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In this dissertation I combine game theoretic modeling with experimental evolution and 

next-generation sequencing to address the causes and consequences of male and 

female sexual interactions. In chapter 1, I use tug-of-war theory to model the evolution 

of male and female sex roles as a function of anisogamy and sex ratio, and show that 

individuals can diverge in how they allocate their reproductive effort based on either of 

these parameters. The model incorporates both within-sex competition and between-

sex cooperation to demonstrate that sexual interactions underlie the evolution of 

sexually dimorphic behaviors. In chapter 2, I perform experimental evolution in the 

laboratory using a nematode with a short generation time, Caenorhabditis remanei, and 

test an extension of the hypothesis that disrupting male-female interactions has 

cascading effects on reproductive behavior and gamete investment. By systematically 

altering the adult sex ratio of replicate populations over 50 generations, I show that 

males and females increase their mating effort when exposed to a population with an 

excess of males, but find no effects on their sperm and egg sizes. Chapter 3 extends 

this experiment by applying a genomic lens to this organism and exploring the 

consequences of a skewed sex ratio on populations, along with the potential for 



 
 

repeatable evolution in replicate populations faced with identical environmental 

conditions. I show that populations with a male-biased sex ratio tend towards higher 

genomic divergence compared to female-biased populations, and that parallel evolution 

can arise across experimental populations regardless of sex ratio, with implications for 

the predictability of evolutionary trajectories at short evolutionary timescales. 

Furthermore, I identify loci that change in allele frequency in opposite directions in male-

biased and female-biased populations and are implicated in male mating behavior, 

indicating possible genes under sexual conflict in this system. 
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“Explain it so your grandmother can understand it.” 

- said everyone in science, always 

 

My grandmother understood things just fine. 
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CHAPTER 1 

ANISOGAMY AND SEX RATIO AS DRIVERS OF SEX ROLE EVOLUTION 

 

Maria Modanu and H. Kern Reeve 

 

 

 

ABSTRACT 

 

The prevailing hypothesis for the evolution of differences between the sexes is that 

anisogamy (difference in gamete sizes) creates a difference in selection pressures for 

each sex, resulting in a cascade of evolutionary events that leads to current divergence 

in the reproductive roles of males and females. Recent challenges to this view highlight 

the role of environmental drivers of differentiation between the sexes and question the 

necessity of anisogamy for the evolution of sex roles. We use a game theory model to 

test whether differences in gamete size, sex ratio, and environmental effects can 

produce divergence between two otherwise identical parties with no assumptions about 

life history or demographics. Our model predicts that divergence in sex roles can occur 

both due to variation in sex ratio and anisogamy, while environmental features only 

modulate any differences that arise due to these factors and hence contribute to the 

elaboration of sex roles. 
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INTRODUCTION 

 

Why do males and females differ so much in their behavior? This question is 

particularly puzzling because two parties can benefit from sexual reproduction without 

the elaborate sex-specific adaptations observed in nature. Yet males and females in 

most sexually-reproducing taxa diverge in many life history traits and display extreme 

variation in morphology and behavior, particularly in how they allocate reproductive 

effort. These differences in reproductive behavior are commonly referred to as ‘sex 

roles’ and include competition for the opposite sex, mate searching effort, and parental 

care (Bonduriansky 2009, Ah-King and Ahnesjö 2013, Tang-Martinez 2016). The most 

frequent explanation for the cause of different sex roles is anisogamy, which is the 

difference in the size of gametes that males and females produce. By definition, females 

produce the larger gamete and males the smaller, and this asymmetry is thought to 

underlie the dynamics that shape the evolutionary trajectories of each sex (Scharer et 

al. 2012, Fromhage and Jennions 2016).  

Recent theoretical work (Lehtonen et al. 2016b) has demonstrated that 

anisogamy is both necessary and sufficient to evolve conventional sex roles, while 

empirical tests of this hypothesis remain difficult (but not impossible, see Lehtonen et al. 

2016a on Volvocine algae). Whether the ultimate source of sex roles is anisogamy has 

been challenged recently (Ah-King 2013, Tang-Martinez 2016), especially in light of 

increasing evidence that many taxa show complex relationships between sex and 

behavioral traits that seem to violate the conventional sex roles associated with males 

and females (Tang-Martinez 2016). In addition, the term ‘sex role’ has been criticized for 
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being imprecise and for integrating vastly different behavioral traits like competition over 

mates and parental care (Ah-King and Ahnesjo 2013). These component traits don’t 

necessarily present in the conventional way, with males competing over females and 

females being choosy and providing the bulk of parental care (e.g. Forsgren et al. 2004, 

Fritzsche et al. 2016), and much debate exists over whether exceptions to this rule are 

relatively rare due to biological or sociological reasons (Gowaty et al. 2012, Kokko et al. 

