overall, my research identifies 

novel ways in which intraspecific variation contributes to its own maintenance, limiting 

the ability of individual movement among populations to homogenize ecological and 

evolutionary differentiation. 
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Chapter 1 

Intraspecific priority effects and 

disease interact to alter population 

growth 

* This chapter has been re-formatted, modified, and reprinted from Ecology: 

Dibble, C. J., S. R. Hall, and V. H. W. Rudolf. 2014. Intraspecific priority effects and 

disease interact to alter population growth. Ecology, in press. 

1.1. Abstract 

Intraspecific variation may shape colonization of new habitat patches through a 

variety of mechanisms. In particular, trait variation among colonizing individuals can 

produce intraspecific priority effects (IPEs), where early arrivers of a single species affect 

the establishment or growth of later conspecifics. While we have some evidence for the 

importance of IPEs, we lack a general understanding of factors affecting their presence or 

magnitude across a landscape. Specifically, IPEs should depend strongly on success of 

colonizers in the new habitat patch. This success hinges on interactions between 
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colonizer traits and local selective pressures, but such context-dependence remains 

unexplored experimentally. We addressed this gap by looking for the dynamical signature 

of IPEs in environments with and without a selective (parasite) pressure. We tested 

whether IPEs affected the population dynamics of a zooplankton host species (Daphnia 

dentifera) collected from two populations showing a tradeoff between growth rate and 

resistance to a fungal parasite (Metschnikowia bicuspidata). Differences in arrival order 

significantly altered population growth during a period of rapid resource depletion, 

driving large (up to 65%) differences in population abundance. Furthermore, the presence 

of IPEs was context-dependent, as parasites reduced the impact of early arrivers on later 

arrivers. Such context-dependent IPEs, mediated by colonizer traits, colonization order, 

and selective pressures, may play an unanticipated role in the ecological and evolutionary 

dynamics of natural metapopulations. This mechanism highlights the overall importance 

of intraspecific variation for understanding ecological patterns. 

 



 

 
 

1.2. Introduction  

Intraspecific variation is increasingly recognized as a major driver of 

contemporary ecological dynamics (Hughes et al. 2008, Bailey et al. 2009, Bolnick et al. 

2011). This realization highlights the limitations of using a species’ “average individual” 

to define its performance, function, or interactions. Intraspecific variation can alter or 

expand the role of a species through its influence on populations, communities, and 

ecosystems by a variety of mechanisms. For example, increasing population genetic 

diversity can alter the stability of population dynamics (Agashe 2009), enhance 

colonization success (Crawford and Whitney 2010), and increase biomass of plant 

populations (Cook-Patton et al. 2011). Similarly, differentiation among populations can 

influence community structure (Whitham et al. 2003, Hughes and Stachowicz 2004, 

Crawford and Rudgers 2012), change important abiotic conditions (Crutsinger et al. 

2010), or alter the biomass and species richness of lower trophic levels (Palkovacs and 

Post 2009). Ignoring such variation inhibits our mechanistic understanding of natural 

patterns of species abundance and distribution.  

Intraspecific variation may be particularly important during the colonization of 

new habitat patches, as new patches can receive colonists from a variety of neighboring 

source populations. Individuals from these distinct source populations often vary in their 

genes or traits, due to unique ecological and evolutionary pressures experienced in their 

natal patches (Hendry et al. 2002, Kawecki and Ebert 2004, Van Allen and Rudolf 2013). 

This among-patch variation can drive differences in the ability of colonists to survive and 

reproduce in a new patch. When colonists also vary in their order of arrival to this new 

patch, we may see that the order of colonization affects subsequent population dynamics. 
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One mechanism driving this role of arrival order is the intraspecific priority effect (IPE), 

where early arrivers to a patch affect the establishment or growth of later arrivers. IPEs 

during colonization of habitat patches may play a pivotal, but underappreciated role in the 

ecological and evolutionary dynamics of newly established, local populations. Early 

arrivers to a new habitat, introduced at low densities, are expected to grow quickly and 

deplete existing resources. Late arrivers, then, would experience relatively intense 

intraspecific competition in addition to reduced resource levels, diminishing their 

establishment success. This general process drives within-host competition among 

parasite strains (de Roode et al. 2005, Ben-Ami et al. 2008), and is linked to the genetic 

structure of entire zooplankton metapopulations (Hebert and Moran 1980, Boileau et al. 

1992, De Meester et al. 2002). The growth and success of early arrivers, however, should 

depend critically on the environmental conditions or selective pressures in the new patch. 

Poor performance of early arrivers, due to a variety of abiotic or biotic factors, may limit 

their effects on late arrivers. The presence, magnitude, and dynamical consequences of 

IPEs, then, fundamentally depends on an interaction between  1) intraspecific variation in 

colonists, 2) their order of arrival to the new habitat patch, and 3) the environmental 

pressures in that patch. This potential context-dependence of IPEs remains untested 

empirically. 

We addressed this gap with a mesocosm experiment. We tested whether IPEs 

could alter initial population growth of a single species in a new environment, and 

whether a biotic selective pressure – parasites – affected the presence or magnitude of 

IPEs. Using a zooplankton host – fungal parasite system, we manipulated the 

colonization order of host individuals from two populations into a new habitat patch. 
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Animals in these populations differed in susceptibility to infection. Due to a previously 

documented trade-off between infection susceptibility and growth rate (Hall et al. 2010), 

we predicted that: 1) these two populations would exhibit different growth in the new 

environment; 2) altering the order of arrival of populations would significantly alter 

population growth in the new habitat (indicating an IPE); and 3) a selective pressure 

(parasite) would affect the presence or strength of IPEs, via its effects on early arrivers. 

Our results indicate that intraspecific variation, differences in colonization order, and 

parasite-mediated selective pressures jointly determine the initial growth rate of a species 

when colonizing new habitat. The results echo the dynamical signature of IPEs in the 

absence of parasites; however, parasites reduced the impact of early colonists, thereby 

inhibiting IPEs. These complex interactions may drive substantial variation in 

colonization dynamics across natural landscapes. 

1.3. Methods 

1.3.1. Study system 

Zooplankton species in freshwater habitats often adapt to local environmental 

conditions (e.g. De Meester 1996). This local adaptation, when combined with the small 

size of founder populations, drift, and bottlenecks, creates heterogeneity between 

populations inhabiting distinct patches, and also any colonists originating from them. Our 

focal species was the lake-dwelling cladoceran Daphnia dentifera, a seasonally dominant 

grazer in Midwestern (USA) lakes. D. dentifera hosts a variety of parasites and pathogens 

(Ebert 2005), and experiences seasonal epidemics of the fungal yeast parasite 

Metschnikowia bicuspidata (Metschnikoff). The size of seasonal epidemics depends on a 

number of factors (e.g. the presence of competitor species [Hall et al. 2006], evolution of 
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reduced susceptibility [Duffy and Sivars-Becker 2007], the presence of predators [Duffy 

and Hall 2008], UV radiation [Overholt et al. 2012]) which drive significant variation in 

host and disease dynamics. Hosts consume infectious spores during feeding and die 10-

14 days post-infection, releasing spores back into the water column (Green 1974). While 

non-castrating, this parasite reduces fecundity of infected hosts (Auld et al. 2012). 

Resistance to infection is tied to foraging ecology. Faster-feeding individuals and 

genotypes encounter more spores, increasing infection risk (Hall et al. 2010, 2012). 

However, faster feeders also produce more offspring (when consuming high quality 

resources, Hall et al. 2010, 2012). These dual relationships with feeding can thus create a 

trade-off between fecundity and resistance (Hall et al. 2010), one that we show and use 

below.  

1.3.2. Experimental design 

This study had two components. First, we assayed two natural lake populations of 

host D. dentifera (hereafter, “host”) for susceptibility to the fungal parasite M. 

bicuspidata (“parasite”) in a laboratory infection experiment. Second, we used a mixture 

of individuals from these two populations to examine the importance of IPEs in a 

mesocosm experiment. In this experiment, we manipulated the identity of the host 

population, their colonization order, and the presence or absence of the parasite in a 

2x2x2, fully factorial, randomized block design (plus two additional control treatments 

for 10 total treatments, N = 5 replicates). This design simulates colonization of new or 

recently re-established habitat patches, such as temporary ponds that dry periodically. 

1.3.3. Infection assay 

We collected individuals from two lake populations (Canvasback and Downing) 
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in the Greene Sullivan State Forest and Minnehaha Fish and Wildlife Area (Sullivan 

County, IN) in early June 2011. We kept individuals in the laboratory (20
o
 C, 16:8 hour 

day:night cycle) in 1L containers containing filter-sterilized (1 μm pore size) lake water 

and the algae Scenedesmus obliquus (~2mg C /L) for approximately two generations to 

standardize maternal or environmental effects. These individuals represented polyculture 

subsets of natural lake populations, not isolated clonal lineages; polycultures better reflect 

the variability found in the field. To start infection assays, we added six ~6-day old 

individuals to 150mL beakers (N = 20 replicates per population) containing filtered lake 

water and algal food. We then added fungal spores, reared in vivo, at 200 spores/mL. 

Fungal spores have been raised in the laboratory on a single host clone since 2003. M. 

bicuspidata shows little genetic diversity across its range (Duffy and Sivars-Becker 

2007), minimizing potential shared evolutionary history between particular host/parasite 

strains used in the experiment. After a 24-hour exposure to spores and every three days 

thereafter, we transferred hosts into fresh media and food until visual inspection of 

infection status at 11 days post-exposure (25x magnification). We recorded infection 

status and the number of individuals surviving to diagnosis.  

1.3.4. Mesocosm experiment 

Order of Arrival: The two source populations differed in resistance to infection 

(see Results, Figure 1.1a). We added individuals from these populations to indoor 

mesocosms (plastic tanks filled with 40L of treated tap water, arranged in a randomized 

block design) at two different times, 10 days apart (Day 0 = early addition, Day 10 = late 

addition). Treatments either received individuals from the same population during each 

colonization event (“single” population treatments), or individuals from a different 
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population during each colonization event (multiple populations, “sequential” arrival, 

Table 1-1). One treatment received individuals from both populations during each 

addition (“simultaneous” arrival). Densities were identical for all additions (~0.5 

individuals/L). Mesocosms were inoculated with algae (Scenedesmus obliquus) and 

nitrogen and phosphorus fertilizer added at a 14:1 mass ratio (280 μg/L N, 20 μg/L P) 

with subsequent weekly additions (assuming 5% loss per day and exponential decay). 

Tanks were lit on a 16:8 hour day:night schedule. Sampling occurred twice per week, 

when ~5% of the total tank volume was removed and all individuals counted. 

Chlorophyll a, a surrogate for resource density, was quantified using chilled ethanol 

extraction followed by narrow band fluorometry (Webb et al. 1992, Welschmeyer 1994; 

using a Turner Trilogy
®

). This experiment ran for 29 days, approximately 5-6 generations 

of D. dentifera. 

Fungal Infections: Fungal spores were introduced to half of the experimental 

treatments at a low dose (~2 spores/mL), 7 days after the initial addition of hosts. Spores 

were cultured and infection was diagnosed as described for the infection assay. 

1.3.5. Statistical analyses 

Infection Assay: To compare resistance to infection between populations, we used 

binomial generalized linear models (GLM; logit link function, Pinheiro et al. 2013) in the 

statistical program R (R Core Development Team 2012). We ignored replicates in which 

fewer than two individuals survived or could not be scored unambiguously. We also 

calculated the rate of parasite transmission, β, for lake populations. This value is useful as 

a per-capita measure of infection risk, and complements the population-level differences 

in infection prevalence. We followed previous methods for calculating β (Civitello et al. 
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2012). Briefly, we can assume that uninfected (susceptible, S) hosts decrease after contact 

with spores (Z) following a simple transmission model: dS/dt = - β S Z. We can then 

predict the proportion infected in the experiment, pI, using the integrated form of this 

model: pI = 1 – exp(-β Z tE), where tE is the time of experimental exposure of hosts to 

spores. Higher values of β indicate lower host resistance (i.e., higher susceptibility). We 

used the binomial distribution to find an estimate of β that best fit the infection data 

(using maximum likelihood). We tested for significant differences between populations 

using bootstrapped confidence estimates and a likelihood ratio test.  

 Mesocosm Experiment: Abundance data were analyzed using generalized additive 

mixed effects models (GAMM, Wood 2006). GAMMs account for non-linear population 

growth using flexible, non-linear functions while also estimating fixed effect parameters 

(Hastie and Tibshirani 1987). More specifically, we fit a penalized regression spline to 

represent non-linear change in abundance over time, with treatment as a fixed factor 

modifying the underlying growth model (see also Table A1 in Appendix A). Individual 

treatment coefficients, then, represent population abundance over time (i.e. growth rate): 

higher coefficients indicate higher abundance. This model also contained a smoothing 

term for the abundance of an unwanted species, Daphnia pulicaria. (This species 

persisted in tanks throughout; ignoring this species in the model did not change results, 

but nonetheless this term is included in the results presented below). Spatial block was 

added as a random effect. To account for repeated sampling through time, we included an 

autoregressive correlation structure (individual tank observations repeated over time). We 

fit the model with a quasi-approximation to the poisson error distribution (log-link 

function) due to significant overdispersion in host abundance (Crawley 2007).  
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 The three-way interaction from this model was pertinent for showing potential 

IPEs. This interaction - identity of early arrivers * identity of late arrivers * presence or 

absence of fungal parasite (i.e., early*late*parasite) - represents the biological interaction 

of intraspecific variation (population identity), arrival order (i.e., Table 1-1), and 

selection pressure (presence/absence of parasite). We tested for overall significance of 

interaction terms in the factorial model (without the simultaneous arrival treatments, 

which were not implemented factorially). Additionally, we implemented planned, two-

tailed contrasts outlined in Table 1-1. These contrasts conveyed two important pieces of 

information. Contrast 1 tested for differences in population growth or disease dynamics 

among the source populations. These differences enhanced detection and interpretation of 

an IPE. Contrast 2 tested whether variation in arrival order altered population growth or 

disease dynamics in multiple-sequential treatments. By our definition, an IPE would 

manifest as a significant difference in population abundance, by way of contrast 2; each 

treatment should bear the population growth signature of the early arriver, identified in 

contrast 1.  

 The three-way interaction in our model approached statistical significance (see 

Results). To better understand these dynamics, we fit follow-up models with and without 

the parasite. This allowed us to determine the effect of early arrivers, late arrivers, and 

their interaction with and without the parasite (supplemental Table A2 in Appendix A). 

We used post-hoc contrasts to test for differences among specific treatments, adjusted for 

multiple comparisons (Holm 1979). These post-hoc contrasts included the simultaneous 

arrival (‘SR,SR’) treatments, which were not included in any of the above models (Fig. 

3).  
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  We further investigated the effect of early arrivers on late arrivers by analyzing 

rates of resource (chlorophyll a) decline from days 9-16. Early arrivers take time to 

establish, acquire resources (supplemental Fig. A1 in Appendix A), and grow to 

reproductive age or size. The 9-16 day window represents the analogous time for late 

arrivers to establish and grow, where they face resource declines driven primarily by the 

established early arrivers. Resource dynamics during this period, then, may affect the 

growth or establishment of late arrivers. We analyzed the rate of decrease in chlorophyll 

a (log (day 9 resource density) - log (day 16 resource density) / 7 days) with mixed-effect 

models (spatial block as a random effect). We examined the three-way interaction 

between early arriver identity, late arriver identity, and the presence or absence of the 

parasite. We used post-hoc comparisons to test whether the simultaneous arrival 

treatments differed from the others (adjusting for multiple comparisons, Holm 1979). 

Infection prevalence data were not analyzed statistically, as prevalence remained 

generally below the detection level. 

1.4. Results 

1.4.1. Microcosm infection assay 

Our two lake populations, Canvasback and Downing, differed significantly in 

infection prevalence (binomial GLM, χ
2

1,27 = 4.80, P = 0.028; Figure 1.1a.) and the index 

of resistance, β (Log-Likelihood ratio test, D = 4.804, P = 0.017, df = 1; Figure 1.1b.). 

Hereafter, we refer to these polyculture populations as “Susceptible” (S, Canvasback) and 

“Resistant” (R, Downing).  
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1.4.2. Mesocosm experiment 

Overall population abundance was affected by the three-way interaction between 

the identity of early arrivers, the identity of late arrivers, and presence or absence of a 

parasite in the simulated habitat patch (GAMM; early*late*parasite, r
2
 = 0.621, F1, 334.5 = 

3.68, P = 0.056). We clarified these IPEs with planned contrasts. Contrast 1 showed that 

our “single” population treatments receiving colonists from the more susceptible 

population (S) grew to higher abundance with and without the parasite (treatment 

abbreviations = early arriver, late arriver, parasite presence (+) / absence (-): S,S,- > R,R,-

, P < 0.001; S,S,+ > R,R,+, P = 0.001; Figure 1.1b, Figure 1.2, Figure 1.3). Hence, the 

susceptible-only treatments grew faster than resistant-only treatments with and without 

the parasite.  

In the sequential treatments, however, order of arrival significantly altered host 

abundance (contrast 2). Without parasites (‘-’, solid lines in Figure 1.2, Figure 1.3), 

populations receiving colonists from faster-growing population S before receiving 

colonists from slower-growing population R had higher abundance than the alternate 

arrival order (S,R,- > R,S,-; P = 0.038). Differences in arrival order produced a 16.4% 

difference in final mean population size. However, in parasite addition treatments (‘+’; 

dashed lines, Figure 1.2b, Figure 1.3), populations receiving immigrants from R before 

S grew faster (S,R,+ < R,S,+; P < 0.001). This difference in arrival order led to an even 

larger (65.6%) difference in final mean population size and drove the marginal three-way 

interaction.  

Our follow up analyses revealed how parasites modulated the importance of 

invasion order. In systems without parasites, early arrival of individuals from the 
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susceptible population (i.e., S,S,- and S,R,- treatments) increased population abundance 

compared to early arrival of individuals from the resistant population (i.e., R,R,- and 

R,S,- treatments). However, late arrival of S individuals did somewhat offset the low 

abundance of early R in the R,S,- treatment (Figure 1.3). The increase in abundance 

between R,R,- and R,S,-, while not significant after adjusting for multiple comparisons, 

resulted in a significant Early*Late arriver interaction for population abundance (F1, 163.5 = 

4.57, P = 0.0341, Figure 1.3). With parasites, in contrast, we found significant but 

independent effects of early arrivers (F1, 163.5 = 3.52, P = 0.015) and late arrivers (F1, 163.5 

= 17.43, P < 0.0001) on population abundance. Thus, with parasites, early arrival of R 

individuals led to higher abundance than early arrival of S individuals. However, this 

effect of early arrival of R individuals is small compared to the strong effect of late 

arrival of S individuals, which significantly increases overall population abundance 

during the experiment (Figure 1.3). Therefore, with parasites, identity of early arrivers 

becomes less important than identity of later arrivers. 

Post-hoc comparisons with the simultaneous arrival treatments provide further 

insight. In parasite-free (-) environments, simultaneous arrival treatments were not 

different from treatments that received early S (S,S or S,R, Figure 1.3) but they were 

significantly higher than treatments which received R first (R,R and R,S, Figure 1.3). In 

contrast, when parasites were present, the simultaneous arrival treatments only differed 

from treatments with early S and late R (Figure 1.3).  

 Chlorophyll a Density: Resource abundance declined during the course of the 

experiment (Fig. A1 in Appendix A). However, rates of resource decline during the key 

period of late arriver establishment (days 9-16) depended on an interaction between early 
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arriver identity and presence of the parasite (F1, 34.6 = 10.5, P = 0.003). In the absence of 

the parasite, early arriving R individuals (R,R,-, R,S,- treatments) reduced resources at a 

faster rate than early arriving S individuals (S,S,-, S,R,-; Figure 1.4). The presence of the 

parasite reversed this pattern: early arriving S individuals resulted in faster rates of 

resource decline than early arriving R individuals (Figure 1.4). After correcting for 

multiple comparisons, the simultaneous arrival treatments (SR,SR) were not significantly 

different from any others (Figure 1.4).  

 Infection Prevalence: Infected hosts were observed only on the last sampling date 

(Day 29), and at low prevalence (i.e. < 5%). Many of the infected individuals came from 

only two tanks, and therefore prevalence data were not analyzed statistically.  

1.5. Discussion 

Intraspecific variation drives important differences in local populations and 

communities (Hughes et al. 2008, Bailey et al. 2009, Bolnick et al. 2011), but its 

importance in spatially structured landscapes remains relatively unknown. We found 

strong effects of arrival order on Daphnia population growth in new environments, but 

that these effects were mediated by the presence or absence of a parasite. In particular, 

we found the signature of IPEs in parasite-free environments, where early arrivers 

affected late arrivers. Parasite presence, however, reduced the importance of early 

arrivers, inhibiting IPEs. The magnitude of differences in population abundance we 

observed, in conjunction with the context-dependent importance of arrival order, has 

substantial implications for within- and among-population dynamics in spatial 

landscapes.  
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1.5.1. IPEs – the signature in population growth 

Our natural lake populations differed in a key trait (infection susceptibility, 

Figure 1.1a) that could produce the signature of IPEs on population growth. Variation in 

susceptibility among populations commonly occurs in host-pathogen systems, as either 

adaptive (e.g. Duffy et al. 2012) or potentially neutral (e.g. Carlsson-Graner and 

Pettersson 2005) responses to local conditions. Due to a previously documented trade-off 

(Hall et al. 2010), we predicted that this variation in susceptibility would correlate 

positively with population growth over time. We recovered this relationship (tradeoff) in 

our experiments: the single-population treatments colonized by the more susceptible (S) 

population grew to higher abundance during the experiment than those colonized by the 

more resistant population (R, contrast 1, Figure 1.1, Figure 1.3). These overall trait 

differences between populations of origin allowed us to detect and interpret the signature 

of IPEs on population abundance over time. Population growth determined by the 

identity (and traits) of the early arriver would support an IPE in the strictest sense.    

Arrival order influenced population growth, but the signature of IPEs (i.e. the 

importance of early arrivers) on growth depended on parasites. Without parasites, 

population growth was strongly affected by identity of early arrivers. In general, early 

arrival of individuals from the fast-growing, susceptible (S) population resulted in higher 

population abundance. Contrast 2 showed that early arrival of S individuals, followed by 

R individuals, led to higher abundance than when S arrived after R. This general, positive 

effect of early S emerged even when S individuals arrived at half density (in the 

simultaneous arrival treatment, at a 50:50 ratio S:R). These findings highlight the 

influence of the identity of the early arriver in parasite-free treatments. However, parasite 
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presence - even at very low density - reversed this pattern (e.g. contrast 2, S,R,+ < R,S,+, 

Figure 1.3). While the identity of early arrivers did affect populations (i.e., initial 

colonization by individuals from the more resistant population meant slightly faster 

growth now), the identity of late arrivers had a much stronger impact. More specifically, 

with parasites, populations grew to highest abundance when fast-growing S individuals 

colonized late. This result suggests that the virulent parasite negatively affected early 

arrivers, reducing their influence on later arrivers.  

1.5.2. Intraspecific priority effects – mechanisms 

Mechanistically, these IPEs likely arose from resource competition between early 

and late arrivers. Early arrivers consume shared algal resources and convert this energy to 

offspring; depletion during this period limits resources available to colonists that arrive 

late. The signature of this resource-based mechanism appeared in sequential treatments 

without parasites. From a population perspective, the identity of the early arriver drove 

abundance, even with slow-growing early arrivers (specifically contrast 2, R,S,- < S,R,-; 

Figure 1.3). This result suggests that early R limited late S (an IPE). Supporting this idea, 

resources declined rapidly when R colonized before S (Figure 1.4). This reduction in 

resource abundance likely exerted a strong, negative effect on late S individuals. 

Parasites, however, alleviated the negative effect of early R on late S. In the presence of 

parasites, algal resources declined at a slower rate with early R (Figure 1.4), presumably 

via a reduction in individual resource acquisition rate. Since resources declined at a lower 

rate with parasites, populations with late S arrival grew like those in which S arrived 

early (i.e. R,S,+ vs. S,S,+; Figure 1.3). Parasite presence, then, inhibited the IPE inferred 

from parasite-free growth data.  
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High population abundance in the R,S,+ treatment also diminished the likelihood 

of an alternative explanation for the IPE without parasites. In this other hypothesis, early 

R did not limit late S colonists via resource depletion. Instead, fast-growing S individuals 

simply arrived late (day 10 of the 30 day experiment), producing intermediate abundance 

(as hinted by the non-significant trend, Figure 1.3). Yet, with parasites, late S achieved 

high abundance, despite being absent for the first 1/3
rd

 of the experiment. This counter-

point shows that length of time to grow was not the only factor driving low overall 

abundance in the R,S,- vs. S,R,- treatments.. Variation in resource decline rates offers a 

plausible mechanism driving the shift in importance from early arrivers (without 

parasites) to late arrivers (with parasites). Overall, we infer that early R inhibited late S 

without a parasite, evidenced by the population growth signatures and rates of resource 

decline. Parasite presence alleviated the negative effect of early R on late S, presumably 

by indirectly increasing resource availability for fast growing late arrivers.  