2013, Aanen et al. 2016, Tang-Martinez 2016, Kokko 2017). Moreover, considerable 

variance exists within and between sexes in all of these traits, making binary 

categorization artificial and hindering research in systems that don’t have neat trait 

boundaries (Ah-King and Ahnesjo 2013).  

Much of the debate surrounding this issue is about how to partition the behavioral 

variance within and between sexes and how much of this variance to allocate to 

anisogamy as a causal factor relative to environmental selective pressures. The causal 

role of anisogamy is difficult to determine for several reasons: a) variance in many 

species or taxa can be quite high (Tang-Martinez 2016), such that establishing all 

sources of this variance and resolving the role of anisogamy becomes onerous; b) many 

proposed alternative contributors to variance may be indirectly influenced by 

anisogamy, such as sex-specific mortality or spatial distribution (Scharer et al. 2012, 

Kokko et al. 2013); c) anisogamy evolved a very long time ago and subsequent 

evolutionary dynamics make mapping the current degree of anisogamy to current sex 

differences problematic (Scharer et al. 2012); and d) we don’t have a null model of 

variance in the absence of anisogamy; in lieu of a model, empirical evidence 

demonstrating variance in systems without anisogamy (i.e. isogamous) is limited to few 
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traits (Tang-Martinez 2016) owing to the simple life histories of most isogamous 

organisms (Lehtonen et al. 2016a). Though it is difficult to attribute behavioral variation 

between the sexes conclusively to anisogamy, the fact that many dimorphic traits sort 

along male-female boundaries (Moschilla et al. 2019) suggests that sex identity as 

defined by anisogamy has a large role in determining mean trait values, if not the 

magnitudes of each trait. Absent alternative sources of divergence, anisogamy remains 

the most parsimonious predictor of behavioral differences between the sexes (Scharer 

et al. 2012, Kokko et al. 2013), and being most basal in evolutionary time (Parker 2014), 

is a reasonable candidate for being the start of the causality chain. However, further 

selection by the environment may also play a critical role in elaborating differences 

between sexes, and much of the current variance and trait values in males and females 

are arguably better explained by the environmental parameters a particular species 

experiences (Ah-King and Nylin 2010, Tarka et al. 2018) or may exist due to stochastic 

and non-heritable factors (Sutherland 1985, Gowaty and Hubbell 2005, 2009, Ah-King 

2013, Snyder and Ellner 2018). In fact, environmental features such as spatial or 

temporal resource dispersion are widely regarded to be essential in shaping mating 

systems (Emlen and Oring 1977), but are generally not implicated in causing males and 

females to adopt different sex roles in the first place.  

Anisogamy creates a seemingly paradoxical situation, where two parties devote 

different initial reproductive effort towards a future zygote, but receive equal payoff if 

that zygote is successful. Because each offspring has one mother and one father, for 

every offspring created by a reproductive event, one male and one female accrue a unit 

of fitness. In fact, when sex ratio is even, the average payoff to all population males 
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must equal the average payoff to all population females (the so-called ‘Fisher condition’, 

Fisher 1930, Queller 1997, Kokko and Jennions 2003, Houston and McNamara 2005). 

This initial asymmetry in zygote provisioning costs, however, is balanced by the 

disproportionate effort that males must bear to unify the two gametes: males often 

absorb the costs of courting females, fending off rivals, or acquiring territory in order to 

gain access to a female’s eggs (the ‘cost of trying’, Festa-Bianchet 2012). On average, 

the reproductive effort of provisioning the zygote (‘parental effort’, sensu Trivers 1972) is 

borne by females, but the reproductive effort of achieving fertilization (‘mating effort’) is 

borne by males. Several authors have noted that a direct comparison of a single sperm 

to a single egg is an inadequate way to compare male and female costs because male 

ejaculate contains many costly sperm and seminal proteins that function to increase 

fertilization success (Dewsbury 1982, Harcourt 1991, Tang-Martinez 2016). Indeed, 

evidence shows that to optimize fertilization requires sperm numbers far greater than 

egg numbers, and sperm density that drops below a threshold results in eggs remaining 

unfertilized (Dickey et al. 1999), making a gamete-to-gamete comparison of costs 

incurred incomplete. Male costs are sometimes treated as irrelevant relative to female 

costs because they are expended largely on competition with other males, travel and 

search costs, or circumventing cryptic female choice, rather than being provided to a 

future offspring and contributing to the fitness payoff. Given that the average male must 

incur all of these costs to acquire fitness though (even unsuccessful males, Festa-

Bianchet 2012), we argue that they cannot be neglected when comparing the total cost 

of reproduction between the two sexes. This requirement of equal costs by both sexes 
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is the drive behind building a model that maintains equality of costs and payoffs 

between the two parties, yet allows them to differ in how reproductive effort is allocated. 

Motivated by this goal, we group reproduction into two large categories based not 

on conventional sex roles but on a biological consequence of sexual reproduction: pre-

zygotic effort, and post-zygotic effort. We group in this way because individual decisions 

made before a zygote is formed affect the creator of the gamete, while decisions made 

after the zygote is formed affect both parties. In doing so, we attempt to model 

reproduction as a game where the main decisions are split according to the parties 

involved. The goal is not to derive the complexity of all male and female behaviors, but 

rather to demonstrate how divergence between two otherwise equal parties can begin 

with a simple asymmetry, and explore the further differentiation that can ensue once the 

reproductive allocations become slightly asymmetric. With this in mind, we aim to 

investigate how behavioral variance within and between sexes can arise as sex roles 

due to simple asymmetries between two parties. We use a game theory approach to 

investigate the evolution of general strategies rather than using demographic or 

population genetic models, which can accelerate divergence or provide mechanisms for 

how sex roles might evolve, but may require system-specific and sex-specific 

assumptions too numerous to consider in a general model.  

Because males and females are constrained to have equal payoffs under an 

even sex ratio, selection should maintain equality of reproductive costs. Any divergence 

between the sexes must therefore occur in the way such costs are allocated, while 

being sensitive to interactions within and between sexes. Though ‘sex roles’ is an 

inexact term in this context, we use it for ease of interpretation and continuity with pre-
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existing literature (Tang-Martinez 2016, Amundsen 2018) to indicate divergence 

towards male-typical and female-typical behaviors such as competition over mates and 

parental care, respectively. We begin with individuals that reproduce sexually, mate 

disassortatively by mating type, and are isogamous, which is the ancestral state for all 

anisogamous and sexually dimorphic species (Kirk 2006). 

 

MODEL 

 

The model is a game between two players, each of which decides how much 

reproductive effort to invest in one of two categories: pre-zygotic and post-zygotic effort. 

We define pre-zygotic effort as any activity that increases the likelihood that one’s 

gametes will be paired with the other party’s gametes and that successful fertilization 

occurs. Post-zygotic effort is defined as any activity or effort that increases the likelihood 

of the zygote’s survival after fertilization until the termination of parental care. We make 

no assumptions about when such effort is expended by each party during its own 

lifetime, as these investments represent the net input over a lifetime and can occur 

either before or after copulation. We also make no assumptions about the nature of the 

cost incurred to invest this effort, as it may take the form of direct energetic expenditure 

or indirect opportunity costs. Table 1.1 lists some examples of behavioral and 

morphological adaptations that can fall into either pre- or post-zygotic investment. 
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Table 1.1. Behavioral and morphological examples of pre- and post-zygotic investment 
across a range of sexually reproducing taxa.  

 Example Sample reference 

Pre-zygotic Mate searching Redback spiders (Andrade 2003) 

 Courtship Birds of paradise (Scholes et al. 2017) 

 Territory acquisition* Butterflies (Kemp 2000) 

 Rival contests Fruit flies (Palavicino-Maggio et al. 2019) 

 Pheromone release Roundworms (Chasnov et al. 2007) 

 Mating plugs House mice (Sutter et al. 2015) 

Post-zygotic Selective oviposition Pantless treefrogs (Touchon and Worley 
2015) 

 Nest defense Reed warblers (Welbergen and Davies 
2009) 

 Offspring provisioning Mammals (West and Capellini 2016) 

 Trophic eggs Frogs (Dugas et al. 2016) 

Either** Ejaculate components Oceanic field crickets (Simmons and 
Lovegrove 2019) 

 Mate guarding Damselflies (Alcock 1982) 

 Spermatophores Mormon crickets (Gwynne 1993) 

 Nuptial gifts Nursery web spiders (Stålhandske 2001) 

*specifically to attract a mate, though other benefits may also exist e.g. survival. 
**can occur pre or post-copulation, and components may serve as either pre- or post-
zygotic investment e.g. nutrients towards embryo growth 
 

To identify each mating type, we use the subscripts a and b because the 

functions assume no sex difference and mirror each other completely to highlight the 

equivalent decisions made by each party. Each individual can make two investments 

that trade off against each other, x and 1 – x. The decision variable for each party is the 

amount of effort invested in each of these two reproductive choices. The parameters of 

the model are sex ratio s, gametic investment z, and environmental ‘monopolizability’ k. 