Our inference of IPEs, mediated through resources and parasites, warrants some 

caution, however. Ideally, we would have genotypic data that identified the source of 

individuals (clonal genotypes) at the end of the experiment. Without these data, we 

cannot definitively conclude whether early arrivers (in any of our treatments) altered the 

establishment success of late arrivers. We use population growth signatures as a proxy to 

infer the composition of individuals and traits in a habitat. This metric cannot precisely 

identify the composition of individuals within a population. Yet, it identifies significant 

IPE-mediated variation in growth rate, an important trait at the population level with 

potential consequences for natural communities (see discussion below). Additionally, we 

need an explanation for the mechanism by which parasites potentially altered feeding 
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rates of their hosts. Ongoing work shows that exposure to parasites spores can reduce 

feeding rates, and that this effect differs among individual clonal genotypes (S. R. Hall, 

unpublished data). Parasites might also act through some unknown, additional pathway, 

further complicating comparisons between parasite “+” and “-” treatments. With these 

limitations in mind, we still believe that parasite-mediated resource acquisition rate of 

early arrivers most likely explained the presence or absence of IPEs. 

 Overall, the experiment offers four major conclusions. First, we saw the signature 

of IPEs on population growth early in the colonization process. Second, the presence of 

parasites shifted the relative importance of early and late arrivers; we interpret this as 

context-dependence of IPEs (with caveats noted above). Mechanistically, this shift may 

be due to different rates of resource reduction for each population in environments with 

and without the parasite. Third, this context dependency arose despite very low parasite 

inoculation and subsequently low abundance. Although we did not observe large 

epidemics in this experiment, the parasite did maintain itself in vivo throughout 

(indicating some sustained transmission). The strong effects of parasites, even at the low 

levels in this experiment, make some sense in light of Daphnia growth patterns. During a 

nearly exponential increase, parasite-induced mortality of even a few colonists, or 

reductions in resource consumption (and thus later reproduction) may have large effects 

on initial population dynamics. The seemingly insignificant prevalence of parasites in our 

experiment could have surprising effects in an IPE context, especially in conjunction with 

their visible effects on resource decline rates. Lastly, the simultaneous arrival treatments 

suggest an advantage for having a mixture of individuals colonize a habitat patch. These 

treatments appear to buffer populations against the reduced abundance caused by certain 
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orders of arrival, and may stabilize dynamics among distinct habitat patches. Overall, this 

work shows strong interactive effects of intraspecific variation, arrival order, and 

environmental context on population dynamics. Understanding the role of intraspecific 

variation on a landscape scale may help to explain the substantial heterogeneity often 

found among habitat patches (e.g. Sutcliffe et al. 1996, Cottenie et al. 2003). 

1.5.3. Ecological and evolutionary implications 

Though our study does not address long-term effects of IPEs, the differences in 

aggregate abundance we observed here may represent significant variation in 

interspecific competitive ability (e.g. Wilbur 1982); variation in establishment success of 

heterospecific individuals during this early, transient colonization stage would likely 

affect later community composition (Fukami 2004, Olito and Fukami 2009). This 

potential role of IPEs in interspecific competition remains unexplored, but would 

complement the large body of work examining priority effects between species (Chase 

2003). IPEs may be more common in systems characterized by rapid population growth 

and clear spatial structure (though see Sunahara and Mogi 2002, Eitam et al. 2005 for 

examples of IPEs among cohorts), including pioneer species in disturbed landscapes (e.g. 

Chapin et al. 1994), metapopulations with high patch turnover (e.g. Hanski 2011), 

boundary zones of range expansion for invasive species (e.g. Sakai et al. 2001), and 

pathogen interactions within and among hosts (de Roode et al. 2005, Ben-Ami et al. 

2008, Hoverman et al. 2013).  

Our study supports the premise that early arrivers can limit the growth and/or 

establishment of late arrivers. If true, the long-term population genetics of local 

populations may reflect effects of prior colonization history and intraspecific 
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competition, in addition to (or even rather than) contemporary ecological and 

evolutionary factors. This complicates the traditional idea that genotypes simply increase 

in frequency where they are favored, because IPEs could limit their ability to establish in 

a favored patch in the first place. Our results illustrate that early ecological dynamics and 

context could facilitate these long-term evolutionary patterns, in some cases giving early 

arrivers an advantage. This can buffer relatively maladapted populations against 

immigration, allowing for further local adaptation and evolutionary change (Boileau et al. 

1992, De Meester et al. 2002, Fukami et al. 2007, Knope et al. 2012). We anticipate that 

future research will further link IPEs to ecological and evolutionary dynamics. 
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1.8. Tables 

Table 1-1. Experimental treatments describing order of addition of individuals of a zooplankton grazer-host (Daphnia 

dentifera) from a more susceptible but faster growing population (susceptible, S) or a slower growing, more resistant 

population (resistant, R) to new habitat patches. Also indicated are the planned contrasts between treatments. All treatments 

crossed with presence (+) or absence (-) of fungal parasite Metschnikowia bicuspidata, added on day 7. 

Early arriver 

identity (day 0) 

Late arriver 

identity (day 10) 

Treatment 

abbreviation Population type 

Planned 

contrast 

     
Susceptible Susceptible S,S Single  

Contrast 1: 

S,S v R,R 
Resistant Resistant R,R Single 

Susceptible Resistant S,R 

Multiple 

(Sequential) 
 

 

Contrast 2: 

S,R v R,S 

Resistant Susceptible R,S 

Multiple, 

(Sequential) 

Both 

 

Both 

 

SR,SR 

 

Multiple 

(Simultaneous) 

 

 



 

 
 

1.9. Figures 

 

Figure 1.1. a Infection prevalence in a laboratory-based infection assay for two lake 

populations of a zooplankton host-grazer (Daphnia dentifera) used in the mesocosm 

growth experiment. Solid horizontal lines represent lake medians, colored circles 

represent lake means, boxes capture middle 50% of values (inter-quartile range [IQR]), 

and whiskers extend to highest and lowest non-outlier (1.5x IQR). b. Relationship 

a 

b 
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between disease transmissibility (β) in the infection assay and population abundance over 

time for parasite-free monocultures in the mesocosm experiment (coefficients from 

generalized additive mixed effect model, GAMM; points are parameter estimate means 

+/- SE). The faster growing population (Canvasback) is more vulnerable to infection (i.e., 

more susceptible) than the slower growing, more resistant one (Downing). 



 

 
 

 

Figure 1.2. Population growth of experimental populations of Daphnia dentifera upon 

colonization of a new habitat patch. Line color and represents the order in which 

individuals from susceptible (S, Canvasback) and resistant (R, Downing) host 

populations were added to tanks (black = S early, light gray = R early; Table 1). Line 

type indicates presence (+, dashed lines) or absence (-, solid lines) of a fungal parasite. 

‘Early’ addition of individuals on day 0, fungal inoculations (ǂ) on day 7, and ‘late’ host 

addition (§) on day 10.  a,b. Single-population treatments received individuals from the 

same population during early and late additions (Table 1, Contrast 1). c,d. Multiple 

population treatments received either a mix of both populations simultaneously (i.e. SR, 

SR, dark gray lines), or received individuals from each population sequentially (black = S 

a b 

c d 
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early, light gray = R early, Table 1, Contrast 2).  Lines reflect best fit models (GAMM) of 

Daphnia abundance, points are Daphnia density data



 

 
 

 

Figure 1.3. GAMM-derived estimates of Daphnia abundance through time (coefficient 

means +/- SE) for experimental populations, showing influence of early and late arriver 

identity (Susceptible = S, Resistant = R) when parasites are present or absent. Circle 

color indicates identity of early arriver (black = S, light gray = R, dark gray = SR). Gray 

bars connect treatments compared with the four main planned contrasts (Table 1.). 

Treatments sharing the same letter are not significantly different after adjusting for 

multiple comparisons. Comparisons are only made within parasite present/absent 

treatments. 



 

 
 

 

Figure 1.4. Resource decline (chlorophyll a, µg/L, log-transformed) between day 9 and 

day 16. Higher values indicate fewer resources consumed per day during this window. 

Analyses indicate that early arriving R individuals resulted in faster rates of resource 

decline in parasite-free environments, but slower rates of decline in the presence of 

parasites. Treatment labels as in Figure 3, with the addition of diamonds representing the 

mean rate of decline for each early arriver treatment (black = early S, gray = early R). 

The simultaneous arrival treatments (SR,SR) were not significantly different from any 

other treatments after correcting for multiple comparisons, and were not used to calculate 

early arriver means. 



 

 
 

1.10. Appendix A 

In this appendix, we show the model structure and statistical output for our generalized 

additive mixed effects model for Daphnia population growth (Table A1). We show raw 

data for declines in resource abundance (measured by chlorophyll a density) during the 

mesocosm experiment (Figure A1). Additionally, we show relationships between our 

GAMM estimates of population abundance through time and Daphnia density (Figure 

A2) and resource density (Figure A3) on day 9 (immediately before late arriver addition). 

These last relationships show whether conditions at the time of secondary colonization 

were related to overall population abundance.



 

 
 

Table A1. GAMM summary output for D. dentifera abundance. s(variable) represents 

smoothed functions of the variables, “cs” indicates cubic spline fits, “re” indicates 

random effects. The model was fit with a quasi-approximation to the poisson error 

distribution and an autoregressive correlation structure representing individual 

experimental units repeated through time. 

Family: quasipoisson 

   
Link function: log 

   
     
Formula: 

    Abundance ~ Early*Late*Parasite + s(Block, "re") + s(Time, "cs") + s(pulicaria, 

"cs") 

     
Parametric coefficients: 

   
 

df F p-value 

 Early 1 2.23 0.137 

 Late 1 29.91 < 0.0001 

 Parasite 1 3.93 0.0483 

 Early:Late 1 0.81 0.369 

 Early:Parasite 1 4.27 0.0396 

 Late:Parasite 1 18.25 < 0.0001 

 
Early:Late:Parasite 1 3.68 0.056 

 
     Approximate significance of smooth terms: 

 

 
edf ref.df F p-value 

s(Block) 3.5 3.5 7.62 < 0.0001 

s(Days) 3.35 3.35 98.02 <0.0001 

s(pulicaria) 2.65 2.65 1.89 0.14 

     R-sq(adj) = 

0.621 

Scale est. 

= 8.41 n = 352 
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 Figure A1. Resource abundance (chlorophyll a, µg/L) over time, with raw data 

points and lines representing best-fit GAMM estimates of resource dynamics. Panels are 

separated into single (a,b) or multiple (c,d) populations and parasite-free (a,c) or parasite 

addition (b,d) treatments. Point and line color represents order of arrival treatments. 

‘Early’ addition of individuals on day 0, fungal inoculations (ǂ) on day 7, and ‘late’ host 

addition (§) on day 10 

 



 

 
 

Figure A2. Relationship between our GAMM-derived estimates of population abundance through time and Daphnia density 

on day 9, immediately before the addition of the late arrivers. Color represents order of arrival treatment, and shape indicates presence 

or absence of parasites. Points are for individual tank estimates. There is a positive relationship (linear regression, t1, 47 = 2.54, P = 

0.0145) that explains relatively little of the variation (r
2
 = 0.125). Thus, the variation in population density on day 9, while not 

significantly different among our early arriver treatments (ANOVA, F2,47 = 0.446, P = 0.643), played a role in overall population 

growth: higher early arriver abundance led to slightly higher abundance throughout the experiment. 

 



 

 
 

Figure A3. Relationship between our GAMM-derived estimates of population abundance through time and resource density 

(chlorophyll a µg/L) on day 9, immediately before the addition of late arrivers. Color represents order of arrival treatment, and shape 

indicates presence or absence of parasites. Points are for individual tank estimates. There is no significant relationship between 

resource abundance on day 9 and overall population growth (linear regression, t1,47 = 0.572, P = 0.57, r
2
 = 0.0069). This indicates that 

it is not resource abundance per se that affects population growth; the rates of decline between day 9 and 16 offers a more plausible 

link between resources and late arriver establishment (see main text). There were no significant differences in chlorophyll a density 

among treatments on day 9 (ANOVA, F2,47 = 0.489, P = 0.616). 

 

 



 

 
 

Chapter 2 

Variation in colonizer assembly 

sequence and intraspecific priority 

effects alter interspecific competition 

and disease epidemics 

This chapter has been submitted to Ecology for publication. Christopher J. Dibble 

and Volker H.W. Rudolf 

2.1. Abstract 

When individuals from multiple populations colonize a new habitat patch, 

intraspecific trait variation can make the arrival order of colonists an important factor for 

subsequent population and community dynamics. In particular, intraspecific priority 

effects (IPEs) allow early arrivers to limit the growth or establishment of later arrivers, 

even when competitively inferior on a per-capita basis. Through their effects on genes 

and traits, IPEs can alter short-term growth and long-term evolutionary change in single 
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species metapopulations. Given their importance for intraspecific interactions, IPEs in a 

dominant species have the potential to affect the composition of entire communities. We 

conducted an experiment to determine whether and how arrival order and IPEs in the 

zooplankter Daphnia pulex affected its interactions with both competitors (the cladoceran 

Simocephalus vetulus) and parasites (the virulent fungus Metschnikowia bicuspidata). We 

found strong evidence for IPEs in Daphnia, as early arrivers inhibited late arrivers even 

when competitively inferior. These IPEs in Daphnia altered both the establishment 

success of interspecific competitors and the size of disease epidemics: early colonization 

by fast-growing D. pulex led to large Daphnia populations, low competitor (S. vetulus) 

establishment, but large disease (M. bicuspidata) epidemics. Early colonization by slow-

growing D. pulex, on the other hand, resulted in small Daphnia populations with high 

competitor establishment, but smaller disease epidemics. Overall, our results demonstrate 

the importance of intraspecific variation and arrival order for community dynamics, and 

highlight IPEs as a general mechanism driving variation in natural communities. 

 



 

 
 

2.2. Introduction  

In many species, early arrivers to a habitat patch gain an advantage over later 

arrivers in terms of resource acquisition, growth, and/or survival (e.g. amphibians: Eitam 

et al. 2005, bacteria: Fukami et al. 2007, plants: Moore and Franklin 2012, parasites: 

Hoverman et al. 2013). This influence of immigration sequence, known as an 

intraspecific priority effect (IPE), occurs when early arrivers limit the growth or 

establishment of later arrivers. IPEs can skew the distribution of genes and traits in a 

population toward those of early arrivers, even if early arrivers are competitively inferior 

on a per-capita basis (e.g. de Roode et al. 2005, Ben-Ami et al. 2008). Thus, important 

population dynamics (e.g. growth rate) may be disproportionately represented by the 

traits of early arrivers, not necessarily those of all colonists (De Meester et al. 2002, 

Dibble et al. 2014). Previous studies indicate that IPEs can maintain long-term variation 

among populations in a landscape (Ventura et al. 2014), as early colonists resist 

subsequent immigration and the homogenizing effects of dispersal (Boileau et al. 1992, 

De Meester et al. 2002, Haag et al. 2005). While this clearly emphasizes the importance 

of assembly sequence and IPEs for intraspecific interactions, it is unclear whether 

variation in arrival order of a single species scales up to influence interactions between 

species.  

Differences in assembly sequence, and IPEs in particular, have the potential to 

affect community assembly through several pathways. Most directly, IPEs could alter 

species interactions by changing population dynamics (i.e. numerical effects). For 

instance, if IPEs facilitate the establishment of slow-growing individuals in a new patch 

(e.g. Dibble et al. 2014), the resulting reduction in population growth rate and density of 
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a focal species could increase the invasion success of competing species. Alternatively, 

IPEs could affect species interactions by influencing the distribution of other important 

traits, such as susceptibility to parasites. IPEs that promote the establishment of highly 

resistant host individuals, for example, could reduce disease risk in one population, 

compared to neighboring patches where relatively susceptible individuals colonized early 

(akin to Antonovics et al. 1997). Thus, interspecific interactions like competition and 

parasitism may depend substantially on the traits of early arrivers of a focal species, not 

necessarily the traits of all colonizing individuals. Given the ubiquity of trait 

differentiation among local populations (e.g. Bolnick et al. 2011), IPEs may play a 

substantial role in community assembly.  

In this study we used a model system to experimentally test whether and 

how IPEs in a dominant species affect intra- and interspecific interactions. We 

manipulated the order of arrival of individuals from two source populations to a 

novel habitat patch. Individuals from these populations differed in a key trait, 

population growth rate, which affects intraspecific competition, interspecific 

competition, and disease susceptibility. In a three-species system, we hypothesized 

that 1) variation in population arrival order would affect the population dynamics of 

a dominant focal species (Daphnia pulex) via IPEs, and that these differences in 

Daphnia populations would 2) alter interspecific competition (with Simocephalus 

vetulus), and 3) change the severity of disease epidemics (of the fungal parasite 

Metschnikowia bicuspidata)in their Daphnia host. Our results confirmed that 

variation in arrival order and IPEs altered population dynamics in Daphnia, and that 

these changes affected both competitor persistence and disease epidemic severity. 
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These results clearly indicate that the immigration history of a single species can 

alter interspecific interactions, documenting the importance of intraspecific 

variation, arrival order, and IPEs for the development of natural communities. 

2.3. Methods 

2.3.1. Study system 

We used the pond-dwelling zooplankton Daphnia pulex, the fungal parasite 

Metschnikowia bicuspidata, and the cladoceran competitor Simocephalus vetulus to 

investigate the role of variation in population arrival order and IPEs on intra- and 

interspecific interactions in an experimental setting. We collected populations of our 

focal species, D. pulex, from two small ponds (Ditch and Pine) in Huntsville, Texas, in 

February 2012. These ponds are separated by ~300m, and dry periodically throughout the 

year. We hatched individuals from resting eggs (ephippia), and then reared individuals 

from these two source populations separately in the lab. We kept populations under 

identical conditions for approximately two generations to standardize maternal or 

environmental effects. As individuals hatched from multiple sexually-produced ephippia 

(Banta 1939), these populations were polycultures, not individual clonal lineages. We 

used polycultures to better reflect natural variability. Individuals from the Ditch 

population grew to higher abundance than individuals from Pine populations under 

laboratory conditions (Figure 2.1). Throughout, we refer to these populations as “Fast 

(F)” and “Slow (S)”, respectively (Table 2-1). 
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2.3.2. Experimental design 

Our main hypothesis was that variation in the arrival order of individuals from 

two distinct populations of D. pulex would lead to IPEs, which would alter interactions 

with its competitor (S. vetulus) and fungal parasite (M. bicuspidata). To test this, we 

experimentally altered the order of arrival of Daphnia individuals from two natural 

source populations (F and S), crossed these arrival treatments with the presence or 

absence of parasites, and added a heterospecific competitor to all experimental tanks. 

This resulted in ten total treatments (5 arrival times, 2 parasite treatments, Table 2-1), 

replicated eight times in a randomized block design. To manipulate Daphnia arrival 

order, we added individuals from our two D. pulex populations at two different time 

points, seven days apart (Day 0 = early arrival, Day 7 = late arrival). We manipulated the 

identity of the early and late arrivers to create 1) “single” population treatments, with 

individuals from the same source introduced during each addition, and mixed populations 

with 2) “sequential” arrival treatments, where the identity of the early and late arriver 

differed, and 3) “simultaneous” arrival treatments, where individuals from both source 

populations were added together during each colonization event (Table 2-1). In general, 

strong effects of early arriver identity (e.g. on population abundance) in mixed 

populations, independent of the identity of later arrivers, would be consistent with IPEs. 

 Daphnia were added to simple habitat patches at the same density for each 

addition (10 ind/L). Habitat patches (microcosms) consisted of plastic containers filled 

with 800 mL of media (75% ADaM [Kluttgen et al. 1994] and 25% pond water filtered 

through 2 μm mesh), kept on a 16:8 hour day:night cycle at 21
o
C. We added 1x10

4
 

cells/mL of laboratory-reared algae (Scenedesmus obliquus) daily as a food source. Twice 
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per week, we removed ~25% of each population, then counted and determined the 

infection status of individuals before returning them alive to their experimental container.  

 We added the cladoceran Simocephalus vetulus (7.5 ind/L) to all of our 

experimental containers on day 10, representing heterospecific colonization during the 

initial growth phase of the focal species (D. pulex). These species commonly co-occur in 

small ponds and temporary pools in Eastern Texas (Dibble, unpublished data). We 

collected competitor individuals from a third pond in Huntsville, Texas, in February, 

2012, and raised them in the laboratory for approximately one generation before 

introduction to our experimental habitat patches.  

 The order of arrival treatments (Table 2-1) were crossed with the 

presence/absence of the parasite M. bicuspidata. We did this 1) to test whether IPEs in D. 

pulex altered interactions with its parasite, and 2) because previous work has shown that 

the presence/absence of IPEs can depend on the presence/absence of parasites (Dibble et 

al. 2014). We added fungal parasite spores (40 spores/mL) to half of our habitat patches 

five days after the early Daphnia introduction. We have cultured this parasite on a variety 

of D. pulex genotypes since 2011 (and on genotypes of D. dentifera since 2003, e.g. Hall 

et al. 2010). As M. bicuspidata exhibits little genetic variation across its range (Duffy and 

Sivars-Becker 2007), there is little chance of developing particular host genotype/parasite 

strain associations. 

2.3.3. Statistical analyses 

IPEs and Daphnia growth: We quantified the growth rates of our focal D. pulex 

populations by fitting a modified Ricker function (Persson et al. 1998, Bolker 2008) to 

population abundance data from days 5 to 24 (see Appendix A for model selection 
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details). This period captured the peak increase, maximum abundance, and subsequent 

decline for all experimental populations (Figure 2.1, Fig A1 in Appendix A). The 

function follows the form: 

             
 

 
     

 

 
 
 

(1) 

where x is time (days), b represents the rate of initial population growth, a reflects 

the time (day) of peak density, and ε changes the steepness (kurtosis) of the curve (Fig. 

1). For our experimental populations, allowing a and ε to vary by treatment did not 

increase the fit of the model (based on AIC, Burnham and Anderson 2002). We thus 

focused our analyses on population growth, b. Because a and ε were held constant, b 

modifies the entire growth curve, encompassing initial growth rate, peak population 

density, and subsequent population decline. In our study, then, b represents an aggregate 

measure of population growth or performance throughout the experiment, and is not 

simply a transient rate of increase. We estimated b for each of our experimental units 

(microcosms), and used this estimate of population performance in subsequent analyses. 

Weighting b by the standard error of its estimation did not qualitatively alter our results, 

and we present models and results with unweighted estimates. 

 Factorial models:  

Our statistical models all took the same general approach. We tested whether 

altering the order of arrival of individuals from our two source D. pulex populations 

affected 1) Daphnia population performance (b), 2) competitor establishment success 

(persistence until the end of the experiment, binary), and 3) disease epidemic severity 

(infection prevalence integrated over the entire duration of the experiment) using 

generalized linear mixed effects models (glmms). We included fixed effects of early 
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arriver identity, late arriver identity, parasite presence, and all possible interactions of 

these factors, plus a random effect of spatial block. For these factorial models, we did not 

include the simultaneous arrival treatments, because they were not implemented 

factorially. For each model, we performed model selection by minimizing AIC (Burnham 

and Anderson 2002, see also supplemental table A3-A5). We made pairwise comparisons 

between all treatments (including simultaneous arrival treatments) for models of Daphnia 

population growth and disease epidemic severity, correcting for multiple comparisons by 

controlling the false discovery rate (Benjamini and Hochberg 1995). Daphnia growth (b) 

was modeled with a normal error distribution, Simocephalus establishment success with a 

binomial, and disease epidemic severity with a negative binomial distribution to account 

for overdispersion (Ver Hoef and Boveng 2007). Statistical significance was assessed via 

F-tests for models with normally distributed error (Daphnia population performance), 

with an approximation to denominator degrees of freedom (Kenward and Roger 1997). 

For models with non-normal error (Simocephalus establishment, epidemic severity) we 

computed significance via Wald χ
2
 tests.  