The sex ratio refers to the relative number of each type of individual, with s = 1 and s = 

0 representing populations with only one mating type, while s = 0.5 represents an even 

ratio of both mating types. We define z as the amount of provisioning each party 

contributes to its gametes before this game, beyond the minimum necessary to create a 
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viable gamete. Hence z = 0 results in viable but minimally-sized gametes, while z > 0 

denotes additional investment in size. We consider differences in z between parties 

anisogamy regardless of the absolute value of z, and assume that an asymmetry in 

gamete size is accompanied by an equivalent and opposite asymmetry in gamete 

number (due to the number-size tradeoff, Parker et al. 1972, but see Gorelick et al. 

2016 for a survey of evidence for this tradeoff), thus maintaining the equivalence of 

costs between parties. However, we note that even a small asymmetry in size may arise 

in isogamous systems if individuals vary stochastically in the gametes they produce, 

and this size asymmetry need not be accompanied by an asymmetry in number. We 

define k as the environmentally-mediated ‘monopolizability’ by either mate, or the ability 

of either party to locate and keep a mate due to ecological features of that species’ 

environment. Such features relevant to this parameter include resource distribution, 

temporal variability, or demographic interactions that can shape how individuals explore 

and utilize their environment. High values of k indicate an environment with a high 

potential for monopolizability, where for example, resources are clustered in space or 

time, allowing individuals to achieve higher fitness due to availability or access to more 

mates (Emlen and Oring 1977). Table 1.2 summarizes the variables and parameters 

used in the models and their biological meanings. 

We note that both s and z are intrinsic to both parties in that s reflects a 

population metric resulting from two types of individuals, while z is a consequence of 

gamete production associated with sexual reproduction. Hence, z can but need not 

have a different value for each party, denoted here as za or zb. Conversely, k is not 

specific to a or b individuals and affects both types in equivalent ways in the fitness 
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functions. This occurs because k represents environmentally-mediated access to 

potential mates, and because such environmental features are external to both parties, 

k cannot have a type-specific (i.e. sex-specific) effect without preceding differentiation of 

the two types. In this way, k captures environmental selective pressures external to the 

two parties that can nevertheless amplify differences between them in pre- vs post-

zygotic investment, but are insufficient to explain the cause of such differences.  

 

Table 1.2. List of parameters and decision variables in the model.  

Parameter Explanation Biological meaning 

s Sex ratio, 0 < s < 1 Adult sex ratio, can also become OSR 

t Population size, t > 1 Size of population 

za, zb Gamete provisioning, z ≥ 0 Anisogamy, investment beyond the 

minimum required for a viable gamete 

k Environmental monopolizability, 

k ≥ 0 

Environmental potential for polygamy, 

resource distribution 

Variable   

xa, xb Investment in pre-zygotic effort; 

0 < xa < 1, 0 < xb < 1 

Traits that increase access to the other 

party’s gametes before fertilization 

1 – xa,  

1 – xb  

Investment in post-zygotic 

effort; 0 < xa < 1, 0 < xb < 1 

Traits that increase the fitness of the 

zygote after fertilization 

 

We make several assumptions about the way fitness is accrued by each party: 1) 

investment in pre-zygotic effort trades off with investment in post-zygotic effort. This 

assumes that reproductive effort is limited and is consistent with tradeoffs between 

current and future reproductive effort (Williams 1966, Hirshfield and Tinkle 1975, 

Stearns 1989), which are well-documented across taxa (e.g. Stevenson and Bancroft 
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1995, Therrien et al. 2007, Bårdsen et al. 2008, Wilson et al. 2009, Hamel et al. 2010, 

Jordan and Brooks 2010, Bleu et al. 2016) and generally function to limit the ability of 

individuals to secure access to a new gamete while tending to a previous one (Clutton-

Brock and Parker 1992), though specific behaviors may undergo more complex 

dynamics (see Stiver and Alonzo 2009); 2) Each party’s fitness is dependent on the 

other’s presence and investment. This is required for sexual reproduction to proceed; 3) 