 All statistical analyses were performed in R (R Core Development Team 

2013). All mixed effects models were fit via the lme4 package (Bates et al. 2014), 

with AIC values, summary statistics, post-hoc comparisons, and figures generated 

with the packages bbmle (Bolker 2009), car (Fox and Weisberg 2011), multcomp 

(Hothorn et al. 2008), and ggplot2 (Wickham 2009), respectively.  
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2.4. Results 

Daphnia population dynamics: The population identity of the early and late 

arrivers significantly altered the performance of Daphnia performance (Early, F1, 53= 

26.9, P <0.0001; Late, F1, 53 = 7.15, P = 0.0096; Figure 2.1, Figure 2.2a, see also tables 

A3 and A4 in Appendix A for model selection and full model summary). Parasite 

presence did not significantly alter Daphnia population performance (F1, 53 = 0.50, P = 

0.48), despite substantial disease epidemics. There were no significant interactions 

between arrival order treatments and parasite presence (table A4 in Appendix A). In the 

single population treatments, differences between our “Fast” (F)  and “Slow” (S) 

populations were substantial, with F populations peaking on average at 76% higher 

densities than S populations (Figure 2.1, Figure 2.2a; F-F > S-S, P < 0.0001).  

Our paired comparisons showed that early F, late S resulted in a 52% mean 

increase in peak density compared to S, S (Figure 2.1, Figure 2.2a; F-S > S-S, P < 

0.001). On the other hand, early S followed by late F reduced average peak density by 

~38% compared to F-F (Figure 2.1, Figure 2.2a; S-F < F-F, P < 0.01). These 

comparisons demonstrate the strong influence of early arriver identity, which drove the 

growth rate, peak density, and subsequent decline of colonizing populations   

The sequential arrival treatments (Table 2-1) showed moderate differences in 

peak density (~19%, F-S ≥ S-F, P = 0.073). Simultaneous arrival treatments resulted in 

intermediate growth: 40% larger than the slowest-growing, least abundant populations 

(Figure 2.2a; FS-FS > S-S, P < 0.005), 25% smaller than the fastest-growing, most 

abundant populations (FS-FS < F-F, P < 0.05), and virtually identical to the sequential 

arrival treatments (Figure 2.2a; FS-FS vs. F-S, P = 0.418; FS-FS vs. S-F, P = 0.325).  
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 IPEs and interspecific competition: Daphnia order of arrival treatments 

significantly altered Simocephalus establishment (Figure 2.2b). Specifically, the 

probability of Simocephalus persisting in the community was strongly affected by the 

identity of early arriving Daphnia (Wald χ
2
= 4.16, N = 60, P < 0.05), as well as an 

interaction between late arriver identity and parasite presence (Wald χ
2

 = 3.66, N = 60, P 

= 0.056, see also table A5 in Appendix A). The effect of early arriver identity reflects 

lower Simocephalus establishment success when fast-growing Daphnia individuals 

colonize first (18.75% with early F arrival, 40.6% with early S arrival). In general, 

Simocephalus showed a higher likelihood of persistence when parasites were present 

(Figure 2.2b, open vs. closed symbols). This was not the case, however, when fast-

growing Daphnia arrived late. In the S-F and F-F order of arrival treatments, parasite 

presence did not affect Simocephalus establishment (though the difference is trivial for 

the F-F arrival order, because Simocephalus only established successfully in 1/16 

habitats).  

 IPEs and disease epidemics: Disease epidemic severity (i.e. infection prevalence 

integrated over time), was affected by a significant interaction between early and late 

arriver identity (early*late, Wald χ
2

 = 6.51, N = 29, P = 0.0108). This indicates that late 

arrival of F individuals led to similarly sized epidemics regardless of early arriver 

identity, while the effect of late S depended on the identity of the early arriver (Figure 

2.2c). A more general explanation, however, is that epidemic severity tended to be high 

whenever F individuals were present in the population. Pairwise comparisons show that 

epidemic size doubled in F-S populations compared to S-S populations (F-S > S-S, P < 

0.05). Other treatments showed similar epidemic sizes, including the simultaneous arrival 
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treatments (pairwise comparisons, P > 0.05). Overall, disease epidemic severity was 

positively related to peak host density (Fig. A3, Table A7 in Appendix A).   

 Summary: Changing the identity of early and late D. pulex colonizers tended to 

create different ecological communities (Table 2). For instance, communities receiving 

slow-growing Daphnia both early and late harbored small Daphnia populations, which 

facilitated competitor establishment success and inhibited large disease epidemics (Fig. 

2). Had fast-growing Daphnia arrived first (i.e. a shift from S-S to F-S), however, we 

would expect Daphnia populations to be approximately 52% larger, with a 20% 

reduction in the establishment success of S. vetulus, and a 150% increase in disease 

epidemic severity (on average, for communities with parasites, Table 2). 

2.5. Discussion 

Intraspecific priority effects (IPEs) occur when early arrivers to a habitat patch 

affect the establishment or growth of later arriving conspecifics (Boileau et al. 1992, De 

Meester et al. 2002, Dibble et al. 2014), but whether and how they influence interspecific 

interactions remains unclear. Consistent with previous studies, we found that IPEs played 

an important role in driving population dynamics of a focal species. However, our results 

extend previous findings by demonstrating that these differences alter colonization 

success of an interspecific competitor as well as the size of disease epidemics. Thus, our 

study provides one of the first clear examples demonstrating that IPEs in a single species 

can have strong consequences for the structure and dynamics of natural communities.  
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2.5.1. IPEs and intraspecific dynamics 

 Our source populations of D. pulex exhibited substantial variation in growth rate, 

with the “fast” grower achieving peak density almost twice that of the “slow” grower in 

single population treatments (Figure 2.1). This variation among single populations 

established expectations for these populations in mixture. If early and late arrivers were 

independent, we would expect that overall population dynamics (e.g. peak population 

size) would be driven predominantly by fast-growers, independent of their arrival order. 

Instead, we found that the identity of the early arriver significantly altered Daphnia 

population dynamics, even when slow growers colonized first. Populations with early S, 

late F, for example, reached lower peak densities than early F, late F, indicating that early 

S reduces population performance compared to early F. All populations had similar 

abundance after this initial growth and peak (see Fig. A1 in Appendix A), indicating that 

early S, late F did not simply peak later. In this case, the substantial influence of slow-

growing early arrivers represents an IPE. In our sequential treatments, however, we saw a 

more moderate (19%) difference in D. pulex density between populations (F-S ≥ S-F) that 

approached statistical significance (P = 0.073). Thus, early arrivers did not completely 

eliminate the influence of late arrivers.  Our experimental results thus parallel previous 

work in other systems, where weaker competitors (i.e. slower growers) can gain an 

advantage by early colonization (e.g. de Roode et al. 2005). While we cannot 

conclusively state that late arriver establishment success was lower in our experiment 

without genotypic data, the influence of arrival order and IPEs had clear effects on an 

aggregate measure of population performance (b).  
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2.5.2. IPEs and interspecific dynamics 

We found strong effects of Daphnia arrival order on competitor establishment, 

indicating that IPE-mediated differences in Daphnia population extended to alter their 

interspecific interactions. When fast-growing Daphnia arrived early, they more 

effectively reduced the establishment success of the competitor S. vetulus, completely 

excluding S. vetulus from a number of communities. Simocephalus is generally a weaker 

competitor than Daphnia, in terms of growth rate, abundance, and total biomass 

(Schwartz and Hebert 1989, Louette and De Meester 2007). Our results, though, show 

that IPEs in Daphnia can facilitate Simocephalus establishment. Particularly, when slow-

growing Daphnia gained an advantage by arriving early to a new habitat patch (e.g. S-F 

vs. F-F, Fig. 2b, see also supplemental Fig. A2), Simocephalus were more likely to persist 

in the community. In other words, the establishment success of a given species depends 

not only on the presence of a competitor, but also the order in which competitor 

individuals colonize a habitat.  

Additionally, we found a positive effect of parasites on Simocephalus 

establishment. This parallels previous work showing that selective predation on Daphnia 

increases Simocephalus abundance in communities (Schwartz and Hebert 1989). In our 

case, however, parasites did not reduce Daphnia density. There is preliminary evidence 

that exposure to parasite spores reduces Daphnia foraging behavior (S.R. Hall, 

unpublished data), and heavily infected Daphnia eventually stop foraging altogether (due 

to mechanical inhibition by parasite spores, Hall et al. 2009). Changes in foraging 

behavior resulting from parasites could reduce the per capita competitive ability of 

Daphnia, increasing establishment success of Simocephalus. Overall, both variation in 
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the arrival order of individuals from distinct Daphnia populations and the presence of 

parasites affected the likelihood of Simocephalus persistence.  

 IPEs in Daphnia populations also significantly altered host-parasite interactions 

and the severity of disease epidemics. Epidemics were largest in F-S arrival treatments 

(Figure 2.2c). The difference in epidemic size between F-S and S-S populations reflects 

an IPE, as these treatments also differed in Daphnia population density (F-S > S-S). In 

this case, early F increased peak host population density (compared to early S), but at the 

cost of higher disease burden. On the other hand, S-F arrival treatments reduced Daphnia 

population density compared to F-F treatments, consistent with an IPE reducing host 

population size. With density-dependent disease transmission, this should have 

significantly reduced the severity of disease epidemics. Epidemic size was similar, 

however, in S-F and F-F treatments (although epidemics in S-F populations appeared to 

peak later in the experiment, Fig. A1b in Appendix A). This similarity suggests that 

differences in peak population density alone cannot explain differences in epidemic 

severity, and that other traits may be involved. Due to trade-offs between fecundity and 

disease susceptibility, it is likely that individuals from the fast-growing, high-performing 

F population were more susceptible on average than S individuals (Hall et al. 2010, 2012, 

Dibble et al. 2014). Differences in individual susceptibility (i.e. more resistant individuals 

in S-F populations) could have produced similarly-sized epidemics despite differences in 

peak host density.  

2.5.3. Conclusions 

Overall, we found that differences in arrival order and IPEs in Daphnia 

populations led to ecologically divergent communities (Table 2). Early arrival of slow-
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growing Daphnia resulted in smaller Daphnia populations and smaller disease epidemics, 

but a higher likelihood of competitor persistence. Early arrival of fast-growing Daphnia 

led to large populations that more effectively inhibited competitors, but at the cost of 

larger disease epidemics. A number of studies document the importance of intraspecific 

variation for assemblages of multiple species (e.g. Fridley and Grime 2010, Crawford and 

Rudgers 2013, Crutsinger et al. 2014). However, these studies generally focus on who is 

present in an environment (i.e. which individuals, genotypes, or ecotypes of a species). 

Our results suggest that community development and structure may not only depend on 

who gets to a habitat, but also in what order they get there. Thus, IPEs may play a major 

mechanistic role in the interspecific dynamics of metacommunities.  
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2.8. Tables 

Table 2-1. Order of arrival treatments for early and late additions of Daphnia pulex 

to experimental microcosms. Individuals from the two populations differed 

significantly in population growth rates, and are referred to as “Fast” (F) and “Slow” 

(S) throughout. Treatments received either individuals from single or multiple 

source populations, with multiple populations added either sequentially or 

simultaneously. All order of arrival treatments crossed with presence (+) or absence 

(-) of fungal parasite Metschnikowia bicuspidata, added on day 5. All treatments 

received individuals of the competitor, Simocephalus vetulus, on day 10. N = 8 

replicates. 

Early arriver 

(Day 0) 

Late arriver 

(Day 7) Abbreviation Population 

Fast Fast F-F 

Single 

Slow Slow S-S 

Fast Slow F-S 

Multiple "sequential" 

Slow Fast S-F 

Both Both FS-FS Multiple "simultaneous" 
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 1 

Table 2. The effect of replacing host D. pulex individuals from one source population (“F”ast or “S”low growing) with individuals 2 

from the other at different arrival times. Shown is the mean percent change for the relevant replacement, calculated as (replacement – 3 

original) / original, for each of host (D. pulex) abundance (b), competitor (S. vetulus) establishment success, and disease (M. 4 

bicuspidata) epidemic severity (infection prevalence integrated through time). As parasites had no effect on host abundance, percent 5 

change is pooled across treatments with and without parasites. * indicates raw difference in proportion of populations in which S. 6 

vetulus established successfully, as the percent change is undefined (competitor completely excluded from F-F host populations 7 

without parasites). 8 

 9 

Effect of 

replacing: Slow -> Fast Fast -> Slow 

Arrival time Early (i.e. S-S to F-S) Late (S-S to S-F) Early (F-F to S-F) Late (F-F to F-S) 

Parasites Absent Present Absent Present Absent Present Absent Present 

Percent Change 

in: 

        Host abundance 52.00% 27.40% -28.00% -14.10% 

Competitor 

est.success 0.00% -20.00% 300.00% -40.00% 50%* 200.00% 12.5%* 300.00% 

Disease epidemic 

size - 150.90% - 121.56% - 18.21% - 33.87% 



 

 
 

2.9. Figures 

 

Figure 2.1. Daphnia abundance from days 5 to 25 for order of arrival treatments, 

showing fit to Eq. (1) with b (peak abundance) estimates for each treatment. Peak 

abundance for all populations was on day 14. All populations were sampled on the 

same days shown on the x-axis, but points are spaced for clarity. The simultaneous 

arrival treatments (FS-FS) are shown with a dashed line (and white circles). Early 

arrivers were introduced on day 0, parasites on day 5, late arrivers on day 7, and 

competitors on day 10. 



 

 
 

 

Figure 2.2. a. Treatment means ± 1 SE for Daphnia population performance (b – peak 

density, Eq. 1), by order of arrival treatment. Arrival treatments sharing a letter are not 

a 

b 

c 
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significantly different after correcting for multiple comparisons (FDR); because there was 

no effect of parasites on peak density (b), comparisons ignored parasite presence. b. 

Simocephalus establishment probability (i.e. successful persistence until the end of the 

experiment) as a function of Daphnia arrival order and parasite presence. Treatments are 

ordered as in panel a; solid shapes are parasite-free, hollow shapes are parasite-addition. 

c. Integrated disease prevalence (mean ± 1 SE) for each Daphnia order of arrival 

treatment. Treatments sharing a letter are not significantly different after correcting for 

multiple comparisons (FDR). 



 

 
 

2.10. Appendix A 

In this appendix we present raw Daphnia abundance, Simocephalus (competitor) 

prevalence, and Metschnikowia (disease) prevalence data over time (Fig. A1a-c). 

Additionally, we provide additional model selection and statistical details for Daphnia 

growth models (Tables A1-A4), Simocephalus establishment success (Table A5), and 

disease epidemic severity (Table A6). Lastly, we present a logistic regression of 

Simocephalus establishment success by peak Daphnia density (b, Fig. A2) and linear 

relationship between disease epidemic severity and peak Daphnia density (Fig. A3, Table 

A7). 



 

 
 

2.10.1.  Raw growth data 

Figure A1. a. Daphnia density throughout the experiment for our order of arrival 

a 

b 

c 
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treatments (excluding FS-FS for clarity). Densities are means ± SE. Solid lines and points 

represent parasite-free treatments, dashed lines and open points are for treatments with 

parasites. The shaded region was used to estimate Daphnia growth rate (b). b. Prevalence 

of the competitor Simocephalus and c. the parasite Metschnikowia throughout the 

experiment, colors, linetypes, and symbols same as a.  

2.10.2.  Estimating Daphnia Population Growth: 

We used maximum likelihood to choose between four phenomenological models 

of Daphnia population growth (y = host abundance): 

Model 1: Ricker function  

           (1) 

Model 2: Power Ricker function (Persson et al. 1998, Bolker 2008) 

    
 

 
     

 

 
 
 

(2) 

Model 3: Modified power Ricker 

   
  

 
  

   
  

 
 
 

(3) 

Model 4: Modified logistic (Vonesh and Bolker 2005) 

     
       

          
 (4) 

Equation (1) represents a simple unimodal function of time, with initial rate of 

increase b and peak at 1/a. Equation (2) modifies the Ricker function by adding a scaling 

parameter ε, which affects how quickly the maximum growth rate b changes above and 

below peak abundance at x = a. Equation (3) modifies equation 2 by allowing for a more 

non-linear dependence on time. Equation (4) is a modification of the logistic growth 

equation that results in a unimodal relationship with time, where ε affects initial rate of 
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increase, φ controls the inflection point, β affects the rate of decline, and a adjusts the 

unit scale. We fit these models to population abundance between days 5 and 24 (shaded 

region in supplemental Fig. A1a), which captures initial population growth, peak 

abundance, and decline. We compared the fit of these models to the data using AIC. 

Model 2, the power Ricker function, fits the data best, evidenced by the lowest AIC value 

and overwhelming weight of evidence (Table A1; Burnham and Anderson 2004).  

Table A1: Model selection results for Daphnia growth models.  

Model ΔAIC df weight 

eq. (2) 0 4 0.954 

eq. (3) 6.0 4 0.045 

eq. (4) 46.8 5 <0.001 

eq. (1) 451.9 3 <0.001 

 

We used AIC to determine whether allowing b or ε to vary by treatments 

improved the fit of this model to the data (Table A2). This would tell us whether the peak 

(b) or shape (ε) of Daphnia population growth explained more of the data.  We fixed a to 

its experiment-wide value, because all of our Daphnia populations peaked on the same 

day (supplemental Fig. A1a.) and this date corresponded to a specific sampling event. 

Three models were similar in AIC (supplemental Table A2). All allowed peak density, b, 

to vary by both early and late arriver identity. While allowing ε to vary by particular 

treatments improved the model fit slightly (Table A3), it contributed little on its own. 

Furthermore, b and ε are positively correlated (linear regression, F1,74 = 42.93, P < 

0.0001, r
2
 = 0.355). Accordingly, we focused on differences in b to explain the effects of 
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arrival order and parasite presence on dynamics in our Daphnia populations. We 

estimated b for each experimental unit (tank), and used this value in a generalized linear 

mixed effects model. 

Table A2: Model selection shows that peak density, b, is the greatest contributor to 

differences among experimental Daphnia populations. 

Model ΔAIC df weight terms 

 

0 8 0.3855 b ~ early:late 

     
 

 
     

 
 
 
 

 0.4 10 0.3151 b ~ early:late, ε ~ early 

 

1.7 9 0.1663 b ~ early:late, ε ~ parasite 

 

3.6 10 0.0635 b ~ early:late, ε ~ late 

 

3.8 12 0.0575 b ~ early:late, ε ~ early:late 

 

7.5 13 0.0092 b ~ early:late:parasite 

 

10.1 17 0.0024 b ~ early:late, ε ~ early:late:parasite 

 

13.1 6 <0.001 b ~ early 

 

40 8 <0.001 ε ~ early:late 

 

43.5 6 <0.001 ε ~ early 

 

44.1 6 <0.001 b ~ late 

 

46.7 13 <0.001 ε ~ early:late:parasite 

 

51.4 6 <0.001 ε ~ late 

 

55 4 <0.001 null model 

 

56.6 5 <0.001 ε ~ parasite 

 

56.8 5 <0.001 b ~ parasite 

 

2.10.3. Generalized linear mixed model results and summary statistics: 

 Daphnia growth: We used a generalized linear mixed effects model to test 

whether b differed significantly among our treatments. We ignored within-tank variation 

in the estimate of b, leaving the values unweighted. Weighting by the standard error of b 

yields almost identical results and does not change our major conclusions. We used these 

estimates of b to test whether the three-way interaction between early arriver identity, late 
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arriver identity, and presence or absence of parasites affected Daphnia population 

growth. This factorial model did not include the simultaneous arrival treatments (Table 

1), which were not implemented factorially. The model contained spatial block as a 

random effect and a Gaussian error distribution. We used AIC to support our removal of 

non-significant interaction terms; the model selection process is shown in Table A3, and 

summaries for the reduced and full models are shown in Table A4. We used post-hoc 

comparisons to test for significant differences in growth rate between all treatments 

(including the simultaneous arrival treatments, all adjusted for multiple comparisons 

(false discovery rate, Benjamini and Hochberg 1995). 

 We performed similar analyses for Simocephalus establishment success and 

disease epidemic severity. Establishment success for the competitor Simocephalus was 

defined as persistence until the end of the experiment (~40 days), and was modeled with 

a binomial error distribution. We used AIC to remove uninformative interaction terms 

from the model, and present the reduced model summary in Table A5. To estimate 

disease epidemic severity, we integrated disease prevalence over time, obtaining the area 

under the curve using the trapezoid rule. This represents the overall burden of disease for 

each host population. We used a negative binomial error distribution to account for 

overdispersion, and present the full model in Table A6. 

 

Table A3: Model selection for mixed effects models of Daphnia growth rates. ‘Model’ 

describes model formula, identified by ‘id’. ‘ΔAIC’ shows change in AIC value for 

models relative to the lowest AIC value (i.e. best-fitting), ‘df’ is the degrees of freedom 
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for the model, and weight shows strength of support. All models include random effect of 

spatial block. 

Model, b ~ … + block(re) id ΔAIC df weight 

early + late 5 0 5 0.5252 

early + late + parasite 7 1.5 6 0.2519 

early + late + early:late 8 3.5 7 0.0935 

early 2 5.0 4 0.0426 

early + late + parasite + early:late + early:parasite 9 5.2 8 0.0381 

early + late + parasite + early:late + early:parasite + 

late:parasite 10 6.4 9 0.0211 

early + parasite 6 6.6 5 0.0198 

early*late*parasite 11 8.4 10 0.0078 

late 3 20.8 4 <0.001 

Null 1 23.6 3 <0.001 

parasite 4 25.3 4 <0.001 

 

Table A4: Statistical summary table of reduced and full Daphnia growth models. Bold p-

values are significant at α = 0.05 

Reduced model, b ~ early + late + block(re) 

   
    Fixed effects F df P 

    early 27.1553 1, 54 <0.0001 

late 7.2148 1, 54 0.00959 

Random effects Variance Std. dev. 

 block 13.15 3.63 

 residual 83.97 9.163 

 
    Full model, b ~ early*late*parasite + 

block(re) 

   
    Fixed effects F df P 

    early 25.3431 1, 49 <0.0001 

late 6.7333 1, 49 0.01245 

parasite 0.4747 1, 49 0.49409 

early:late 0.0168 1, 49 0.89737 

early:parasite 0.1803 1, 49 0.67301 
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late:parasite 0.7191 1, 49 0.40056 

early:late:parasite 0.0051 1, 49 0.94321 

Random effects Variance Std. dev. 

 block 12.4 3.52 

 residual 89.97 9.49 

  

Table A5: Summary statistics for generalized linear mixed effects model of 

Simocephalus establishment success (Fig. A2). Bold p-values are significant at α = 0.05. 

Model: Simocephalus establishment (yes/no) ~ … + block(re), binomial error 

    Wald χ
2 

tests, N = 64 

   
    Fixed effects χ

2
 df P 

    early 4.159 1 0.0414 

late 0.7538 1 0.3853 

parasite 2.856 1 0.0909 

late:parasite 3.661 1 0.0557 

    Random effects Variance Std. dev. 

block  0.2372 0.4871 

  

Table A6: Summary statistics for generalized linear mixed effects model of integrated 

disease prevalence (i.e. epidemic size of fungal parasite Metschnikowia bicuspidata). 

Bold p-values are significant at α = 0.05. 

Model: Integrated disease prevalence ~ … + block(re), negative binomial 

error 

    Wald χ
2 

tests, N = 29 

   

    Fixed effects χ
2
 df P 

    early 0.9774 1 0.3223 

late 0.1272 1 0.7213 
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early:late 6.505 1 0.0108 

    Random effects Variance Std. dev. 

block  0.171 0.4132 

 residual 0.9334 0.9661 

  

Table 7. Summary statistics for GLMM of disease epidemic severity by peak Daphnia 

population density (Fig. A3). Residual degrees of freedom given by Kenward-Roger 

approximation.   

Fixed effects F df P 

    b 9.53 1, 37.05 0.0038 

    Random effects Variance Std. dev. 

block 1.48 1.22 

 residual 4.78 2.18 

  

2.10.4.  Additional figures 
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Figure A2. Logistic regression of Simocephalus establishment success by peak Daphnia 

density (b). Gray and dashed lines represent treatments with parasites, dark gray and solid 

lines are parasite-free.  

 

 

 

Figure A3. Epidemic severity is a positive, linear function of peak Daphnia density (b). 

Symbols represent individual tanks, color and shape represent treatments.  
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Chapter 3 

Dispersal “type” and amount interact 

to affect ecological heterogeneity 

among local populations 

3.1. Abstract 

A number of factors govern the extent of intraspecific variation among 

populations in a landscape. Processes such as local adaptation tend to increase 

differentiation, while regional processes such as dispersal and gene flow tend to 

homogenize differences among populations. Intraspecific variation across a 

landscape, however, can itself alter dispersal’s ability to homogenize regional 

differences, if migrant individuals vary in expected fitness in their new environment. 

We manipulated the “type” (i.e. relative migrant fitness) and amount of dispersal to 

test whether the effect of migrants on the local environment depends on their 

fitness relative to existing residents. Using a model zooplankton host – fungal 
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parasite system, we found that dispersal enhanced differences among local 

populations, in terms of both differences in population growth and host-parasite 

dynamics. The effects of dispersal did not scale with the actual rate of dispersal, and 

dispersal rates ~9X higher than natural estimates could not synchronize population 

dynamics among populations. Our results demonstrate that local populations can 

respond very differently to dispersal from the same source population, and that 

dispersal does not necessarily homogenize differences among populations.  
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3.2. Introduction  

The extent of intraspecific variation in genes, traits, and population dynamics 

among habitat patches is governed by a number of factors (Bolnick et al. 2011). Founder 

effects (Haag et al. 2005), intraspecific priority effects (De Meester et al. 2002, Dibble et 

al. 2014), genetic drift (Hastings and Harrison 1994), and local adaptation (Kawecki and 

Ebert 2004) all tend to increase differentiation among local populations. Dispersal and 

gene flow, on the other hand, tend to reduce differentiation, by synchronizing population 

dynamics (Vasseur and Fox 2009, Fox et al. 2011), increasing the proportion of shared 

genes and traits among neighboring populations (Hastings and Harrison 1994), or 

breaking up locally co-adapted gene complexes (Felsenstein 1981, Fitzpatrick et al. 

2009). Intraspecific variation across a landscape, however, can lead to situations where 

migrant individuals are expected to have high (e.g. Ebert et al. 2002) or low (e.g. Nosil et 

al. 2005) relative fitness in their new population. This influence of dispersal “type” (i.e. 

relative fitness of migrants) may alter the efficiency with which dispersal homogenizes 

differences among populations, as the number of migrants required to affect local 

populations will depend on whether they are selected for or against. Given the importance 

of regional heterogeneity for issues such as conservation genetics (e.g. Tallmon et al. 

2004, Whiteley et al. 2010) or the potential for eco-evolutionary feedbacks (Turcotte et 

al. 2011), understanding whether dispersal “type” and amount interact to affect 

differences among populations is an important goal. 

 To have an appreciable effect on their new population, dispersers (immigrants) 

must survive and reproduce. Many empirical studies have documented high levels of 
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differentiation among neighboring populations despite high dispersal capacity (e.g. 

Hebert 1974, Hebert and Moran 1980). This can occur if migrant individuals are poorly-

suited (“maladapted”) to environmental conditions in the new habitat, as selection acts 

against migrant genes and traits (Hendry et al. 2002, Nosil et al. 2005, Räsänen and 

Hendry 2008, Marshall et al. 2010). Migrants are commonly less fit than residents due to 

local adaptation to their natal habitat patch (Kawecki and Ebert 2004), which can reduce 

effective gene flow between neighboring populations (Pekkala et al. 2012) and even 

facilitate adaptive divergence via reinforcement (e.g. Plath et al. 2013). On the other 

hand, dispersers can be selected for if they counter the effects of inbreeding depression 

(Ebert et al. 2002, Tallmon et al. 2004), if they are less susceptible to coevolved host-

parasite associations (Altermatt et al. 2007), or in sink habitats where local residents are 

particularly maladapted themselves (Holt and Gomulkiewicz 1997). In these cases, the 

selective advantage for dispersers should facilitate their persistence in the new 

environment, contributing to the erosion of heterogeneity among populations. The per 

capita effect of dispersers in the new environment, then, depends in part on their expected 

fitness relative to resident individuals. Intraspecific variation among populations could 

result in situations where dispersers are either favored or disfavored in their new 

environment. The “type” of dispersal (i.e. whether disperser individuals are relatively 

more or less fit than resident individuals) may alter the ecological and evolutionary 

consequences of dispersal, as it affects the likelihood that migrant individuals survive and 

reproduce.  

 The outcome of dispersal will depend both on the “type” of dispersal (e.g. Hendry 

et al. 2002, Nosil et al. 2005), as well as the rate of immigration (Felsenstein 1981). 



 76 
 

Crucially, these two factors can interact. The consequences of low dispersal rates, for 

example, will be different if dispersers have high or low expected fitness. Selection may 

be enough to reduce the influence of low-fitness migrants in low dispersal situations (but 

see Garant et al. 2007), but may be swamped if rates are too high, leading to local 

maladaptation (e.g. Ronce and Kirkpatrick 2001, Urban 2006). On the other hand, even 

low rates of immigration can have strong beneficial impacts for local populations if 

selection increases the frequency of migrant genes and traits (e.g. Vilà et al. 2003). The 

interaction between dispersal “type” and amount can help us to better understand whether 

dispersal reduces, maintains, or promotes ecological and evolutionary heterogeneity 

among populations. 

 In this study, we used an experimental approach to examine the influence of 

dispersal “type” and amount on host population dynamics and species interactions. We 

found that the effects of dispersal depended on the relative fitness of migrants and 

residents, using differences in susceptibility to a lethal fungal parasite as a proxy for 

fitness, but that these effects were also mediated by dispersal rates. This interaction of 

dispersal “type” and amount altered host population growth, which in turn affected 

disease prevalence in the population. Our results indicate that dispersal does not simply 

reduce differences among populations, highlighting the complex effects of intraspecific 

variation at a regional scale.  

3.3. Methods 

The goal of our study was to determine whether the ecological consequences of 

dispersal depend on 1) whether immigrants have higher or lower expected fitness than 
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resident individuals (i.e. dispersal “type”), and 2) rates of immigration into an existing 

habitat patch. To accomplish the first goal, we used an infection assay to determine mean 

susceptibility of individuals from three natural source populations of our host species, 

Daphnia dentifera. We then established experimental populations of “high” and “low” 

susceptibility residents, and moved “intermediate” susceptibility individuals into each of 

the resident populations at four different rates (low, medium, high dispersal + no 

dispersal control). This design creates situations where migrant individuals are relatively 

less susceptible (i.e. higher expected fitness) than resident individuals, or relatively more 

susceptible than residents when exposed to parasites. 

3.3.1. Study system 

Crustaceans in the genus Daphnia play host to a number of bacterial, fungal, and 

microsporidian pathogens and parasites (Ebert 2005). Our focal species, Daphnia 

dentifera, inhabits temperate lakes in the US, where they experience seasonal outbreaks 

of the virulent fungal parasite Metschnikowia bicuspidata. Daphnia consume 

transmissible spores of this yeast while filter feeding. Spores penetrate the gut wall of the 

host, reproducing rapidly for 9-13 days, after which hosts die and spores (up to 180,000 

per infected individual) are released back into the water column (Green 1974). Many 

factors influence the size of seasonal disease epidemics (e.g. competitors: Hall et al. 

2006, UV radiation: Overholt et al. 2012, water chemistry: Civitello et al. 2012), which in 

turn drive evolutionary changes in disease susceptibility (Duffy and Sivars-Becker 2007, 

Duffy and Hall 2008, Duffy et al. 2012). Individual susceptibility in this system is a 

function of foraging ecology. Faster-foraging individuals are exposed to more fungal 
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spores, become infected at higher rates, and produce more spores when infected (Hall et 

al. 2010, 2012), fueling large disease epidemics. When uninfected, faster-foraging hosts 

have higher fecundity and grow to larger sizes, creating a trade-off between disease risk 

and competitive ability (Hall et al. 2010, 2012). 

3.3.2. Initial infection assay 

In June of 2012, we sampled natural lakes in the Minnehaha and Greene-Sullivan 

state forests (Indiana, USA), collecting Daphnia dentifera via vertical tows through the 

water column. We stored individuals from three lakes (Gambill, Canvasback, and 

Midland) in replicate 2L containers filled with filter-sterilized (1 µm pore size) lake water 

and plentiful algal resources (laboratory-reared Scenedesmus obliquus, 2mg C/mL). 

Individuals were housed in these laboratory populations at 21
o
 C and a 16:8 hr day:night 

cycle for ~2 generations to reduce maternal or environmental effects.  

We assayed individual susceptibility by placing 6 three-day old individuals from 

each population into 200mL beakers filled with fresh media and food. We then exposed 

them to a standardized dose of parasite spores (150 spores/mL). This parasite has been 

cultured in the laboratory on a single host clone of D. dentifera since 2003, negating the 

possibility of coevolutionary associations between particular host genotypes and parasite 

strains. Host individuals were moved to new, clean beakers after a 24-hour exposure to 

parasite spores, and every three days after that. Replication among populations varied due 

to the presence of water mould, which kills hosts before they become infected by M. 

bicuspidata (Gambill N = 12, Canvasback N = 20, Midland N = 10). We diagnosed 
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infection status after 11 days by the presence of visible fungal spores at 25x 

magnification.  

 Mean susceptibility (i.e. infection prevalence) varied among our populations 

(Figure 3.1, binomial glmm Wald χ
2
 = 4.98, P = 0.083, N = 44), with Gambill the least 

susceptible (mean ± se, 44.9% ± 1.74), Canvasback intermediate (57.7% ± 1.53), and 

Midland the most susceptible (72.9% ± 2.05). We used individuals from these lakes to 

create “low-susceptibility” resident populations (Gambill), “disperser” populations 

(Canvasback), and “high-susceptibility” resident populations (Midland).  

3.3.3. Experimental setup and dispersal treatments 

Creating resident populations: This experiment was a randomized block design, 

with 2 dispersal “types” x 4 dispersal amounts replicated six times. In our experiment, the 

“type” of dispersal is indicated by the identity of the resident population. For example, 

when individuals from the disperser source population immigrate into the Low 

Susceptibility resident population, the “type” of dispersal is “relatively more susceptible” 

to the parasite than the resident population. We started experimental Daphnia populations 

in glass containers (tanks) with 35L of aged (1 week), dechlorinated water. Algae (S. 

obliquus) was added 1 week before Daphnia to provide resources. Once per week, we 

added liquid fertilizer (14:1 ratio of N:P, e.g. Dibble et al. 2014) to maintain nutrient 

levels for growing algae, assuming 5% loss per day on an exponential scale. Tanks were 

kept at ~21
o
 C and a 16:8 hour day:night schedule. Twice per week, we removed ~5% of 

the population, enumerating all individuals and recording their infection status. The 

experiment lasted for ~9 weeks, allowing for upwards of 20 Daphnia generations. 
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 Dispersal treatments: Estimating dispersal rates in natural Daphnia populations is 

difficult, and studies manipulating dispersal have used relatively sparse evidence to 

justify a wide variety of experimental rates ( up to 20% exchange of individuals per day 

between populations Forrest and Arnott 2006, Howeth and Leibold 2008, 2010, Pedruski 

and Arnott 2011). The most direct measure of Daphnia dispersal estimated immigration 

rates (relative to a resident population) of 0.25% per day (Michels et al. 2001). This 

estimate came from a set of small ponds directly connected by small streams, whereas 

immigration into isolated bodies of water is likely far rarer (Michels et al. 2001, Havel 

and Shurin 2004, Allen 2007, Vanschoenwinkel et al. 2009). Dispersal (i.e. immigration 

of individuals from Disperser source population into each resident population) in our 

experiment occurred three times (16, 29, and 43 days after initial Daphnia addition) at 

four rates set relative to the resident population size: 0% (no-dispersal control), 0.5% 

(low), 3% (medium), and 15% (high). This range captures realistic estimates of Daphnia 

dispersal (e.g. medium dispersal rate approximates Michels et al. 2001), while also 

providing a high-end value as a way of “over testing” theoretical predictions.  

 During the first dispersal event (day 16), we calculated the average size of all 

populations within a block (N = 4 high-susceptibility resident populations, N = 4 low-

susceptibility resident populations). This provided an estimate of how many migrant 

individuals needed to be added to each resident population to achieve the desired rates. 

For example, total population size averaged 1178 individuals (± 208) on day 16: we 

added an average of ~6 individuals to low dispersal treatments, ~34 individuals to 

medium dispersal treatments, and ~177 individuals to high dispersal treatments. To 

physically move individuals, we first calculated the density of the dispersal stock 
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population (N = 1 per block). We then filtered the necessary volume of water over a fine 

mesh (80 μm pore size), keeping filtered media separate so as to only transfer Daphnia 

(and to keep the density consistent after each addition).  

 We had two additional dispersal events (days 29 and 41), and added the same 

number of migrants as the first (i.e. the number of dispersers each time was fixed). 

Overall, high dispersal treatments received ~530 immigrants (across N = 6 blocks, range 

from ~156 to ~966), medium dispersal treatments received ~106 (range from ~32 to 

~193), and low dispersal treatments received ~18 (range from ~6 to ~32).  

 Fungal infections: On day 12 of the experiment, we added 65 spores/mL of the 

fungal parasite Metschnikowia bicuspidata to all experimental tanks. This allowed host 

populations to grow sufficiently large to sustain parasite transmission.  

3.3.4. Statistical analyses 

Abundance: Daphnia population growth was non-linear and variable among 

treatments (Figure 3.2), necessitating a flexible modeling approach. We examined 

differences in mean abundance through time with generalized additive mixed models 

(GAMM). GAMMs allow for the estimation of traditional fixed effects parameters by 

fitting penalized spline functions through non-linear data (Wood 2006). Models included 

fixed effects of resident population (which represents dispersal “type”), dispersal rate, 

and their interaction, as well a smoothing function for time. We included a random effect 

of spatial block and for the abundance of Daphnia pulicaria, an unwanted species that 

was present in some tanks at low density (the presence or absence of this species had no 

effect on our results). Models used a negative binomial error distribution to better account 
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for overdispersion common in count data (Ver Hoef and Boveng 2007). Models 

accounted for repeated measures by incorporating observations nested in time in a 

simple, autoregressive correlation structure (e.g. Dibble et al. 2014). Differences between 

our resident population treatments (dispersal “type”) or dispersal treatments would 

indicate significant differences in Daphnia abundance over time, accounting for variation 

in the shape of population growth curves. 

 Synchrony: Dispersal can synchronize dynamics among populations (Fox et al. 

2011), which could increase the similarity of our resident treatments (which, while never 

exchanging individuals between them, received the identical number of dispersers from a 

common source). We tested whether our dispersal treatments synchronized host 

population growth using a cross-correlation approach. We defined synchrony as the z-

transformed cross-correlations of the change in population abundance (e.g. abundance at 

time t + 1 – abundance at time t) between our two resident populations within a spatial 

block (e.g. Vasseur and Fox 2009). This provides an estimate of whether low- and high-

susceptibility resident populations are consistent in their rate and direction of increase or 

decrease at each time step. To assess whether dispersal significantly increased synchrony 

among populations, we regressed the transformed correlation coefficients on dispersal 

rate, which was treated as a continuous variable. The model included a random effect of 

spatial block (N = 6) and a Gaussian error distribution.  

 Disease dynamics: We focused on four metrics describing parasite epidemics in 

this experiment. First, we used a GAMM to determine whether mean infection prevalence 

over the entire experiment (a metric of average disease risk) differed by resident 

population, dispersal treatment, or their interaction. We used a GAMM to estimate mean 
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infection prevalence in the presence of nonlinear patterns in epidemic size over time. 

Because there were no infected individuals from one treatment (high-susceptibility 

resident, low dispersal), we performed this analysis without the low-dispersal treatment. 

The GAMM for infection prevalence used a binomial distribution with a random effect of 

spatial block and the abundance of D. pulicaria. Second, we tested whether parasite 

establishment success, defined as the presence of any infected individuals in a population 

during the experiment, differed among host populations. Aside from the lack of any 

infections in the high-susceptibility, low dispersal treatments, our other treatments 

showed almost identical likelihood of parasite establishment (mean ± se = 0.50 ± 0.07). 

Thus, we also tested whether population growth per se (rather than treatment 

classification) influenced parasite establishment. Specifically, we used a binomial mixed 

effects model to determine whether host population abundance on day 29 (an indicator of 

growth during the first half of the experiment) affected the likelihood of establishment. 

The model included a random effect of spatial block. Third, we examined whether 

resident populations, dispersal amount, or their interaction affected maximum parasite 

prevalence in host populations. For this, we used a binomial mixed effects model (with a 

random effect of spatial block) with the maximum parasite prevalence experienced by 

each host population as a response, again removing the low dispersal treatments for the 

factorial analysis. Fourth, we used a generalized mixed effects model to determine 

whether resident population or dispersal treatment affected the timing of peak infection 

prevalence (in days, with spatial block as a random effect, removing low dispersal 

treatments). Each of these metrics has a practical implication for host populations, for 

example by describing the average disease risk for individuals or the timing of peak 
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epidemic severity. We analyzed each to determine whether dispersal and changes in host 

abundance altered any one of four important measures of host-parasite dynamics. 

3.4. Results 

3.4.1. Host abundance 

Overall, the effects of dispersal rate on host dynamics depended on the identity of 

the resident population (e.g. dispersal “type” x amount affects host abundance: Wald χ
2

 = 

19.97, N = 672, P = 0.0002). In no-dispersal controls, low-susceptibility and high-

susceptibility populations were similar in abundance for much of the experiment (solid, 

light gray lines and circles in Figure 3.2a,b), though they did occasionally diverge (e.g. 

days 15, 26, 41,61-64, see also Fig. A1 in Appendix A).  

Dispersal generally increased differences in population dynamics among resident 

populations (Figure 3.2, Fig. A1 in Appendix A). Low dispersal, for example, led to high 

initial population growth in low-susceptibility populations (e.g. average density peaked 

on day 36, 120.3 ± 40.4 ind/L), but small population sizes for much of the experiment in 

high-susceptibility populations (e.g. average density < 21 ind/L for 43 days, average 

density did not peak until day 61, at 118.0 ± 54.2 ind/L). The opposing effects of low 

dispersal rates dramatically increased differences among low- and high-susceptibility 

resident populations (see also Fig. A1 in Appendix A). With medium dispersal rates, our 

two resident populations were similar in size both early and late (e.g. before day 33, after 

day 54), but high-susceptibility populations showed a large peak (day 43, average density 

= 143.1 ± 35.3 ind/L) which the low-susceptibility populations lacked (day 43 average 

density = 69.1 ± 23.2 ind/L, peak average density on day 57, 94.3 ± 36.2 ind/L). With 
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high dispersal rates, average peak abundance was similar for each resident population 

(low susceptibility = 132.4 ± 46.4, high-susceptibility = 142.2 ± 38.9), but the pattern of 

growth was different (low susceptibility populations peaked on day 43, high 

susceptibility on day 57). On day 40 of the experiment, for example, low-susceptibility 

resident populations were 3x more abundant than high-susceptibility residents with high 

dispersal rates (106.3 ± 30.3 vs. 32.5 ± 9.2 ind/L, respectively).  

Dispersal from a common source did not substantially increase synchrony 

between our resident populations (Figure 3.3, slope = 0.022 ± 0.014, F1,17 = 2.58, P = 

0.125), though low-dispersal treatments appeared to exhibit more asynchronous 

population dynamics (Fig. A2 in Appendix A). Overall, the effects of dispersal on host 

populations depended strongly on the identity of the resident population, and did not 

scale with the physical number of immigrants entering each habitat. 

3.4.2. Parasite dynamics 

Differences in host population growth strongly affected host-parasite dynamics in 

this experiment. We found a significant interactive effect of resident population and 

dispersal rate on mean parasite prevalence (Wald χ
2 

= 15.14, N = 396, P = 0.0005). This 

test for an interaction between dispersal “type” (resident population) and amount 

excluded low-dispersal treatments, because no individuals became infected in low-

dispersal, high-susceptibility populations (thus, the test for the interaction is slightly 

conservative). In general, the progression of disease epidemics tracked changes in host 

abundance (e.g. Figure 3.2a,c), with peak infection prevalence trailing peak host 

abundance by ~18-21 days.  



 86 
 

Parasites failed to establish (i.e. no infected individuals ever found) in 56% of all 

host populations, and were never found in high-susceptibility, low-dispersal populations 

(Figure 3.2d). Establishment success was positively related to early host population 

growth (Figure 3.4, Wald χ
2

 = 5580.7, N = 48, P < 0.0001), indicating that parasites were 

more likely to invade fast-growing host populations (early host population growth also 

contributed to larger epidemics, Fig. A3 in Appendix A). While the timing of peak 

disease epidemic severity did not vary by dispersal treatment (Wald χ
2

 = 0.59, N = 21, P 

= 0.89), resident population (Wald χ
2

 = 0.0052, N = 21, P = 0.94), or their interaction 

(Wald χ
2

 = 3.54, N = 21, P = 0.17), peak epidemic prevalence was significantly affected 

by the interaction of resident population and dispersal rate (Figure 3.5, Wald χ
2

 = 50.4, N 

= 21, P < 0.0001).  

The relationships between parasite establishment success, mean prevalence, and 

maximum prevalence help to explain a counterintuitive finding: across all treatments, 

resident populations with lower individual susceptibility (Figure 3.1) tended to 

experience higher disease risk at the population level (e.g. Figure 3.2c,d). This is due to 

larger initial population sizes in the low-susceptibility resident populations compared to 

high-susceptibility residents (averaged across dispersal rates), and a large degree of 

density-dependence in parasite transmission (Hall et al. 2010, Civitello et al. 2013). High-

susceptibility residents, particularly those with low or high rates of dispersal, had smaller 

populations during the majority of the experiment, which likely reduced the number of 

susceptible individuals required for sustained parasite transmission (e.g. Anderson and 

May 1979). When high-susceptibility populations grew quickly (i.e. the medium 

dispersal treatment), they tended to have larger epidemics (e.g. Figure 3.2d).  
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3.5. Discussion 

Dispersal among habitat patches generally homogenizes differences among 

distinct populations. Intraspecific variation, however, could alter the consequences of 

dispersal if migrant phenotypes do not perform equally in all environments. In this 

experiment we varied the expected fitness of migrant individuals in their new 

environment, using susceptibility to a fungal parasite as a proxy for expected fitness. By 

manipulating dispersal amount in conjunction with dispersal “type”, we were able to test 

whether similar rates of dispersal had different effects when migrants had high or low 

expected fitness. We found strong effects of dispersal on both host population abundance 

and the magnitude of parasite epidemics. However, the consequences of dispersal for host 

abundance and host-parasite interactions were different in different ecological contexts. 

As a result, dispersal increased ecological differences among populations, highlighting 

dispersal’s role as a potential driver of heterogeneity among populations. Our results run 

counter to expectations that dispersal necessarily homogenizes existing variation across a 

landscape, and suggests that intraspecific variation itself can limit dispersal’s 

homogenizing influence. 

3.5.1. Effects on hosts 

Our two resident populations exhibited largely comparable patterns of population 

growth in no-dispersal controls (Figure 3.2a,b, see also Fig. A1 in Appendix A). This 

relative similarity is in opposition to previous work demonstrating trade-offs between 

fecundity and disease risk (Hall et al. 2010), and we had expected our less-susceptible 

resident populations to grow slower (and to lower overall abundance) than high-



 88 
 

susceptibility residents (e.g. Dibble et al. 2014). A likely explanation is that individual 

traits (e.g. foraging rate) do not scale perfectly to population dynamics when resources 

are limiting, as different traits are favored under low-resource conditions (Hall et al. 

2012). Despite this deviation from our expectations, the no-dispersal controls established 

a baseline against which to compare the effects of dispersal in each habitat.  

Dispersal from a common source led to large differences in population dynamics 

among resident populations. Low and high rates of dispersal, for example, increased 

population abundance (relative to controls) in the low-susceptibility resident, but 

suppressed initial population growth in the high-susceptibility resident. This resulted in 

low- and high-susceptibility resident populations showing very different patterns of 

population growth at low and high dispersal rates (Figure 3.2a,b, Fig. A1 in Appendix 

A), despite receiving identical numbers of migrants. Intermediate dispersal rates, on the 

other hand, greatly increased the abundance of high-susceptibility populations relative to 

the no-dispersal control (Figure 3.2b), but had little effect on low-susceptibility resident 

populations. This contrasting effect of intermediate dispersal temporarily increased the 

abundance of high-susceptibility populations relative to low-susceptibility populations. 

These divergent results clearly indicate that dispersers from a common source had 

different effects in different environments. 

 The effects of dispersal on host abundance did not scale with the physical number 

of migrants. Had the effects of dispersal been related to the number of dispersers, we 

would have expected the high dispersal populations to peak earliest, as they received a 

15% boost in population size on day 16. What we saw instead was highly context-

dependent. Either low (0.5%) or medium (3%) rates of dispersal resulted in early 
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abundance peaks, depending on the identity of the resident population. Furthermore, as 

each resident population in a dispersal treatment received the identical number of 

individuals from the same source population, the effects were not simply numeric. In fact, 

the strength of dispersal’s influence is surprising, given the low number of actual 

migrants. Low dispersal treatments, for example, received an average of only 18 

individuals across all three dispersal events, yet showed tremendous differences in 

growth between resident populations. This indicates that even small numbers of migrants 

can have dramatic effects on host population dynamics. 

 Dispersal could have synchronized dynamics between our resident populations, as 

the pulsed addition of individuals from a common source makes distinct populations less 

independent. We found a weak trend of increasing synchrony, in terms of correlations in 

population growth or decline over time, with increasing dispersal. It is possible that we 

reduced the potential for synchronizing effects of dispersal by preventing reciprocal 

exchange among our resident populations (Hastings and Harrison 1994, Vasseur and Fox 

2009). Yet, even in our highest dispersal rates, which are well beyond the (admittedly 

variable) natural estimates of dispersal in zooplankton metapopulations, our resident 

populations behaved very differently. This suggests that the different responses of each 

resident population to dispersal from a common source outweighed the weak 

synchronizing effect of dispersal, as populations were almost equally likely to exhibit 

positive or negative correlations in rate of change across all dispersal treatments (Figure 

3.3). 
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3.5.2. Effects on parasites 

Dispersal tended to increase differences in disease dynamics between our two 

resident host populations, mainly through its effects on host abundance. In dispersal-free 

controls, we found significant differences in parasite epidemics between resident 

populations, as low-susceptibility populations showed higher peak infection prevalence 

than high-susceptibility populations. Based on the individual infection assay and previous 

work in the system (e.g. Hall et al. 2010) we had expected the opposite: higher disease 

prevalence in high-susceptibility populations, which harbored more susceptible and 

faster-growing individuals (e.g. Dibble et al. 2014). The most likely explanation for this 

discrepancy was the positive relationship between initial population growth rate and 

maximum parasite prevalence (Fig. A2, Appendix A), which suggests that the slightly 

faster growth of low-susceptibility controls (Fig. A1, Appendix A) facilitated density-

dependent parasite transmission (Civitello et al. 2013). This dependence on host density 

was also visible in treatments with dispersal. 

 It is tempting to conclude that the effects of dispersal on host-parasite dynamics 

matched our initial predictions, which assumed a positive relationship between disease 

susceptibility and fecundity (Hall et al. 2010). Low and high dispersal rates tended to 

increase disease epidemics in low-susceptibility populations, relative to no-dispersal 

controls. This is consistent with the hypothesis that immigration of relatively susceptible, 

faster-growing individuals increased both population size and disease risk. In high-

susceptibility resident populations, on the other hand, low dispersal rates (for example) 

eliminated disease epidemics entirely. This is consistent with the idea that adding 

relatively resistant, slow-growing individuals reduces overall disease risk by reducing the 
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number of susceptible individuals in the population (in both a relative and absolute sense, 

e.g. Anderson and May 1979). Despite the consistency of these particular treatments, we 

are cautious in supporting conclusions because we failed to see the expected 

susceptibility-fecundity trade-off in dispersal-free controls. Additionally, these 

explanations fail to account for host abundance and disease epidemics in populations with 

intermediate dispersal rates, suggesting an alternative mechanism is driving host-parasite 

dynamics.  

3.5.3. Role of dispersers 

Intraspecific variation among resident populations could help to explain the large 

differences in host abundance and disease dynamics caused by dispersal. Recent studies 

have examined how variation in disperser traits affect their contributions to a new patch, 

finding that selection can act against migrant individuals (e.g. Rundle and Nosil 2005, 

Nosil et al. 2005) and that the benefits of immigration can decline with increasing 

divergence between populations (Pekkala et al. 2012). We expected dispersers moving 

into the low-susceptibility resident populations to have low establishment success 

because they were relatively more susceptible to a lethal parasite than resident 

individuals. If selection minimizes the effects of migrants in these treatments, but selects 

for migrant phenotypes in our other scenario (where dispersers were relatively less 

susceptible), dispersal could have different per capita effects in the different 

environments. One complicating factor, however, is that the strength of selection against 

susceptible individuals depends strongly on epidemic size (Duffy et al. 2012). Thus, the 

effects of dispersal on host population abundance and disease dynamics can influence the 
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efficiency with which selection increases or decreases the frequency of disperser genes 

and traits.  

 Given the large differences in host abundance and parasite prevalence we 

observed, we have a number of hypotheses regarding the actual role of dispersers. First, 

disperser establishment success was a simple function of dispersal rate. This seems 

unlikely, given that the ecological effects of dispersal had nothing to do with the actual 

number of dispersers added, and depended strongly on the resident population. Second, 

disperser establishment was related to their relatively susceptibility residents, in line with 

our initial predictions. We would expect to see higher disperser frequency in the high-

susceptibility populations (because dispersers were relatively less susceptible than 

residents), even at low dispersal rates. This also seems unlikely, because parasite-

mediated selection was likely weaker (e.g. lower parasite prevalence) in high-

susceptibility populations, due to their small population sizes. Third, disperser 

establishment success was positively related to dispersal rate initially, but A) declined 

over time when disease epidemics were large (e.g. low-susceptibility populations with 

low and high dispersal rates), or B) remained dependent on dispersal rate when epidemics 

were small (e.g. high-susceptibility populations with low and high dispersal rates). We 

are currently exploring the proportional representation of host populations over time 

using microsatellite markers, which can tell us the relative composition of host 

populations in terms of resident and disperser genotypes. This type of genetic analysis 

will help to clarify the role of dispersers, as well as illustrate whether our expectations 

regarding selection for or against disperser traits resulted in different population genetic 

signatures.  
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3.5.4. Conclusions 

We found that dispersal from a common source increased ecological 

heterogeneity between two populations, in terms of differences in host population 

abundance and host-parasite dynamics. The effects of dispersal on host abundance did 

not scale simply with dispersal rate, instead depending heavily on the identity of the 

resident population. High rates of dispersal had only a minor synchronizing effect on host 

population dynamics, despite our experimental dispersal rates greatly surpassing natural 

estimates of immigration. Parasite epidemics largely followed host abundance, with fast-

growing host populations experiencing large, early epidemic peaks. Though the effects of 

dispersal on epidemics in certain treatments appear consistent with our initial 

expectations, we failed to document the predicted mechanism in control treatments, 

cautioning against over-interpretation. Overall, populations receiving identical numbers 

of migrants from the same source responded in dramatically different ways. Our results 

help to explain large differences among natural populations despite high dispersal 

potential (e.g. Hebert 1974, Hebert and Moran 1980), and suggest caution when assuming 

that dispersers have similar effects in all new environments, particularly when predicting 

the consequences of dispersal for threatened populations or species (Pulliam 1988, 

Trakhtenbrot et al. 2005). 
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3.8. Figures 

 

 

Figure 3.1. Individual susceptibility to the fungal parasite Metschnikowia bicuspidata 

among natural lake populations of Daphnia dentifera. Individuals from Gambill and 

Midland lakes were used to create “low-susceptibility” and “high-susceptibility” 

populations, respectively. Dispersers from the intermediate-susceptibility lake 

(Canvasback) were moved into each resident population at different rates, creating two 

“types” of dispersal: immigrants more susceptible than residents (i.e. Canvasback moving 

to Gambill), or immigrants less susceptible than residents (i.e. Canvasback moving to 

Midland). 
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Figure 3.2. A,B. Population density (individuals / L, mean ± 1 SE) for A) low-susceptibility and B) high-susceptibility resident 

populations of Daphnia dentifera experiencing different rates of dispersal. C,D. Disease prevalence (proportion of hosts infected) 

a b 

c d 



 104 
 

through time for C) low-susceptibility and D) high-susceptibility host populations. Dispersal events occurred on days 16, 29, and 41, 

indicated by light gray vertical lines. 
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Figure 3.3. Higher dispersal rates slightly increase synchrony in population abundance 

among resident populations. Synchrony was calculated as the z-transformed Pearson 

cross-correlation coefficients of the change in population abundance from time t to time t 

+ 1 (e.g. Vasseur and Fox 2009). Symbol color represents dispersal treatment. Light gray 

lines connect points in the same spatial block. The dark gray, dashed line represents the 

non-significant positive relationship between synchrony and dispersal rate. 
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Figure 3.4. The likelihood of parasite establishment depends on early host growth (line 

and shaded region = binomial GLM ± 1 SE). Symbol shape indicates dispersal treatment. 

Filled symbols are low-susceptibility resident populations, open symbols are high-

susceptibility populations. Treatments are separated only for reference, as the model 

included all points in the analysis. 
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Figure 3.5. Average peak prevalence of M. bicuspidata epidemics in two different 

resident D. dentifera populations (one with low individual susceptibility, one with high 

individual susceptibility [e.g. Figure 3.1]). Symbol shape indicates rate of dispersal 

(immigration) into resident populations. Treatments sharing a letter are not significantly 

different after accounting for multiple comparisons (* The high-susceptibility, medium 

dispersal treatment was significantly different from each other high-susceptibility 

treatment before adjustment). 
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3.9. Appendix A 

In this appendix we present an additional view of population abundance data, 

clarifying the conclusion that dispersal increases differences among resident 

populations (relative to no-dispersal controls, Fig. A1). Additionally, we show raw 

synchrony data (Fig. A2) and an analysis of maximum infection prevalence by host 

growth rate (Fig. A3).  



 109 
 

Fig. A1. Relative to controls (panel A), differences between resident populations generally increase with dispersal from a 

common source (panels B-D, filled points = low-susceptibility residents, open points = high-susceptibility residents, mean 
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density ± 1 SE).  
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Fig. A2. Standardized change in population abundance ((t+1 – t)/ x ) through time for each 

resident population (solid lines, circles = low-susceptibility resident, dashed lines, open 

circles = high-susceptibility resident) at four dispersal rates (low = 0.5%, medium = 3%, 

high = 15%). Lines are loess smoothers to show overall pattern; statistical analyses 

conducted on cross-correlations between these rates of change (see Results, Figure 3).  



 112 
 

 

Fig. A3. Maximum parasite prevalence increases with increasing host growth rate 

(e.g. population density on day 29). Maximum prevalence was modeled with a 

binomial error distribution (weighting prevalence by population abundance) in a 

general linear model (LR χ2 = 192.9, N = 21, P < 0.0001). Resident populations (filled 

symbols = low-susceptibility residents, open symbols = high-susceptibility 

treatments) and dispersal rates (symbol shape) are separated only for visualization, 

all data points were used in the analysis. Shaded area represents approximate 

standard error from the fitted model.  
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Chapter 4 

The ecological and evolutionary effects 

of phenotypic variance depend on the 

relationship between the mean 

phenotype and the environmental 

optimum 

Christopher J. Dibble and Volker H.W. Rudolf 

4.1. Abstract 

Recent studies focusing on the ecological effects of intraspecific variation per se 

(e.g. genotypic or phenotypic diversity within a local population) have documented its 

importance in a variety of systems. Despite widespread influence, the effects of altering 

genotypic or phenotypic variance for populations and communities often depend on local 

environmental conditions. We generalize this pattern, hypothesizing that the context-
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dependent effects of altering phenotypic variance arise from the relationship between a 

population’s mean phenotype and the local environmental optimum. Using a model 

laboratory system, we determined which traits affect fitness of a focal species (Daphnia 

pulex) in environments with and without a fungal parasite (Metschnikowia bicuspidata). 

We then factorially manipulated the mean and variance of fitness-related traits, finding 

that the effects of increasing trait variance depend heavily on the relationship between the 

trait mean and the local environmental optimum. When populations expressed suboptimal 

trait means, increasing trait variance benefitted host populations, augmenting host 

abundance by ~14% and reducing the size of disease epidemics by ~35%. On the other 

hand, increasing trait variance when trait means were relatively close to the 

environmental optimum had negative effects, reducing host population size by ~10% and 

doubling the size of disease epidemics. These context-dependent outcomes of altering 

phenotypic variance also affected the evolution of disease resistance, demonstrating their 

potential role in generating eco-evolutionary feedbacks. Overall, our results provide a 

framework for better understanding the role of intraspecific variation in natural systems, 

particularly the complex role of dispersal in maintaining heterogeneity among local 

populations. 
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4.2. Introduction  

Increasing evidence indicates that intraspecific variation  can influence the 

ecological dynamics of populations, communities, and ecosystems (Whitham et al. 2006, 

Bailey et al. 2009, Bolnick et al. 2011). While distinct phenological differences among 

individuals or populations have resulted in some of the clearest demonstrations of the 

importance of intraspecific variation (e.g. "ecotypes," Whitham et al. 2003, Palkovacs 

and Post 2009, Crutsinger et al. 2010, 2014), understanding the ecological and 

evolutionary relevance of finer-scale variation remains an active area of research. In 

particular, the potential effects of variation per se on populations and communities have 

gained substantial attention in the literature (Hughes et al. 2008). Recent meta-analyses 

have found that increasing genetic or phenotypic diversity increases the success of 

founder populations (Forsman 2014), and consistently increases species diversity and 

ecosystem productivity (Whitlock 2014). Despite general and pervasive effects, levels of 

genotypic or phenotypic variation do not always play an important role for populations 

and communities. For example, a six-fold increase in predator body size variance had no 

appreciable effects on prey density or community composition (Ingram et al. 2011). Even 

studies documenting significant, positive effects of intraspecific variation find different 

effect sizes in different environments. Hughes and Stachowicz (2004), for instance, found 

that seagrass plots with high genotypic richness better resisted the negative effects of 

disturbance, but that high genotypic richness had no noticeable effects in plots without 

disturbance. Similarly, Agashe (2009) showed that founder populations with higher 

genotypic richness had lower extinction risk and greater population size than 
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monocultures, but that the positive effects tended to be stronger when populations 

colonized a novel habitat type. These (and other) examples suggest that the importance of 

intraspecific variation depends on local environmental conditions. Specifically, we 

hypothesize that increasing phenotypic variation of an important trait within a species 

will have positive effects when the mean of that trait is relatively far from the 

environmental optimum. Alternatively, when populations exhibit trait means close to the 

environmental optimum, we predict that increasing phenotypic variance will have 

negligible, or even negative effects on the population.  

 We should expect larger, more positive effects of trait variance when populations 

are poorly suited to their local environment. Many ecological and evolutionary processes 

can drive the traits of natural populations away from the theoretical optimum value in an 

environment. Founder effects (Boileau et al. 1992, Haag et al. 2005), intraspecific 

priority effects (Dibble et al. 2014), high levels of dispersal (Urban 2006, Garant et al. 

2007), genetic drift (Whitlock 2000), and inbreeding depression (Ebert et al. 2002, 

Altermatt et al. 2007) can all affect the process of local adaptation. Similarly, changes in 

abiotic conditions (e.g. during colonization) or biotic interactions can reduce the 

performance of a focal species (e.g. addition of invasive species), in terms of population 

abundance or growth rate. In poorly performing, or“maladapted” populations, increasing 

trait variance increases the proportion of individuals or phenotypes with higher expected 

fitness in the local environment. Many of the clearest examples of variance per se 

benefitting populations arise when populations are relatively maladapted to the 

environment, for example during colonization of new habitats (Agashe 2009, Crawford 

and Whitney 2010, Forsman et al. 2012), or when faced with strong disturbance (Hughes 
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and Stachowicz 2004) or biotic selective pressures (e.g. parasites, Ganz and Ebert 2010). 

Overall, increasing trait variance is more likely to have positive effects when the 

population trait mean is relatively far from the local environmental optimum. 

 Altering trait variance in populations already well-suited (e.g. adapted) to the 

local environment may have negligible, or potentially negative effects on populations. 

When populations are locally-adapted, additional phenotypes are unlikely to confer a 

large fitness benefit (e.g. Lenormand 2002, Marshall et al. 2010, Blanquart et al. 2012). 

Thus, experiments that do not impose a significant selective pressure (e.g. the no-

disturbance treatments in Hughes and Stachowicz 2004), that only take place in only one 

environment (e.g. Dimas-Flores et al. 2013), or that do not also manipulate the trait mean 

in a population (e.g. Ingram et al. 2011), may be less likely to find significant ecological 

effects of increasing phenotypic diversity. In these cases, there are fewer benefits to be 

gained from additional variation when populations are performing relatively well in the 

local conditions. Indeed, when populations are particularly well-adapted to their local 

environment, additional phenotypic diversity may result in negative ecological 

consequences. In highly resistant host populations, for example, increasing trait variance 

will increase the proportion of susceptible individuals, potentially altering the threshold 

required for sustained disease transmission (Anderson and May 1979). Populations with 

the same high mean resistance, then, could exhibit different host-parasite interactions if 

high phenotypic diversity in one population yields sufficient susceptible individuals to 

facilitate a disease epidemic (akin to a vaccination threshold, e.g. Keeling 1999).  

 These predictions rest on the assumption that increasing phenotypic variance 

produces non-additive effects on the response of the population. With population growth 
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rate as an example response variable, for instance, increasing phenotypic variance in 

poorly performing populations increases the proportion of individuals with both 

extremely high and extremely low reproductive rates. Under the additive expectation, 

individuals with high and low trait values contribute equally to expected population 

growth, and the mean growth rate does not change despite increased variance. In other 

words, the addition of slow-growing phenotypes negates any advantage gained by the 

addition of  

 Non-additive effects can arise through two, related mechanisms. First, nonlinear 

relationships between a trait and individual fitness can lead to non-additive responses at 

the population level due to Jensen’s inequality (Benedetti-Cecchi 2005, Inouye 2005, 

Figure 4.1.). Depending on the shape of the nonlinear relationship, a change in the 

population trait variance can alter the mean response of the population, without a change 

in the trait mean (Figure 4.1). This can result in populations with different trait variance 

exhibiting different dynamics despite similar trait means (Bolnick et al. 2011). 

 Secondly, linear relationships between individual traits and fitness could produce 

non-additive responses to altered trait variance at the population level if interactions 

among individuals tend to increase the proportional influence of individuals on one end 

of the trait distribution. For example, intraspecific interactions (e.g. density dependent 

competition and fecundity) can skew the distribution of initial trait values towards those 

individuals with higher fitness as populations grow and compete for resources (i.e. 

selection). A symmetric increase in phenotypic variance, then, increases the difference in 

competitive ability of individuals on either end of the trait distribution, and could 

therefore reduce the relative impact of low-fitness individuals. While a symmetric 
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increase in phenotypic variance would increase the frequency of individuals with both 

high and low trait values, the functional response of the population can be nonlinear 

(non-additive) if individuals on either end of the distribution are represented 

disproportionately in the vital rates or interactions of the population.  

 While the relationship between the mean and variance of key traits is important 

for short-term ecological dynamics, it is crucial for the existence of rapid evolution.  

Increased trait variation allows populations immediate access to peaks of the fitness 

landscape. This can promote evolution over “ecological” timescales (e.g. Yoshida et al. 

2003, Hairston et al. 2005, Schoener 2011), where changes in gene and trait frequencies 

are fast enough to alter contemporary ecological dynamics. Selection for increased 

disease resistance in Daphnia populations, for example, facilitates the termination of 

seasonal parasite epidemics (Duffy and Sivars-Becker 2007, Duffy and Hall 2008). 

Whether this type of rapid evolution occurs, however, will depend on both the strength of 

selection in a local environment, as well as the existence of sufficient variation in genes 

and phenotypes (Duffy et al. 2012). Increasing phenotypic variance in maladapted 

populations should facilitate evolutionary change, because selection is more likely to 

favor individuals in the tails of the trait distribution (e.g. Tallmon et al. 2004). In locally 

adapted populations, on the other hand, increasing trait variance may have negligible 

effects on evolution, as the selective advantages provided by additional phenotypes are 

minimal. Similar to predictions for the ecological effects of increasing trait variance, we 

should see larger, more positive evolutionary effects when population trait means are far 

from the environmental optimum, and smaller or negligible evolution when populations 

are relatively locally adapted.  
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 In this study, we asked whether the ecological and evolutionary consequences of 

variance in a key trait depend on the relationship between the trait mean and the local 

environmental optimum. In our study system, the intrinsic rate of increase (r) of the host 

species Daphnia pulex exhibits a fitness trade-off in different environments. In the 

absence of a lethal parasite, clones of D. pulex with higher values of r are competitively 

superior, and populations with higher trait means grow to larger population sizes (e.g. 

Dibble et al. 2014). In the presence of the lethal fungal parasite Metschnikowia 

bicuspidata, however, higher values of r are associated with higher individual 

susceptibility and higher parasite fitness (Hall et al. 2010, 2012) Accordingly, we 

hypothesized that: 

1) Different trait means would be favored in environments with or without 

disease, leading to different host population dynamics and host-parasite 

interactions 

2) Increasing trait variance in relatively maladapted populations (i.e with 

suboptimal trait means) would have positive effects (e.g. reducing disease 

burden) 

3) Increasing trait variance in populations with trait means near to the 

environmental optimum  would have negligible (or possibly negative) effects 

4) The effects of trait mean and variance on host-parasite ecology would affect 

selection on individual susceptibility. Specifically, populations with the 

highest disease risk would receive the greatest benefit from increasing trait 

variance in terms of rapid evolutionary change  
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 To address these hypotheses, we used a five-part experimental approach, utilizing 

the host species D. pulex and its virulent parasite M. bicuspidata. We 1) conducted a life 

table assay to determine important life history traits for 60 unique D. pulex clones. We 

exposed a subset of these clones, spanning a broad range of trait values, to the parasite in 

an individual assay (2) and population assay (3) to determine the relationship between 

life history traits and disease risk at both the individual and population level. We then 4) 

factorially manipulated the mean and variance of an important fitness trait (intrinsic rate 

of increase, r) in environments with and without the parasite. This allowed us to 

determine the environmental optimum in environments with and without parasites, and 

whether the effects of altering trait variance depended on the relationship between the 

trait mean and the local optimum. Finally, we 5) conducted an individual assay to 

determine whether susceptibility to the parasite increased or decreased in our factorial 

experiment, and whether the change in susceptibility was determined by the initial trait 

mean, its variance, or their interaction.  

 Overall, different trait means were favored in different environments, and we saw 

positive effects of increasing trait variance when trait means were relatively far from the 

local optimum. On the other hand, we observed negative ecological effects of increasing 

trait variance when trait means were near the local optimum (e.g. lower host population 

abundance when parasites were absent, larger disease epidemics when parasites were 

present). These ecological effects influenced selection for increased disease resistance, 

where we found that trait change (consistent with rapid evolution) depended on both the 

mean and variance of a population’s trait distribution. Our results provide a framework 
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for better understanding the role of intraspecific variation in nature, particularly the 

complex relationships between traits and the environment. 

4.3. Methods 

The main goal of this project was to factorially manipulate the mean and variance 

of an important life history trait in order to document how the effects of phenotypic 

variance depend on the relationship between the trait mean and the local environment. To 

accomplish this, we first assayed a large number of clones to quantify variation in life-

history traits (initial clone isolation, life table assay). Using a subset of clones that 

spanned a large range of possible trait values, we then conducted an individual infection 

assay and a population infection assay to determine the relationship between measured 

life history traits and  individual susceptibility to the virulent fungal parasite 

Metschnikowia bicuspidata and the size of disease epidemics in host populations. With 

trait values from the life table assay and predictions of disease risk from the infection 

assays, we then factorially manipulated the mean and variance of host trait distributions 

to assess their independent and combined effects on host populations and host-parasite 

dynamics. Finally, we conducted another individual infection assay using hosts remaining 

after the ~13 week mean/variance experiment. This allowed us to determine whether our 

experimental combinations of trait mean and variance contributed to the evolution of 

individual susceptibility.  

4.3.1. Initial clone isolation 

To obtain unique clones for this project, we exploited the cyclically parthenogenic 

lifecycle of Daphnia pulex. Asexually reproducing females produce genetically identical 
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diploid daughters through parthenogenesis. During sexual reproduction, however, 

females produce males (also via parthenogenesis), then deposit two meiotically-derived 

haploid eggs into their brood pouch. These genetically unique haploid eggs are fertilized 

by males and develop in the brood chamber, where they are protected by a thickening of 

the carapace called the ephippium. Ephippia, also known as resting stages, are released 

when females molt, and are capable of surviving desiccation and freezing (Banta 1939, 

Ebert 2005). In local Texas populations of D. pulex, males and sexually-produced eggs 

occur throughout the year (Dibble, personal observation). Though some populations of D. 

pulex in the northern extent of the species’ range can produce ephippia asexually 

(Colbourne et al. 1997), the presence of males in our populations indicates sexual 

reproduction. Thus, we assume that all individuals produced from resting eggs are 

genetically unique.   

  On 1/31/2013, we placed approximately 600 ephippia from a single source 

population (Huntsville, Texas) in containers with a 3:1 mix of artificial Daphnia media 

(ADaM; Klüttgen et al. 1994):pond water (vacuum filtered, 2 µm pore size). Individuals 

began to hatch from ephippia within 24 hours, and were placed singly into centrifuge 

tubes filled with 45mL of fresh media and algal resources (lab-reared Scenedesmus 

obliquus at a concentration of 1.5 x 10
5 
cells/mL). All animals were housed at 20 

o
C on a 

16:8 hour day:night cycle. We added algae to containers (1.5 x 10
5
 cells/mL) and checked 

for the production of new offspring daily. Every three days, adult individuals were 

transferred to new centrifuge tubes with fresh media. If an adult’s second clutch 

contained more than three female offspring, we transferred three of those female 

offspring into fresh containers for use in the life table assay. All clones in this study were 



 124 
 

ultimately the second clutch offspring of mothers hatched directly from resting eggs 

(second clutch offspring are less variable than first clutch offspring, Ebert 1991). We 

used three replicate individuals from 60 unique clones for the life table assay, and 

measured these newly-hatched individuals to the nearest 0.01mm (distance from eye to 

base of tail spine).  

4.3.2. Life table assay 

Based on previous research with the related Daphnia dentifera (Hall et al. 2010, 

2012), we hypothesized that a number of traits would correlate positively with individual 

disease risk, particularly those related to size and fecundity (Table 4-1). Disease 

transmission in the Daphnia – Metschnikowia system is linked with foraging ecology, as 

individual Daphnia consume both algal resources and infectious fungal spores via filter-

feeding. Individuals and genotypes with faster foraging rates (i.e. filter more mL of water 

per unit time) 1) encounter more fungal spores, 2) produce more spores when infected 

(because of more resources for parasite growth), 3) grow larger when uninfected, and 4) 

show higher fecundity when uninfected (Hall et al. 2010). This represents a trade-off 

between fecundity and disease risk, as growth and reproduction is associated with higher 

individual susceptibility. We conducted a life table assay to quantify life-history traits for 

each of our clones (Table 4-1) and examine how these traits influence disease risk for 

individuals and epidemic severity in populations. 

 Individuals were housed singly in centrifuge tubes as described above. Each day, 

we transferred individuals to new containers with fresh media and algae and checked for 

the presence of offspring. When adult individuals reproduced, we counted their offspring 
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and measured their body size to the nearest 0.01mm (using a Leica rz95 microscope) 

before moving adults to their new containers. Offspring were discarded. The life table 

assay began on 2/13/2013 and was terminated on 3/28/2013, by which 111/177 

individuals had died of natural causes. All three replicate individuals of a single clone 

died shortly after hatching, yielding 59 unique genotypes. We used several size- and 

fecundity- related measures from the life table (Table 4-1) to explain infection risk for 

individuals (in the individual infection assay) and epidemic size in Daphnia populations 

(population infection assay). 

 Two of our important life-history traits, net reproductive rate (R0) and intrinsic 

growth rate (r), were estimated by iteratively solving the Euler-Lotka equation: 

            (1) 

where x is age (in days), lx is age-specific survival, and mx is age-specific 

reproduction (R0 is the sum of lx and mx). Summed over the lifespan of the “population” 

(i.e. N = 3 replicates) of each clone, r represents the expected rate of population growth 

of a clone in a new environment, and R0 is the total number of offspring a given female is 

expected to produce throughout her life. Additionally, we calculated generation time as 

ln(R0)/r for each clone, which represents the time (in days) needed for a single individual 

of a clone to produce R0 offspring, assuming exponential population growth. Because Eq. 

1 is a function of age-specific survival and reproduction, the average value of r and R0 

calculated for each replicate individual of a clone is not equal to the value of the function 

calculated for the pooled “population” of three individuals per clone. For statistical 

analyses, we used the pooled clonal values of r and R0, as they provide a more accurate 

estimate each trait at the clone level.  
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4.3.3. Heritability and relationships among life table traits 

We calculated the broad-sense heritability (H
2
) of each trait from the life table, by 

quantifying the ratio of genetic to total phenotypic variation (Falconer and Mackay 

1996). To estimate H
2
 for r and R0, we calculated the trait for each individual; while 

providing a slightly inaccurate measure of the trait itself, it should provide a reasonable 

estimate of how the variation in each trait is partitioned within and among clones.  

 Additionally, we examined whether any individual traits, such as body size, were 

significantly related to r, R0, and generation time (which were calculated independently 

of the other individual traits in Table 4-1). We used multiple regression to determine 

which individual traits were strong predictors of r and R0, simplifying models by 

minimizing AIC (Burnham and Anderson 2002). Many individual traits were correlated 

in reduced models (e.g. hatching size and size at reproductive maturity). We removed 

correlated traits until variance inflation factors (VIF), a measure of multicollinearity, for 

all traits were less than 2. This generally corresponded to among-trait correlation 

coefficients of less than 0.6. When removing traits from the models, we ensured that 

remaining terms were still predictive on their own (i.e. their importance did not depend 

on the presence of traits removed from the model). This analysis increases our 

mechanistic understanding of the relationship between individual traits and common 

metrics of fitness and population growth (Table 4-2). Full models and a plot of 

correlations among all traits are presented in Appendix A, table A1 and Fig. A1. Multiple 

regressions were performed with the glm function in R (R Core Development Team 

2012) with a Gaussian error distribution.  
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4.3.4. Maintenance and re-acclimation of clones 

After completion of the life table, we maintained single-clone stock cultures (in 

triplicate) at 13
o
 C to slow growth and development. Cultures contained 200mL of media. 

We added algae (1.5 x 10
5 

cells/mL) every other day, and transferred a random subset of 

individuals to new containers with fresh media and food once per week. Before being 

used in subsequent infection assays, we allowed clones to re-acclimate to temperature, 

lighting, and food conditions to minimize any effect of storage at colder temperatures. To 

do this, we moved adult females (i.e. “grandmothers”) from cold-storage to new 

containers at 20
o
 C. When these adults reproduced, we moved three of their offspring 

(“mothers”) to individual centrifuge tubes. These individuals were fed daily (1.5 x 10
5
 

cells/mL) and transferred to new containers every three days. We used ten randomly-

selected second-clutch offspring of these mothers for the individual infection assay. We 

repeated this general process to obtain individuals for the both the population infection 

assay and factorial mean/variance experiment, except that second-clutch offspring of 

mothers were used to start small colonies in containers with 800mL of media. We 

allowed these stock populations to grow for two weeks to obtain enough Daphnia for 

experimental populations, which were started with 8 individuals (2 each of 4 clones for 

the mean/variance experiment).  

4.3.5. Individual infection assay 

In order to estimate the contribution of life history traits to individual infection 

risk, we exposed individuals of a subset of 15 clones to a standard dose of M. bicuspidata 

spores. We selected the subset of clones to span the range of both reproductive (r, R0) 
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and body size (size at hatching, initial growth, and adult size) traits, which have 

previously been associated with higher individual susceptibility (Hall et al. 2010, 2012). 

For each of the selected clones, we measured ten newly hatched individuals (to the 

nearest 0.01 mm), and placed them into individual centrifuge tubes. We exposed three-

day-old individuals to a standard dose of fungal spores (150 spores/mL) for 24 hours, and 

then moved individuals to clean, parasite-free tubes. We maintained these individuals as 

before, feeding and removing offspring daily and moving to new containers every third 

day. Ten days after exposure, we measured individuals again and scored their infection 

status based on the presence of fungal spores near the heart at 40x magnification 

(infections are clearly visible 10 days after exposure). For infected individuals, we 

quantified spore yield by gently grinding the host to release parasite spores into 1mL of 

clean water. We counted spores on a hemocytometer (Improved Neubauer Brightline, 

Hausser Scientific) to estimate spores/mL and thus the number of spores per infected 

host.  

 We used multiple regression to determine which individual traits measured in the 

life table significantly influenced individual disease risk and spore yield in infected 

individuals. Infection status (yes/no) was treated as a binomial response in a generalized 

linear model (GLM), with uninformative predictor traits removed from the full model via 

AIC (full model presented in Appendix A, table A2). We analyzed spore yield per 

infected individual with a generalized linear mixed effects model (GLMM, package 

lme4) and poisson error distribution, with an observation-level random effect to account 

for significant overdispersion (Zuur et al. 2013).  
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4.3.6. Population infection assay 

Relationships between individual size, fecundity, and disease susceptibility traits 

may not necessarily translate to emergent properties at the population-level. Density-

dependence in per-capita fecundity, for example, places limits on how large or fast 

populations can grow. Variation in individual-level traits, such as the intrinsic rate of 

increase (r), may not be good predictors of disease dynamics at the population level if 

they are significantly affected by interactions between individuals (e.g. resource 

competition). To help clarify any potential mechanisms driving non-additive responses of 

increasing phenotypic variance in a population (see Intro), we quantified negative 

density-dependence in population growth rate (in parasite-free populations from the 

population assay). To do this, we regressed the logarithm of the change in population 

abundance (N) between consecutive timepoints (t+1 – t) against the logarithm of 

population abundance at the current time step (i.e. log(Nt+1 – Nt)/log(Nt)). The slope of 

this line provides an estimate of the strength of density dependence.  

We examined the relationships between individual traits and disease epidemic 

size in host populations using the same 15 clone subset as the individual infection assay. 

We started monoculture populations with 8 individual Daphnia, housed in plastic 

containers with 800mL of media and ample algal resources (1.5 x 10
5
 cells/mL S. 

obliquus). Half of the populations were exposed to a standard dose of the fungal parasite 

M. bicuspidata (150 spores/mL), introduced ten days after Daphnia hosts. Each treatment 

(15 clones x parasites present/absent) was replicated five times, for 150 total 

experimental populations. Individuals from one clone grew extremely poorly in this 

population assay (e.g. 60% of cultures crashed before parasite addition), and were 
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removed. We sampled populations once per week for seven weeks by removing ~25% of 

individuals from each population, photographing them, and returning live individuals to 

their original populations. We recorded population density, individual body size (distance 

from eye to base of tail spine), and the proportion of infected individuals in each 

population.  

 We used multiple regression to determine whether any life table traits 

significantly affected the size of disease epidemics in D. pulex populations. We 

quantified epidemic size by integrating the area under the disease prevalence by time 

curve for each host population (e.g. Civitello et al. 2012). Again, AIC was used to 

remove uninformative traits from the full model, which was fitted by a generalized linear 

model with a poisson error distribution. 

4.3.7. Factorial manipulation of trait mean and variance 

The individual- and population-infection assays can each tell us something about 

the relationship between a trait mean, its variance, and a response variable. If the 

relationship between one of our life history traits and epidemic size in populations is non-

linear, for example, increasing the trait variance in the area around the non-linearity may 

have a larger effect than if the relationship were linear (e.g. Jensen's inequality; Inouye 

2005, Bolnick et al. 2011). These relationships cannot, however, tell us the effects of 

increasing variance per se, only where the effects may be the largest (Benedetti-Cecchi 

2005). To determine whether the effects of increasing phenotypic variance depend on the 

trait mean, we have to manipulate the mean and variance independently. We created 

populations that differed in the mean and variance of the intrinsic growth rate, r, which is 
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a common metric of overall fitness and was hypothesized to play a role in natural disease 

epidemics (e.g. Table 4-1). 

  Our experimental populations were each composed of a randomly-selected 

combination of four clones of the host species D. pulex. We first arranged the clones in 

order of increasing intrinsic growth rate (r), obtained from the life table assay. We then 

split the ordered list of clones in half, artificially creating a pool of clones with “low” or 

“high” intrinsic growth rates (N = 20 clones for each mean treatment). Within each of the 

“low” and “high” mean subsets, we split the ordered list into four bins, each containing 

five clones. To assign clones to variance treatments, we randomly drew from these bins 

according to the following scheme: for a single high variance population, we would 

randomly select two clones from each of the two outermost bins (i.e. choose two of the 

five clones representing the highest r values within a trait mean treatment, and two of the 

five clones representing the lowest r values within a trait mean treatment). For medium 

variance populations, we randomly selected one clone from each of the four bins, and for 

low variance populations, we randomly selected two clones from each of the two 

innermost bins. Clones only appeared once in each population (i.e. we drew without 

replacement for individual populations), but could occur in up to 40 populations across 

the entire experiment (actual mean = 11.7 ± 0.45, or 29.3± 1.1% of possible populations). 

This design allowed us to keep genotypic diversity constant, yet create independent mean 

and variance treatments using unique combinations of clones. In this way, we avoided a 

degree of pseudoreplication, as 93% of our experimental populations contained unique 

four-clone polycultures of D. pulex. Note, however, that clones with high trait means 

could never occur in low trait mean populations (and vice versa), and that clones in high 
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variance bins could only appear in high and medium variance treatments; clonal identity 

and mean/variance treatment were thus confounded to some extent. Our assignment of 

clones successfully created differences in both the mean and variance of intrinsic growth 

rate for experimental populations (Figure 4.6). We visualized differences in trait variance 

using the coefficient of variation (CV = standard deviation / mean) to standardize 

variation relative to the mean.  

 This experiment was conducted as a fully-factorial, randomized block design, 

with 2 levels of “mean” treatment (high and low trait mean) x 3 variance levels (high, 

medium, and low trait variance) x 2 parasite treatments (present/absent). Due to 

previously-documented trade-offs between disease risk and population growth (Hall et al. 

2010, 2012, Dibble et al. 2014), we expected that different trait (r) means would be 

favored in environments with and without parasites (e.g. higher trait values would lead to 

faster growth without parasites, but increase disease risk when parasites were present). 

Each treatment was replicated 10 times, for 120 total experimental units. Experimental 

containers and conditions were identical to the population infection assay. We started 

populations for the mean/variance experiment with eight adult Daphnia, two each of the 

four randomly selected clones. All populations were fed daily with S. obliquus (1.5 x 10
5
 

cells/mL). Half of the populations received a dose of parasite spores (60 spores/mL), 14 

days after Daphnia introduction. Because we did not detect any infected individuals in 

exposed populations after two weeks, we repeated the exposure. We sampled all tanks 

weekly by removing 25% of the individuals (by volume), enumerating, measuring (body 

size to the nearest 0.01mm), and recording infection status for all sampled individuals. 

Individuals were returned to their experimental containers alive after sampling. We 
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allowed populations to grow for 91 days, at which time populations began to decline 

rapidly (presumably due to deteriorating conditions in experimental containers). We 

monitored the presence of sexually-produced eggs (ephippia) in each population, 

removing them within 24 hours to avoid the potential for new genotypes to enter the 

experiment. 

 To understand how our factorial manipulation of trait mean and variance affected 

host population dynamics, disease epidemic severity, and changes in individual 

susceptibility after the experiment, we used a generalized linear mixed-effects modeling 

approach (GLMM). We analyzed the effects of treatment combinations on host 

abundance by creating an aggregate measure of population size during the course of the 

experiment, using the trapezoid rule and raw host abundance to integrate overall 

population size through time (e.g. Civitello et al. 2012). To quantify the severity of 

disease epidemics in host populations, we integrated the area under the curve of disease 

prevalence through time (e.g. Civitello et al. 2012), which is an indicator of overall 

disease burden. After approximately 13 weeks of the experiment, we conducted an 

infection assay on individuals remaining in experimental populations. We used the 

infection status of each individual as a binomial response variable for individual 

susceptibility. 

 For host abundance and individual susceptibility, we created full models with 

fixed effects of mean treatment, variance treatment, parasite presence/absence, and all 

possible interactions between the factors (our model for epidemic severity did not include 

a term for parasite presence/absence because we only analyzed treatments exposed to 

parasites). For each model, we incorporated a random effect of spatial block (N = 10) 
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using the R package lme4. Our analysis of individual susceptibility included a second 

random effect because the assay was conducted on two consecutive days. For models of 

host abundance (Table 4-4) and epidemic severity (
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Table 4-5), we assessed significance of model terms using F-tests with an approximation 

to denominator degrees of freedom (Kenward and Roger 1997). For our analysis of 

individual susceptibility (Table 4-6) we assessed significance by Wald χ2 tests. We 

simplified models by removing uninformative terms and interactions (where P > 0.15). 

For additional clarification, we present pairwise comparisons between treatments using a 

reduced set of a priori contrasts in Appendix A, table A5.  

4.3.8. Evolution of susceptibility 

We hypothesized that exposure to parasites would significantly reduce individual 

susceptibility over time, but that this change would depend on the initial trait mean and 

variance of each population, in addition to the strength of selection (i.e. size of disease 

epidemics). To test this hypothesis, we calculated the mean reduction in individual 

susceptibility and its 90% confidence interval. This represents a one-tailed test of the 

hypothesis that the difference in susceptibility after parasite exposure is significantly less 

than zero, at α = 0.05. We matched parasite and parasite-free treatments within each 

spatial block (e.g. replicate 1: high trait mean, high trait variance, no parasites vs. high 

trait mean, high trait variance, with parasites) and calculated the difference in individual 

susceptibility, using the values for each replicate as unique samples with which to find 

the mean and confidence interval. An additional method of quantifying evolutionary 

change (with very similar results) is presented in the supplementary material (Table A6, 

Appendix A). Overall, this test tells us whether changes in an important trait 

(susceptibility) were sufficiently rapid to influence the host-parasite dynamics we 

observed in the mean/variance experiment. 
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4.4. Results 

4.4.1. Relationships among life history traits 

Our 59 unique clones of D. pulex exhibited substantial variation in key traits, 

particularly their intrinsic rate of increase (r), net reproductive rate (R0), and generation 

time (Figure 4.2). Values of r ranged from 0.286 to 0.515 (mean = 0.409), an 80% 

change between the slowest and fastest growing clones. Placing a single individual of 

these clones in a habitat would result in populations of ~55 and ~1351 individuals, 

respectively, after 14 days (mean ~ 309 individuals, assuming simple density-

independent exponential growth, Nt = N0*e
rt
). Clonal values for R0 varied substantially as 

well, from 33.3 to 335.6 (mean = 196.6), almost a 10-fold difference in expected 

offspring per female during her entire lifespan. These measures of fitness were positively 

correlated overall (Figure 4.2a), though not in the 15-clone subset we used for the 

individual and population infection assay.  

Each of these fecundity traits was affected by a number of other life history 

parameters. High values of r, for instance, generally corresponded with earlier age at first 

reproduction (i.e. maturity), larger first clutch sizes, faster initial growth (in terms of 

body size, similar to juvenile growth rate: Lampert and Trubetskova 1996), longer 

lifespan, and faster reproduction (i.e. fewer days between clutches, Table 4-2). Higher 

values of R0 were associated with larger adult body size, longer lifespan, and faster 

reproduction (Table 4-2). Generation time was positively associated with age at maturity, 

and negatively related to both first clutch size and reproductive rate (days per clutch, 

Table 4-2). Estimates of broad-sense heritability for our two fitness metrics were 0.296 

for r and 0.362 for R0, and estimates for other traits ranged from 0.019 (age at maturity) 
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to 0.84 (hatching size, Table 4-1). On average, females lived for ~29 days (range: 9 – 

43), during which they released ~12 clutches (range: 3 – 20) and produced ~181 offspring 

(range: 18 – 337).  

4.4.2. Relationships between life history traits and disease risk 

Susceptibility ranged from 33% to 100% among clones in the individual infection 

assay. Susceptibility was negatively related to the intrinsic rate of increase (r) of each 

clone measured in the life table assay ( 

Reduced model: R2 = 0.855, F5,53 = 

62.72, P < 0.0001         

  term slope slope se ssq df F P 

r ~ Age at maturity (days) -0.0295 0.0037 0.023 1 64.67 < 0.0001 

  First clutch size 0.0074 0.0012 0.013 1 37.67 < 0.0001 

  

Initial body size increase (% 

per day) 0.149 0.067 0.0017 1 4.89 0.0312 

  Final age (days) 0.0018 0.00046 0.0054 1 15.33 0.0003 

  Days per clutch -0.034 0.018 0.0013 1 3.73 0.059 

  Residuals     0.018 53     

  

      

  

Reduced model: R2 = 0.840, F3,55 = 

94.32, P < 0.0001         

  term slope slope se ssq df F P 

R0 ~ Adult body size (mm) 81.48 31.62 4064 1 6.64 0.013 

  Final age (days) 6.92 0.62 77318 1 126.36 < 0.0001 

  Days per clutch -114.64 23.64 14390 1 23.52 < 0.0001 

  Residuals     33042 55     

Reduced model: R2 = 0.72, F3,55 = 

48.59, P < 0.0001         

  term slope slope se ssq df F P 

Gen. 

time ~ Age at maturity (days) 1.33 0.12 63.42 1 120.31 <0.0001 

  First clutch size -0.20 0.042 11.72 1 22.24 < 0.0001 

  Days per clutch -3.61 0.61 18.36 1 34.83 < 0.0001 

  Residuals     28.99 55     
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Table 4-3, Figure 4.3), which was contrary to our initial expectations. Infection 

susceptibility was positively related to body size at maturity (i.e. age at production of the 

first clutch,  

Reduced model: R2 = 0.855, F5,53 = 

62.72, P < 0.0001         

  term slope slope se ssq df F P 

r ~ Age at maturity (days) -0.0295 0.0037 0.023 1 64.67 < 0.0001 

  First clutch size 0.0074 0.0012 0.013 1 37.67 < 0.0001 

  

Initial body size increase (% 

per day) 0.149 0.067 0.0017 1 4.89 0.0312 

  Final age (days) 0.0018 0.00046 0.0054 1 15.33 0.0003 

  Days per clutch -0.034 0.018 0.0013 1 3.73 0.059 

  Residuals     0.018 53     
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Reduced model: R2 = 0.72, F3,55 = 

48.59, P < 0.0001         

  term slope slope se ssq df F P 

Gen. 

time ~ Age at maturity (days) 1.33 0.12 63.42 1 120.31 <0.0001 

  First clutch size -0.20 0.042 11.72 1 22.24 < 0.0001 

  Days per clutch -3.61 0.61 18.36 1 34.83 < 0.0001 

  Residuals     28.99 55     
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Table 4-3, Figure 4.3). Additionally, net reproductive rate (R0) and body size at 

maturity were positively related to spore yield ( 

Reduced model: R2 = 0.855, F5,53 = 

62.72, P < 0.0001         

  term slope slope se ssq df F P 

r ~ Age at maturity (days) -0.0295 0.0037 0.023 1 64.67 < 0.0001 

  First clutch size 0.0074 0.0012 0.013 1 37.67 < 0.0001 

  

Initial body size increase (% 

per day) 0.149 0.067 0.0017 1 4.89 0.0312 

  Final age (days) 0.0018 0.00046 0.0054 1 15.33 0.0003 

  Days per clutch -0.034 0.018 0.0013 1 3.73 0.059 
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  term slope slope se ssq df F P 

R0 ~ Adult body size (mm) 81.48 31.62 4064 1 6.64 0.013 

  Final age (days) 6.92 0.62 77318 1 126.36 < 0.0001 

  Days per clutch -114.64 23.64 14390 1 23.52 < 0.0001 

  Residuals     33042 55     

Reduced model: R2 = 0.72, F3,55 = 

48.59, P < 0.0001         

  term slope slope se ssq df F P 

Gen. 

time ~ Age at maturity (days) 1.33 0.12 63.42 1 120.31 <0.0001 

  First clutch size -0.20 0.042 11.72 1 22.24 < 0.0001 

  Days per clutch -3.61 0.61 18.36 1 34.83 < 0.0001 

  Residuals     28.99 55     
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Table 4-3, Figure 4.4). Spore yield is an indication of the infective potential of 

each infected host, as more spores in the body cavity means more spores released 

following host death. At the population level, R0 and generation time were positively 

related to epidemic severity ( 

Reduced model: R2 = 0.855, F5,53 = 

62.72, P < 0.0001         

  term slope slope se ssq df F P 

r ~ Age at maturity (days) -0.0295 0.0037 0.023 1 64.67 < 0.0001 

  First clutch size 0.0074 0.0012 0.013 1 37.67 < 0.0001 

  

Initial body size increase (% 

per day) 0.149 0.067 0.0017 1 4.89 0.0312 

  Final age (days) 0.0018 0.00046 0.0054 1 15.33 0.0003 

  Days per clutch -0.034 0.018 0.0013 1 3.73 0.059 

  Residuals     0.018 53     

  

      

  

Reduced model: R2 = 0.840, F3,55 = 

94.32, P < 0.0001         

  term slope slope se ssq df F P 

R0 ~ Adult body size (mm) 81.48 31.62 4064 1 6.64 0.013 

  Final age (days) 6.92 0.62 77318 1 126.36 < 0.0001 

  Days per clutch -114.64 23.64 14390 1 23.52 < 0.0001 

  Residuals     33042 55     

Reduced model: R2 = 0.72, F3,55 = 
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  term slope slope se ssq df F P 

Gen. 
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  First clutch size -0.20 0.042 11.72 1 22.24 < 0.0001 

  Days per clutch -3.61 0.61 18.36 1 34.83 < 0.0001 

  Residuals     28.99 55     
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Table 4-3, Figure 4.5), while initial body size increase showed a negative 

relationship.  

While each of these three responses, individual susceptibility, individual spore 

yield, and epidemic severity within host populations, responded to slightly different traits, 

there are a few commonalities. Clones with high intrinsic growth rate exhibited lower 

individual susceptibility, but clones with high net reproductive rate tended to produce 

more spores when infected and suffered larger epidemics in monoculture populations. 

Clones with larger body size at reproductive maturity showed higher individual disease 

risk, and also produced more spores when infected. .  

4.4.3. Factorial manipulation of trait mean and variance 

In general, our treatment combinations were successful in creating their intended 

trait values. Our random clone selection achieved distinct differences in mean trait values 

between our high and low mean treatments, and coefficients of variation were highest in 

the high trait variance treatments and lowest in the low trait variance treatments (Figure 

4.6). Within the low trait mean treatments, however, there were larger differences in 

mean trait value among the three variance levels (Figure 4.6). This largely reflects the 

distribution of traits among our clones, which was skewed slightly left (visible in Figure 

4.2). While clone selections were made predominantly with regard to r, high and low trait 

mean treatments also differed in R0 (mean ± se, high trait mean populations = 227.3 ± 

3.06; low trait mean populations = 192.9 ± 2.78) and adult body size (mean ± se, high 

trait mean populations = 2.22 ± 0.0007 mm, low trait mean populations = 2.18 ± 0.0006 

mm). 
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4.4.4. Effects on Daphnia abundance 

Integrated Daphnia abundance, an aggregate measure of population size, was 

marginally affected by the three-way interaction of mean, variance, and the presence or 

absence of parasites (Table 4-4, Figure 4.7). In the absence of parasites, differences in 

host (D. pulex) abundance between high and low trait mean treatments were small (e.g. 

high trait mean populations ~2% larger, averaged across trait variance treatments). 

Similarly, differences among trait variance treatments were minor in parasite-free 

environments, varying by less than 4% (when ignoring trait mean treatments, integrated 

abundance of populations with low trait variance = 910.9 ± 50.8, medium trait variance = 

945.6 ± 39.4, high trait variance = 918.1 ± 30.9). Differences in host abundance were 

larger when considering both the mean and variance of r in the population: without 

parasites, host populations with high trait means were similar in size to those with low 

trait means at both medium (high trait mean ~6.2% smaller) and high (high trait mean 

~3.3% smaller) levels of trait variance. With low initial trait variance, however, 

populations with high trait means were ~19.5% larger than those with low trait means (in 

the absence of parasites, Figure 4.7). In other words, increasing the variance of a key trait 

(intrinsic rate of increase) reduced differences in population abundance associated with 

differences in the mean of that trait. Additionally, differences in integrated abundance 

between low and high trait mean populations (that disappear with more variance) suggest 

that high trait values were relatively closer to the optimum in environments without 

parasites.  

 The initial trait mean and variance also affected population abundance in 

environments with parasites. Specifically, populations with high or low mean trait values 
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showed similar abundance with low (low trait mean ~8.2% smaller) or medium variance 

(high trait mean ~2.4% smaller), but exhibited large differences in abundance with high 

trait variance (high trait mean populations ~27.2% larger, Figure 4.7). With parasites, 

populations with different mean intrinsic rates of increase were similar in size, but 

increasing the trait variance increased differences between populations with different trait 

means. 

 Additionally, trait mean and variance treatments affected the consequences of 

parasites for host abundance. In general, parasites reduced population abundance by 

approximately 13% (mean ± se without parasites: 924.87 ± 23.5, with parasites: 803.72 ± 

21.0, Figure 4.7). The negative effect of parasites on host abundance, however, depended 

on both the mean and variance of the intrinsic rate of increase (r). Parasites reduced host 

abundance more in populations with low trait means (16% reduction) compared to 

populations with high trait means (10% reduction). In populations with low trait means, 

parasites had a smaller effect on host abundance at low (~9.2% reduction) and medium 

(~10.8% reduction) levels of variance, but a relatively large (~27%) reduction in 

abundance with high trait variance (Figure 4.7). Increasing trait variance in populations 

with low trait means, then, increased the negative effect of parasites on host abundance. 

We saw the opposite pattern in populations with high trait means. Increasing trait 

variance in populations with high trait means reduced the negative effects of parasites on 

host abundance (low trait variance = 17.2% reduction in abundance, medium trait 

variance = 9.9% reduction, high variance = 2.1% reduction, Figure 4.7, table A5 in 

Appendix A).  
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4.4.5. Effects on disease epidemics 

Epidemic severity was marginally affected by the interaction between mean and 

variance treatment (
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Table 4-5). With low and medium variance, epidemic severity was almost twice 

as high in high mean populations (7.93 ± 1.25) than in low mean populations (4.02 ± 

1.22, Figure 4.8). This suggests that populations with low trait means were favored in 

environments with parasites (at lower levels of initial trait variance). The effect of high 

variance, however, depended on the mean. In low mean populations, high variance 

doubled the size of disease epidemics (integrated prevalence = 8.16 ± 1.66) when 

compared to low and medium variance populations. In high mean populations, on the 

other hand, high variance reduced epidemic size by ~35% (to 4.99 ± 1.77, Figure 4.8). 

The effects of increasing initial trait variance on disease epidemics, then, complement the 

parasite-mediated reductions in host abundance mentioned previously. In populations 

with low initial values of r, increasing the trait variance increased the size of disease 

epidemics, which increased the negative effect of parasites on host abundance. In 

populations with high initial trait means, however, increasing trait variance did the 

opposite, resulting smaller disease epidemics and smaller reductions in host abundance 

due to parasites.  

4.4.6. Evolution of susceptibility 

 Average individual susceptibility at the end of the mean/variance experiment 

ranged from 50% to 83% among treatments. Parasite presence during the experiment had 

a significant negative effect on susceptibility (Table 4-6, Figure 4.9), indicating that 

populations exposed to parasites harbored more resistant individuals after nine weeks of 

parasite epidemics (mean susceptibility ± se without parasites: 0.78 ± 0.04, with 

parasites: 0.64 ± 0.05). Additionally, our mean and variance treatments interacted to 
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affect individual disease risk after the experiment in both exposed and unexposed 

populations (Table 4-6). This indicates that the effects of altering levels of initial trait 

variance on individual susceptibility were different, depending on the initial trait mean. 

For example, in unexposed populations with high trait variance, a high initial trait (r) 

mean resulted in highly susceptible individuals (0.83 ± 0.07), but low trait mean resulted 

in more resistant individuals (0.62 ± 0.1; Figure 4.9). While initial trait mean and initial 

trait variance resulted in substantial variation in individual susceptibility among 

populations (ranging from 62.3% to 83% in unexposed populations, and from 50.3% to 

75.7% in exposed populations), two of our treatments showed significant reductions in 

individual susceptibility after experiencing parasite epidemics. Populations with a low 

mean intrinsic rate of increase and high trait variance were 32.4% less susceptible, and 

populations with a high trait mean and low trait variance were 41.1% less susceptible 

(90% confidence intervals do not contain 0, Figure 4.10).  

4.4.7. Results summary 

 D. pulex populations with different mean values of r (intrinsic rate of increase) 

grew to similar sizes (i.e. 2% difference between unexposed populations, ignoring the 

initial trait variance). Similarly, differences in the initial variance of r resulted in small 

differences in host abundance (i.e. 3.7% difference among unexposed populations, 

ignoring the initial trait mean). Yet considering both the trait mean and trait variance 

revealed much larger differences in host abundance, up to 19% in unexposed populations 

and 27% in exposed populations. While high trait values were favored in disease-free 

environments (e.g. increased population abundance), low trait values were favored in 
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environments with parasites (e.g. reduced epidemic severity). Increasing the trait variance 

of populations with high trait means reduced the negative effects of parasites on host 

abundance Increasing the trait variance of populations with low trait means, however, 

increased the negative effect of parasites on abundance. Disease epidemic size followed 

the same pattern; increasing trait variance in populations with high trait means tended to 

reduce the size of disease epidemics, while increasing trait variance in populations with 

low trait means increased the size of disease epidemics. Disease epidemics drove 

reductions in individual susceptibility to the parasite M. bicuspidata, but the magnitude of 

those changes depended on the initial trait mean and variance of the host population. 

Table 4-7 summarizes the effects of trait mean and variance on host-parasite dynamics.  

4.5. Discussion 

Previous research has shown positive effects of intraspecific variation (per se) 

when populations are exposed to strong selective pressures (e.g. disturbance: Hughes and 

Stachowicz 2004, colonization of new habitats: Crawford and Whitney 2010, parasites: 

Ganz and Ebert 2010), but often weaker or negligible effects when strong pressures are 

absent (e.g. disturbance-free controls in Hughes and Stachowicz 2004, ancestral 

environments in Agashe 2009, Ingram et al. 2011, Dimas-Flores et al. 2013). We 

hypothesized that these context-dependent effects of intraspecific variation per se depend 

more generally on the relationship between the mean trait value of a population and the 

optimum value in the current environment. In this study, we factorially manipulated both 

the mean and variance of a key life-history trait, the intrinsic rate of increase (r), in 

environments with and without a virulent fungal parasite. We found that different trait 
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means were favored in different environments, and that the effects of altering trait 

variance depended on whether the population trait mean was near to or far from the local 

optimum. These contrasting effects of phenotypic variance affected host population 

abundance, heterogeneity among populations, disease epidemic severity, as well as the 

evolution of individual susceptibility.  

4.5.1. Daphnia traits and disease risk 

 A number of life-history traits predicted individual disease risk, spore yield in 

infected individuals, and epidemic severity in host populations. Individuals with higher 

intrinsic rates of increase (r) were less susceptible per-capita, contrary to our initial 

expectations. In a previous study, Hall et al. (2010) documented positive relationships 

between fecundity (defined as offspring per day) and individual disease risk, as well as 

spore yield when infected. These relationships were mediated by foraging rates; faster-

feeding individuals grew faster and produced more offspring when uninfected, but were 

exposed to spores at a higher rate and infected more frequently (Hall et al. 2010). In our 

clones, intrinsic rate of increase was positively correlated with body size growth in the 

juvenile stage, which is linked to foraging rates (Lampert and Trubetskova 1996, Fig. A1 

in Appendix A). Interestingly, net reproductive rate (R0) was not related to juvenile 

growth (Appendix A, Fig. A1), though it is closer to Hall et al.’s definition of fecundity 

(i.e. R0 ≈ offspring per day * lifespan in days). While R0 did not affect individual disease 

risk, individuals with high R0 produced more spores when infected, and populations of 

clones with higher R0 suffered more severe disease dynamics. As a life history trait, then, 

R0 fits better with previous models of transmission in the Daphnia – Metschnikowia 
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system. Additionally, R0 measured in the life table assay was positively correlated with 

the growth of uninfected populations in the population assay (r = 0.69, r
2
 = 0.48, 

Appendix A), indicating a degree of fidelity between individual traits and population 

performance. 

The differences between r and R0 as predictors of disease risk are easier to 

explain at the population level than the individual level. The intrinsic rate of increase (r) 

of Daphnia clones in this study was associated with faster generation times (e.g. earlier 

maturation, larger first clutch sizes), and is used to predict how populations will grow in a 

new habitat. One assumption of r is that offspring themselves reproduce and contribute to 

exponential population growth (which is why early reproduction greatly increases r). 

Factors limiting a female’s ability to reproduce early and often, such as density-

dependence and resource competition, may affect r more than R0 because of this 

difference in scale (i.e. exponential growth vs. individual offspring production, Stearns 

1992). Indeed, r measured in the life table was unrelated to population growth in the 

population assay (r
2
 = 0.034, P = 0.52, supplementary material), suggesting that r has 

limited predictive power for host population dynamics under limiting resources (e.g. 

negative density dependence in growth rate, supplemental Fig. A3).  

4.5.2. Factorial manipulation of trait mean and variance 

The effects of increasing initial trait variance depended on the relationship 

between the population trait mean and the optimal trait value in both parasite and 

parasite-free environments. Without parasites, populations with a high mean intrinsic rate 

of increase were more abundant over the course of the experiment than populations with 
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a low mean trait value (but only with low initial trait variance). With parasites, low trait 

values were favored, evidenced by smaller disease epidemics at lower levels of initial 

trait variance. This difference in the optimum trait value in our two environments (high 

trait values without parasites, low trait values with parasites), reflects a trade-off between 

fecundity and disease risk (Hall et al. 2010, 2012, Dibble et al. 2014). However, the 

effects of increasing trait variance showed the same pattern in each environment. 

Increasing trait variance had positive effects when trait means were relatively far from 

the local optimum, and negative effects when trait means were relatively close to the 

local optimum.  

4.5.3. Mechanisms driving positive effects of increasing trait variance 

In parasite-free environments, we observed that populations with low trait means 

(and low trait variance) had smaller aggregate population sizes. Increasing trait variance 

in these suboptimal populations tended to increase overall abundance, making them more 

similar to high trait mean populations closer to the optimum. The simplest explanation is 

that increasing trait variance increased the frequency of individuals with high trait values 

(intrinsic rate of increase, net reproductive rate, adult body size), which led to higher 

population abundance. Importantly, the effects of increasing variance were non-additive. 

Clones with higher trait values had higher fitness without parasites, and contributed more 

to population growth than individuals with lower trait values. The additive expectation 

predicts that a symmetric increase in phenotypic variance, which does not change the trait 

mean, would not alter population dynamics. Given that we found evidence of negative 

density dependence in population growth rate (supplemental Fig. A3, Table A7), our data 
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are consistent with the idea that interactions among competing individuals can produce 

non-additive dynamics at the population level. 

When parasites were present, however, high trait means were disfavored, 

suffering larger parasite epidemics (with low and medium trait variance). Increasing trait 

variance in these high-risk, high trait mean populations tended to reduce epidemic 

severity, most likely by increasing the frequency of individuals with low trait values. 

These low-trait value, high fitness individuals had a larger impact on the population than 

those with low-fitness, high trait values. This is evidenced by a reduction, not an increase, 

in disease epidemic severity. In the individual and population infection assays, we 

observed that clones with lower values of R0 harbored fewer parasite spores when 

infected and experienced smaller disease epidemics, providing a plausible mechanistic 

link between individual traits and host-parasite dynamics. In each environment, therefore, 

the effects of increasing phenotypic variation were positive when the population trait 

mean was relatively far from the environmental optimum. 

 The positive effects of increasing phenotypic variation are similar to previous 

studies documenting positive diversity effects for populations (e.g. Hughes and 

Stachowicz 2004, Agashe 2009, Forsman et al. 2012, Wennersten et al. 2012), though our 

mechanism is just one of many capable of producing  positive diversity effects (Hughes 

et al. 2008, Bolnick et al. 2011). The positive effects of phenotypic variation we observed 

can be seen as a type of phenotypic sampling effect, where increasing the variance of a 

trait distribution “samples” a larger portion of the overall trait space, increasing the 

likelihood of including a high-fitness phenotype in a population. If these high-fitness 

phenotypes outperform those on the other end of the trait distribution, they can contribute 
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relatively more to overall population dynamics, producing non-additive effects of 

increasing phenotypic variance at the population level (analogous to Jensen’s Inequality, 

Figure 4.1). This process is a phenotypic analogue to genetic rescue effects (Tallmon et 

al. 2004), and can increase population performance independent of coincident genetic 

advantages provided by outbreeding (e.g. masking of deleterious alleles arising from 

inbreeding depression: Ebert et al. 2002, negative frequency dependent selection favoring 

rare immigrant alleles: Altermatt et al. 2007). We only saw benefits of increasing 

phenotypic variance when populations expressed suboptimal mean phenotypes, much like 

the tendency for positive diversity effects when populations are challenged by their 

environment (e.g. disturbance-free controls in Hughes and Stachowicz 2004, colonization 

of ancestral habitat type in Agashe 2009). 

4.5.4. Mechanisms driving negative effects of increasing trait variance 

In environments without parasites, populations with a high mean intrinsic rate of 

increase tended to be larger than those with a low trait mean, but only at low levels of 

trait variance. Increasing trait variance in these high trait mean populations tended to 

reduce aggregate population size, likely due to an increase in frequency of individuals 

with low trait values. This negative effect of increasing trait variance when populations 

were relatively close to the environmental optimum was surprising, because selection 

should have acted to reduced the frequency of individuals with low trait values. Weak 

selection in parasite-free environments, however, could facilitate the persistence of 

individuals with suboptimal phenotypes (Kinnison and Hendry 2001, Kawecki and Ebert 

2004, Blanquart et al. 2012), allowing them to compete for resources with higher-fitness 
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traits. Additionally, individuals with low trait values may be more efficient competitors 

when resources are scarce (Hall et al. 2012), reducing selection against them and 

increasing their influence in the population (though see supplemental Fig. A4b).  

 When parasites were present, low trait values tended to reduce the size of disease 

epidemics. Increasing the initial trait variance in these relatively low-risk populations 

increased the size of disease epidemics. Mechanistically, this could be due to a type of 

intraspecific spillover, similar to a threshold population size of susceptible individuals 

required for a parasite transmission (Anderson and May 1979, Keeling 1999). In our 

experiment, individuals with higher trait values produced more fungal spores when 

infected and tended to reach larger population sizes. Thus, a larger frequency of 

individuals with high trait values could have facilitated parasite transmission in two 

ways: increased parasite fitness within a single infected host, and more hosts to infect. In 

populations with near-optimal trait means, high levels of trait variance seem to have 

surpassed a threshold required for parasite establishment and sustained transmission (see 

also Fig. A3 in Appendix A), leading to an overall increase in disease burden.  

 These negative effects of increasing trait variance parallel dynamics in 

metapopulations, where large amounts of dispersal into a habitat can flood the population 

with relatively maladapted genotypes (Urban 2006), disrupting any existing local 

adaptation (Tallmon et al. 2004, Bolnick and Nosil 2007). When the traits of a population 

are relatively near to the local optimum, increasing phenotypic variance is analogous to 

rewinding the process of selection, adding suboptimal genotypes and phenotypes. While 

selection should eventually remove these maladapted genes and traits, as seen when 

selection reduces gene flow between populations with divergent phenotypes (Nosil et al. 
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2005, Pekkala et al. 2012, Plath et al. 2013), we found short-term ecological 

consequences in the form of reduced population size and larger disease epidemics.  

4.5.5. Trait evolution 

Parasite presence significantly reduced host susceptibility (susceptibility in 

parasite-free environments remained almost uniformly high). This is consistent with trait 

evolution via directional selection. Though we did not monitor changes in genotypic 

frequency, the lack of trait plasticity in response to parasites in our system (Prior et al. 

2011), the high heritability of disease-related traits (e.g. Table 4-1), and previous work 

demonstrating evolution in response to parasites (e.g. Duffy and Sivars-Becker 2007)  

suggests that changes in clonal frequency (evolution) contributed to differences in 

individual susceptibility. 

 In natural populations of the related Daphnia dentifera, the strength of seasonal 

selection for increased resistance to Metschnikowia (Duffy and Sivars-Becker 2007) 

depends on the severity of disease epidemics (Duffy et al. 2012). The two treatments in 

our experiment showing a significant increase in resistance both experienced large 

disease epidemics (low trait mean, high trait variance, and high trait mean, low trait 

variance). This type of rapid, directional selection in nature contributes to the termination 

of seasonal M. bicuspidata outbreaks (Duffy and Hall 2008). Our results, however, show 

that the presence of rapid trait change depends on both the mean and variance of 

important life history traits, which interacted to alter the strength of parasite-mediated 

selection. .  
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 The size of disease epidemics alone, however, was not enough to explain 

evolutionary responses to selection. In high-risk, high trait mean populations, both low 

and medium levels of trait variance resulted in large disease epidemics. Only populations 

with low initial variance, however, showed a significant increase in individual resistance. 

This runs counter to the general idea that higher genetic and/or phenotypic variance 

facilitates faster evolutionary change (e.g. Turcotte et al. 2011). It is possible that the 

strength of selection for increased resistance was larger in high mean, low variance 

populations, as parasite presence had a larger effect on host abundance (i.e. 27% 

reduction) compared to the high mean, medium variance treatments (10% reduction).  

 In populations with low trait means, we did see that strong selection (i.e. large 

epidemics, large reductions in host abundance) and higher phenotypic variance resulted 

in the evolution of increased resistance. But in these populations, high variance 

contributed to the large disease epidemics and strong selection in the first place. In other 

words, increasing the variation around a favorable mean phenotype harmed host 

populations in an ecological sense, but then led to the evolution of a more resistant 

phenotype. This process could lead to eco-evolutionary feedbacks, if the evolution of 

increased resistance inhibits future disease epidemics (e.g. Fussmann et al. 2007, Pelletier 

et al. 2009). While it is difficult to assign an exact mechanism to this result without 

knowing the genetic composition of assayed individuals, a plausible explanation comes 

from the nature of our variance manipulations. Increasing trait variance increased the 

proportion of individuals on both sides of the trait distribution. In low mean, high 

variance treatments, relatively susceptible individuals could have facilitated parasite 

establishment, leading to large epidemics. Strong selection due to those large epidemics, 
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then, could have favored the relatively resistant phenotypes on the other end of the 

distribution, which may have comprised a large proportion of the population at the end of 

the experiment. 

4.5.6. Summary 

 In line with previous work (Hughes et al. 2008, Bailey et al. 2009, Forsman 

2014), we found that increasing phenotypic variation can have positive effects for 

populations, in terms of increased abundance and reduced disease prevalence. Yet the 

effects of phenotypic variation were only positive when the mean phenotype of the 

population was relatively far from the local environmental optimum. When the mean 

phenotype was relatively close to the local optimum, the ecological effects of increasing 

phenotypic variation were negative. Additionally, the negative effect of increasing 

variance in a near-optimal population resulted in strong selection for disease resistance, 

and led to subsequent trait change consistent with rapid evolution. 

4.5.7. Conclusions 

 Overall, our study provides three main insights. First, the effects of increasing 

phenotypic variance depend on the relationship between the underlying trait mean and the 

environmental optimum. This context-dependence can help to explain why some research 

finds positive effects of variation per se, while others find smaller or negligible effects. It 

also contributes to our understanding of dispersal in natural situations, generalizing our 

expectations for how migrant genes and traits will contribute to their new populations. 

Second, ignoring the interactive effects of trait mean and variance, for example by 

averaging across our trait mean or variance treatments, obscures our understanding of 
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natural dynamics. Substantial differences in host/parasite dynamics were only revealed 

when accounting for both the mean and variance concurrently, which interacted to 

produce a mechanistic explanation for the ecological and evolutionary differences among 

populations. Third, the role of intraspecific variation in nature is complex, driven by 

seemingly idiosyncratic interactions of genes, traits, and environmental factors. We have 

attempted to outline and test a framework for understanding and embracing this 

complexity, and believe the relationships we have identified will provide useful guidance 

for future research. 
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Tables 
Table 4-1. Individual host traits measured in life table assay and links to host-parasite dynamics. H

2
 indicates broad-sense heritability 

of the trait (H
2
 for r and R0 was calculated using N = 3 individual values for each clone, though all other analyses used the 

more accurate per-clone values).

 Trait Description Relationship to population, disease dynamics Unit H
2
 

Hatching 

size Body length at birth Larger offspring take less time to mature mm 0.839 

Body size 

at maturity Body size at first reproduction 

Larger size at maturity could affect initial clutch size 

(positively or negatively) mm 0.439 

Adult body 

size Asymptotic adult size 

Larger adults produce more spores when infected, 

potentially fueling disease epidemics mm 0.693 

Initial 

growth 

Change in body size growth 

between hatching and maturity 

Faster-growing clones likely forage more, encounter more 

parasite spores, and show higher infection risk 

% change 

per day 0.556 

Age at 

maturity Age at first clutch 

Earlier reproduction can limit fitness effects of infection, 

as reproduction is more likely before host death days 0.019 

Final age Lifespan Longer-lived individuals tend to have more offspring days 0.083 

Days per 

clutch 

Reproductive rate, measure of 

time between clutches 

Faster reproduction associated with faster resource 

acquisition, increases lifetime fecundity (when uninfected) days 0.174 

First clutch 

size 

Number of offspring produced at 

reproductive maturity Contributes to early reproduction # 0.315 

r Intrinsic rate of increase Contribution to exponential population growth ind/day 0.296*  

R0 Net reproductive rate Total lifetime fecundity # 0.362*  

Gen. time Generation time Days of exponential growth  to reach pop. size of R0 days 
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Table 4-2. Relationships among key life history traits for 59 clones of Daphnia pulex 

obtained via multiple regression. The intrinsic rate of increase, r, net reproductive rate, 

R0, and generation time were calculated by solving the Euler-Lotka equation for daily 

reproduction (where gen. time = ln(R0)/r). Initial body size increase is the daily percent 

increase in body size (mm) from hatching to release of the first clutch. Slopes are linear 

regression coefficients from reduced models selected via AIC. 

Reduced model: R
2
 = 0.855, F5,53 = 

62.72, P < 0.0001         

  term slope slope se ssq df F P 

r ~ Age at maturity (days) -0.0295 0.0037 0.023 1 64.67 < 0.0001 

  First clutch size 0.0074 0.0012 0.013 1 37.67 < 0.0001 

  

Initial body size increase (% 

per day) 0.149 0.067 0.0017 1 4.89 0.0312 

  Final age (days) 0.0018 0.00046 0.0054 1 15.33 0.0003 

  Days per clutch -0.034 0.018 0.0013 1 3.73 0.059 

  Residuals     0.018 53     

  

      

  

Reduced model: R
2
 = 0.840, F3,55 = 

94.32, P < 0.0001         

  term slope slope se ssq df F P 

R0 ~ Adult body size (mm) 81.48 31.62 4064 1 6.64 0.013 

  Final age (days) 6.92 0.62 77318 1 126.36 < 0.0001 

  Days per clutch -114.64 23.64 14390 1 23.52 < 0.0001 

  Residuals     33042 55     

Reduced model: R
2
 = 0.72, F3,55 = 48.59, 

P < 0.0001         

  term slope slope se ssq df F P 

Gen. 

time ~ Age at maturity (days) 1.33 0.12 63.42 1 120.31 <0.0001 

  First clutch size -0.20 0.042 11.72 1 22.24 < 0.0001 

  Days per clutch -3.61 0.61 18.36 1 34.83 < 0.0001 

  Residuals     28.99 55     
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Table 4-3. Summary statistics for models of individual susceptibility (from the 

individual infection assay), spore yield (number of spores produced per infected 

individual), and epidemic severity (from the population infection assay) for clones of 

Daphnia pulex exposed to spores of the fungal parasite Metschnikowia bicuspidata. 

Predictor variables are trait means for each clone from the life table assay, relationships 

presented in Fig. 2, Fig. 3, and Fig. 4. Statistical significance of model terms assessed 

with likelihood ratio tests for generalized linear models (GLM) and Wald χ
2 

tests for 

mixed effects models (GLMM). Reduced models selected with AIC. 

 

Reduced model: pseudo R
2 
= 0.322, binomial glm       

 
term LR χ

2
 df P 

Susceptibility ~ Intrinsic rate of increase (r) 8.23 1 0.0041 

N = 14 Body size at maturity (mm) 6.53 1 0.011 

     Reduced model: poisson glmm Wald χ
2
 df P 

Spores per infected 

individual ~ Net reproductive rate (R0) 6.69 1 0.0096 

N = 13 Body size at maturity (mm) 3.56 1 0.059 

     
Reduced model: pseudo R

2 
= 0.425, poisson glm       

 
term LR χ

2
 df P 

Epidemic severity ~ Generation time (days) 6.95 1 0.0084 

 
Net reproductive rate (R0) 3.34 1 0.068 

N = 14 Initial body size increase (% per day) 2.83 1 0.093 
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Table 4-4. Mixed effects model of Daphnia population size (abundance integrated 

through time) for experimental manipulation of trait mean and variance. Mixed effects 

models are presented with a Kenward-Roger approximation to denominator degrees of 

freedom to obtain F-statistics. Means and standard errors are shown in Fig. 5. 

Overall model         

 

fixed effects F df P 

Pop. abundance ~ mean treatment 2.85 1 0.095 

 

variance treatment 1.14 2 0.323 

 

parasite presence/absence 16.17 1 0.0001 

 

mean:variance 1.86 2 0.161 

 

mean:parasite 0.80 1 0.373 

 

variance:parasite 0.18 2 0.840 

 

mean:variance:parasite 2.77 2 0.068 

  

random effect: block (sd = 

36.6) residual df = 99 N = 120 
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Table 4-5 Generalized mixed effects model of disease epidemic severity (i.e. disease 

prevalence integrated through time) in the mean/variance experiment. F-statistics 

obtained via Kenward-Roger approximation to denominator degrees of freedom. 

Response fixed effects F df P 

Epidemic severity ~ mean treatment 1.23 1 0.273 

 

variance treatment 0.15 2 0.859 

 

mean:variance 2.84 2 0.069 

  

random effect: block 

(sd = 1.38)   
residual df = 

45 N = 60 

 

Table 4-6. Reduced model summary for analysis of individual susceptibility after the 

trait mean/variance experiment. The model contained two random effects: spatial block 

(N = 10 groups) and day of infection (N = 2 groups)  

     

Reduced model terms 

Wald 

χ
2
 df P 

Susceptibility ~ mean treatment 0.139 1 0.709 

 

variance treatment 6.237 2 0.0442 

 

parasite presence/absence 5.284 1 0.0215 

 

mean:variance 11.483 2 0.0032 

 

variance:parasites 4.100 2 0.129 

  

random effects: block (sd = 0.72), day (sd = 

0.12)     N = 90 
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Table 4-7. Summary of the ecological and evolutionary effects of parasites for different 

combinations of trait mean and variance treatments. High mean populations contained 

clones with higher rates of intrinsic increase (r), net reproductive rates (R0), and adult 

body size. In this experiment, our measure of epidemic severity (integrated prevalence) 

qualitatively matched mean prevalence data through time, which we present in this table 

to complement the integrated metric in Fig. 7. For the evolutionary response of individual 

susceptibility, we present the mean reduction in susceptibility after exposure to parasites 

for each mean/variance combination, as well as the upper limit of the 90% confidence 

interval on the difference (i.e. a one-tailed test of whether the upper limit includes 0, or 

no change).  

Treatment Ecological effects of parasites Evolutionary effects of parasites 

Mean variance 

on host 

abundance (% 

reduction) 

on epidemic size 

(mean proportion 

infected ± se) 

difference in individual 

susceptibility (mean %, upper CI 

limit) 

High (r, 

R0, body 

size) 

high 

negligible 

(2.2%) moderate (8.4 ± 2.4%) no change (-23.6%, 3.9%) 

medium 

small 

 (9.9%) large (14.8 ± 2.9%) no change (-6.3%, 17.9%) 

low 

moderate 

(17.2%) large (13.9 ± 2.9%) 

significant reduction (-41.1%, -

13.5%) 

  

    

 

Low (r, 

R0, body 

size) 

high large (27.9%) large (16.0 ± 3.4%) 

significant reduction (-32.4%, -

2.9%) 

medium small (10.8% moderate (8.1 ± 2.1%) no change (-9.9%, 17.1%) 

low small (9.2%) moderate (6.3 ± 2.1%) no change (-15.6%, 17.2%) 
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4.8. Figures 

 

 

Figure 4.1. Jensen’s inequality and phenotypic variance.  When the relationship 

between a trait and expected fitness in the environment (solid, curved black line) is 

nonlinear, Jensen’s inequality states that average fitness of the function (population) 

differs from the fitness of the average individual. For a population with mean trait 

value value   , the expected fitness of the average individual is F(   . For the 

population with trait variance V1 (solid black box), the expected value of the fitness 

function is                 due to Jensen’s inequality (here, it is slightly higher because the 

function is convex). Increasing phenotypic variance in the population from V1 to V2 

(dashed, grey box) increases the average expected fitness to                . Hence, 

differences among populations in trait variance can result in differences in average 

fitness, despite populations having the same trait mean. 
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Figure 4.2. Relationships between three key demographic traits for 59 clones of 

Daphnia pulex: the intrinsic rate of increase (r) and net reproductive rate (R0), generation 

a 

b 

c 
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time and r, and generation time and R0.  Dark grey points represent the subset of 15 

clones selected for the individual and population infection assays; rug plots along each 

axis are to better visualize the range of each trait covered by the selected clones. Note 

that, among clones selected for the individual and population assays, r and R0 show no 

clear relationship, generation time and r show a strong negative relationship, and 

generation time and R0 show a weak positive relationship. 
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Figure 4.3. Two life history traits predict individual infection risk: a) intrinsic rate of 

increase, r, and b) body size at age of first reproduction (maturity). Points are means ± 

1SE, lines are fitted logistic regressions. 

a 

b 
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Figure 4.4. Two traits predict the abundance of parasite spores in infected hosts (i.e. 

parasite fitness): a) the net reproductive rate (R0) and b) body size at reproductive 

maturity. Points are means of individual clones ± 1SE with best fit linear predictor. 

a 

b 
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Figure 4.5. Three life history traits predict size of disease epidemics in the population 

assay: a) the net reproductive rate (R0), b) initial body size increase, and c) generation 

time. Points are means ± 1SE, lines are linear regressions fit to raw data. 

a 

b 

c 
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Figure 4.6. Initial estimates of mean and variance (coefficient of variation) for factorial 

treatment combinations (mean ± 1 SE). Four clones were used to create all treatments. 

Color represents levels of initial trait variance (light gray = low, medium gray = medium, 

dark gray = high), and symbols represent trait mean treatments (squares = low, circles = 

high). 



 179 
 

 

Figure 4.7. Aggregate Daphnia population size (abundance integrated through time, 

means ± 1 SE) for all treatments in the mean/variance experiment. Color indicates 

variance treatment (light gray = low, medium gray = medium, dark gray = high), and 

shape indicates the presence (circles) or absence (triangles) of parasites. 
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Figure 4.8. Disease epidemic severity (disease prevalence integrated through time, mean 

± 1 SE) in the mean/variance experiment. Color indicates variance treatment (light gray = 

low, medium gray = medium, dark gray = high).
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Figure 4.9. Individual susceptibility (mean ± 1 SE) in populations after the 13 week 

mean/variance experiment. Color indicates variance treatment (light gray = low, medium 

gray = medium, dark gray = high), and shape indicates the presence (circles) or absence 

(triangles) of parasites. 
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Figure 4.10. Reduction in individual susceptibility after experimental exposure to 

parasites. Negative values indicate that populations with parasites were less susceptible to 

parasites after the experiment than those without previous exposure. Error bars indicate 

one-tailed test of whether the difference in susceptibility is significantly less than zero 

(i.e. 90% confidence interval on the reduction in proportion infected). 



 183 
 

4.9. Appendix A 

Additional statistical tables, methodological details, and post-hoc analyses for the 

Daphnia life table assay, individual infection assay, population infection assay, and 

mean/variance experiment.
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Figure A1.  Among-trait correlations from Daphnia life table assay (Table 1). Trait abbreviations are as follows: r = intrinsic rate of 

increase, R0 = net reproductive rate, gen_time = generation time (= ln(R0)/r), mat_age = age at reproductive maturity (days), 

first_clutch_size = number of offspring at first clutch, final_age = lifespan (days), days_per_clutch = average number of days between 
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reproductive events, hatch_size = body length (mm) at hatching, mat_size = body length (mm) at first reproduction, ad_size = 

asymptotic adult length (mm), initial_growth = change in body size between hatching and first clutch (% per day)  
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4.9.1. Life table assay 

Table A1: Full model summaries, relationships between individual Daphnia traits and fitness metrics (intrinsic rate of increase, r, and 

net reproductive rate, R0. 

 

Full model: R
2
 = 0.863, F8,49 = 38.58, P < 0.0001 

  term slope slope se ssq df F P 

r ~ Age at maturity (days) -0.00967 0.025 8.98E-05 1 0.304 0.584165 

  First clutch size 0.00678 0.00137 0.011093 1 37.5468 < 0.0001 

  Initial body size increase (% per day) 1.119 1.12 0.000207 1 0.6998 0.40738 

  Final age (days) 0.00203 0.000502 0.002225 1 7.5319 0.008741 

  Days per clutch -0.0449 0.0202 0.002855 1 9.6641 0.00329 

  Hatching size (mm) 0.0748 0.179 0.000069 1 0.2335 0.631359 

  Size at maturity -0.059 0.168 8.09E-05 1 0.2737 0.603498 

  Adult body size (mm) -0.0209 0.0405 0.001279 1 4.33 0.043299 

  Residuals     0.0179 49     

  
      

  

Full model: R
2
 = 0.848, F8,49 = 33.35, P < 0.0001 

  term slope slope se ssq df F P 

R0 ~ Age at maturity (days) 9.014 26.32 77 1 0.1172 0.733504 

  First clutch size 0.764 1.83 114 1 0.1742 0.678195 

  Initial body size increase (% per day) 258.96 639.82 107 1 0.1638 0.687431 

  Final age (days) 6.88 0.651 73134 1 112.0177 < 0.0001 

  Days per clutch -112.97 27.24 11229 1 17.1992 0.000133 
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  Hatching size (mm) 139.39 511.1 49 1 0.0744 0.786207 

  Size at maturity -47.74 183.33 44 1 0.0678 0.795658 

  Adult body size (mm) 88.50 54.23 1738 1 2.6627 0.109137 

  Residuals     31991 49     

Full model: R
2
 = 0.703, F8,49 = 14.49, P < 0.0001 

  term slope slope se ssq df F P 

Gen. time ~ Age at maturity (days) 1.88 0.935 2.1333 1 4.0294 0.050246 

  First clutch size -0.161 0.052 5.0899 1 9.6138 0.003199 

  Initial body size increase (% per day) 25.52 42.88 0.1875 1 0.3542 0.554476 

  Final age (days) 0.019 0.019 0.5263 1 0.9941 0.323636 

  Days per clutch -2.69 0.77 6.4507 1 12.1841 0.00103 

  Hatching size (mm) 5.41 6.84 0.3311 1 0.6254 0.43285 

  Size at maturity -4.05 6.42 0.2108 1 0.3982 0.53095 

  Adult body size (mm) 0.17 1.54 0.0067 1 0.0127 0.910713 

  Residuals     25.94 49     
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Table A2: Full models of individual susceptibility, spore yield per infected individual, and epidemic severity in individual and 

population infection assays. Estimates are untransformed (logit link for binomial distribution, log link for poisson).  

Full model: binomial glm term estimate est. se LR χ
2
 df P 

Susceptibility ~ r -30.96675 24.927136 1.73971 1 0.1872 

 

R0 0.002364 0.025529 0.0086 1 0.9261 

 

Hatching size (mm) 5.82529 18.462148 0.10139 1 0.7502 

 

Size at maturity (mm) 19.727579 14.296263 2.13798 1 0.1437 

 

Adult size (mm) -7.327503 10.400943 0.54328 1 0.4611 

 

Initial body size increase (% per day) 7.532553 19.859039 0.14481 1 0.7035 

 

Final age (days) 0.03281 0.169201 0.0374 1 0.8467 

 

Days per clutch -6.808241 9.362059 0.53038 1 0.4664 

       
Full model: poisson glmm term estimate est. se Wald χ

2
 df P 

Spores per infected individual ~ Initial body size increase (% per day) 10.008641 2.595919 14.8651 1 0.0001155 

 

Net reproductive rate (R0) 0.002877 0.001784 2.6008 1 0.1068077 

 

Intrinsic rate of increase (r) 

-

10.781013 2.729316 15.6031 1 < 0.0001 

 

Adult body size (mm) 1.089225 0.774853 1.976 1 0.1598079 

 

Size at maturity (mm) -1.037175 1.191277 0.758 1 0.38395 

 

Hatching size (mm) 5.986254 2.031303 8.6848 1 0.0032087 

       
Full model: poisson glm term estimate est. se LR χ

2
 df P 

Epidemic severity ~ r -6.444027 11.991184 0.2902 1 0.59007 

 

R0 -0.008425 0.012993 0.4257 1 0.51409 

 

Hatching size (mm) -4.646172 10.202507 0.2069 1 0.6492 

 

Size at maturity (mm) 

-

13.009269 7.005187 3.6035 1 0.05766 

 

Adult size (mm) 8.422298 4.231271 4.2896 1 0.03835 



 189 
 

 

Initial body size increase (% per day) -4.486929 11.124025 0.161 1 0.6882 

 

Final age (days) 0.071273 0.084246 0.703 1 0.40176 

 

Days per clutch 1.865624 5.64449 0.1098 1 0.74041 
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4.9.2. Individual and population assays 

In addition to explaining individual disease risk and epidemic severity in host 

populations with trait data from the life table experiment, we conducted two additional 

analyses using analogous traits from the individual and population assays. These analyses 

allow us to determine whether the effects of life table traits were consistent in subsequent 

experiments. In the individual assay, we measured size at hatching and at 13 days old 

(when they were checked for infections). We used this body size as a predictor for 

individual infection risk. This metric is analogous to size at reproductive maturity in the 

life table assay, and the two traits are positively related (simple linear regression, r
2
 = 

0.579, F1,12 = 16.48, P < 0.01). There was no significant relationship, however, between 

body size in the individual infection assay and individual susceptibility to M. bicuspidata 

(logistic regression, LR χ
2
 = 0.77, P = 0.38). 

 In the population assay, we fit a simple Ricker function to Daphnia abundance 

data (eq. 2): 

            (2) 

where b is the initial growth rate, x is time (in days), and 1/a indicates time of 

peak abundance. We used b to explain disease epidemic severity as an analogue to our 

metrics of fitness from the life table assay (r and R0). There was a significant positive 

relationship between b and R0 (linear regression, r
2
 = 0.485, F1,12 = 11.31, P < 0.01) but 

not r  (r
2
 = 0.034, F1,12 = 0.424, P = 0.53). The initial growth rate in the population assay 

(b) showed a significant relationship with the severity of disease epidemics: faster-

growing populations experienced larger disease epidemics (linear regression, r
2
 = 0.812, 
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F1,12 = 51.7, P < 0.0001). These analyses indicate a degree of fidelity between traits 

measured in the life table and their analogues in subsequent assays.  

4.9.3. Factorial manipulation of trait mean and variance 

Parasite establishment: There were no significant effects of mean treatment, 

variance treatment, or their interaction on the likelihood of parasite establishment in a 

host population (i.e. the presence of at least a single infected individual, table A3), though 

the interaction between trait mean and variance approached statistical significance. We 

thus ran one post-hoc model to clarify the opposing effects of initial trait variance on 

epidemics at each mean level (see Results). We tested whether the likelihood of parasite 

establishment, indicated by the presence of more than one infected individual in the entire 

population, depended on the interaction between the mean and the coefficient of variation 

of the intrinsic rate of increase (r), rather than the variance treatment designation. Details 

and results of this model are presented in the supplemental material (Table A4, Fig. A2). 

We found that increasing initial trait variance increased the likelihood of parasite 

establishment in populations with favorable (i.e. low) trait means, but reduced the 

likelihood of parasite establishment in populations with unfavorable (i.e. high) trait 

means (Fig. A2, Table A4). This result is consistent with the major conclusion from our 

factorial manipulation of trait mean and variance: the effects of increasing phenotypic 

variance depend on the relationship between the mean phenotype and the environmental 

optimum. 
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Table A3. Binomial mixed-effects model of infection presence/absence (i.e. whether any 

individuals became infected) in experimental populations.  

Response fixed effects Wald χ
2
 df P 

Infection 

presence/absence ~ mean treatment 0.62 1 0.434 

 

variance treatment 1.52 2 0.471 

 

mean:variance 4.09 2 0.128 

  

random effect: block 

(sd = 0.15)   
 

N = 60 

 

 

Table A4. Binomial mixed-effects model of infection presence/absence (i.e. whether any 

individuals became infected) in experimental populations, using the coefficient of 

variation of initial trait values in the population instead of the factorial treatment 

designation.  

Response fixed effects Wald χ
2
 df P 

Infection 

presence/absence ~ mean treatment 0.35 1 0.55 

 

cv.r 0.31 1 0.57 

 

mean:cv.r 4.75 1 0.029 

  block (re) sd = 0.77   N = 60 
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Fig. A2. Interaction between trait variance treatment and initial trait variance 

(coefficient of variation of initial r) affects likelihood of parasite establishment. Lines 

and shaded region indicate fitted binomial GLMM ± 1 SE, solid line represents high 

trait mean treatments, dashed line represents low trait mean treatments.  

 

 

Table A5. Pairwise comparisons of integrated Daphnia abundance and disease 

severity. * indicates comparison significant after FDR correction. Treatment 

abbreviations are: trait mean treatment, trait variance treatment, parasite 

presence/absence. For example, hhy = high trait mean, high trait variance, parasites 

present 

Integrated abundance 

Comparison 

 

P 

 hhy vs hhn 0.795 

 hln vs hhn 0.162 

 hmn vs hhn 0.578 

 lhn vs hhn 0.425 

 hly vs hhy 0.511 
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hmy vs hhy 0.662 

 lhy vs hhy 0.0117 

 hly vs hln 0.0206 

 hmn vs hln 0.4 

 lln vs hln 0.0281 

 hmy vs hly 0.826 

 lly vs hly 0.36 

 hmy vs hmn 0.21 

 lmn vs hmn 0.669 

 lmy vs hmy 0.784 

 lhy vs lhn 0.000346 * 

lln vs lhn 0.111 

 lmn vs lhn 0.851 

 lly vs lhy 0.343 

 lmy vs lhy 0.0184 

 lly vs lln 0.301 

 lmn vs lln 0.0747 

 lmy vs lly 0.159 

 lmy vs lmn 0.159 

 

     Integrated disease prevalence 
 Comparison 

 

P 

 hly vs hhy 0.54 

 hmy vs hhy 0.093 

 lhy vs hhy 0.098 

 hmy vs hly 0.31 

 lly vs hly 0.023 * 

lmy vs hmy 0.046 

 lly vs lhy 0.0009 * 

lmy vs lhy 0.049 

 lmy vs lly 0.16 

  

Calculating confidence intervals for trait change: Table A6 presents an alternate method 

of calculating confidence intervals of the difference in proportions between two 

treatments. This method obtains similar results as those presented in the main text, but 

does not take into account the within-block nature of our intended comparisons.  
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Table A6. Calculation of confidence intervals of differences in proportions, based on the 

Wilson score method in Newcombe (1998). ka and kb represent the number of infected 

individuals in unexposed and exposed populations, respectively, and na and nb represent 

the number of uninfected individuals in unexposed and exposed populations. UCL and 

LCL represent the mean difference in proportions plus or minus the 95% confidence 

interval: a UCL < 0 indicates a significant reduction in individual susceptibility.  

Trait 

mean 

Trait 

variance ka na kb nb 

Mean 

diff UCL LCL 

high high 37 45 27 36 -0.0722 0.104 -0.254 

high medium 33 44 20 27 -0.0093 0.183 -0.224 

high low 25 29 12 21 -0.291 -0.0418 -0.513 

low high 15 19 5 11 -0.335 0.0116 -0.607 

low medium 21 26 29 34 0.045 0.249 -0.143 

low low 21 26 17 31 -0.259 -0.0136 -0.461 

 

Newcombe, R. G. 1998. Interval estimation for the difference between independent 

proportions: comparison of eleven methods. Statistics in Medicine 17:873–890. 
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Figure A3. a. Negative density dependence was present in the population infection assay, 

as evidenced by the negative slope of log(Nt+1 – Nt) by log(Nt). The extent of NDD, 

however, differed by clone (Table A7). The strength of NDD (-1 * slope of the 

relationship in panel a) was not related to the intrinsic rate of increase of clones obtained 

in the life table assay, shown in panel b (linear regression, F1,12 = 0.315, P = 0.538). 

 

a 

b 
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Table A7. Strength of negative density dependence (NDD) differs among clones. NDD 

calculated as the slope of the linear regression of the logarithm of the rate of change in 

population growth (log(Nt+1 – Nt)) by the logarithm of population abundance at Nt. 

Model R
2 
= 0.148, F27,460 = 2.97, P < 0.0001     

 
term ssq df F P 

log(Nt+1 - Nt) ~ log(Nt) 15.515 1 35.9804 <0.0001 

 
clone 4.621 13 0.8243 0.634 

 
log(density):clone 13.507 13 2.4095 0.0038 

 
Residuals 198.36 460 

   