Pre-zygotic effort is sensitive to the presence and investments of other players in the 

population. Partnering with another party’s gametes is inherently a zero-sum activity 

because it makes those gametes unavailable to other individuals. This creates a 

competitive context for the investment into pre-zygotic effort, where individuals of the 

same type compete for access to gametes produced by the other type. This competition 

may take many forms traditionally associated with either intersexual or intrasexual 

selection, as it simply measures investment of the focal individual relative to others of 

the same type; hence, it need not entail aggressive interactions and can include, for 

example, female investment in pheromones to attract males; 4) Investment by either 

party in post-zygotic effort benefits their fitness, but is not strictly necessary. Once 

fertilization is achieved and a zygote is formed, further investment in that zygote, though 

advantageous, is not required because minimal fitness has been achieved via union of 

viable gametes. 

Below we build the model with all three parameters s, z, and k to investigate how 

sex ratio, anisogamy, and environmental selection affect divergence between two 

otherwise symmetrical players. The goal is to demonstrate that with minimal 

assumptions one can produce divergence between the two parties in how pre- and 
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post-zygotic efforts are allocated, and thus create differences between mating partners 

in how reproductive costs are accrued. Though selection may act to limit or expand total 

reproductive effort in the context of other life history traits, we expect that an individual’s 

strategic allocation to either pre- or post-zygotic effort will be subject to selection 

resulting from this game. 

To model the fitness of each party, we consider fitness as a product of the 

number of mates an individual has access to, and the total post-zygotic investments of 

both parties, i.e. Fitness = Number of mates * Zygotes. More specifically, the number of 

mates one has access to is the fraction of mates out of the total population of potential 

mates of the opposite type (1 – s)∙t won after a tug-of-war with same-sex individuals 

using pre-zygotic effort xa /( xa + x*
a), akin to Parker’s original sperm competition models 

and economic conflict models (Parker 1982, 1990, Neary 1997):  

𝑥𝑎

𝑥𝑎 +
𝑠

(1 − 𝑠)
 ∙ (𝑥𝑎

∗ )
∙ (1 − 𝑠) ∙ 𝑡 

(Eq 1a and 1b) 

𝑥𝑏

𝑥𝑏 +
(1 − 𝑠)

𝑠  ∙ (𝑥𝑏
∗)

∙ 𝑠 ∙ 𝑡 

The fraction of mates won in the tug of war is proportional to that individual’s pre-zygotic 

investment xa relative to the population investment x*
a of same-sex individuals (Eq1a). 

Moreover, the population investment is scaled by the relative ratio of a and b individuals 

s/(1 – s), where s = (# a)/(# a + # b) = # a/t. When no same-sex competitors participate 

in the tug of war (# a = 0 or s = 0), the focal individual a receives all the available mates 
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in the population regardless of a’s pre-zygotic investment xa (i.e. xa/xa = 1). When no 

mates are available in the population (# b = 0 or s = 1), no mates are won in the tug of 

war regardless of xa.  

The constants za and zb intensify or weaken the tug of war competition by 

increasing or decreasing the fitness payoff for contributing to the tug of war. Biological 

scenarios consistent with such effects include: features of the competitive environment 

that make investment in a tug of war uniformly costly for all participants or uniformly 

beneficial, such as spatial clustering of individuals or a hostile medium that limits 

interactions; or the nature of the resource being contested, if additional increases in xa 

result in disproportionate gains in fitness because some threshold of winning a discrete 

resource is reached. The size advantage in gametes that one mating type may have is 

one such effect, because an increase in gametic investment makes the payoff for 

investing in xa and the potential gain in mates won even higher, thus modulating the 

intensity of the tug of war. Similarly, k modulates the intensity of the tug of war over 

mates and affects the payoff for investing xa and xb in securing access to mates by 

capturing an environment that facilitates or hinders monopolization of mates. Hence we 

modify Eq 1a and 1b as follows: 

(𝑧𝑎 + 𝑥𝑎)𝑘

(𝑧𝑎 + 𝑥𝑎)𝑘 +
𝑠

(1 − 𝑠)
 ∙ (𝑧𝑎 + 𝑥𝑎

∗ )𝑘
∙ (1 − 𝑠) ∙ 𝑡 

(Eq 2a and 2b) 

(𝑧𝑏 + 𝑥𝑏)𝑘

(𝑧𝑏 + 𝑥𝑏)𝑘 +
(1 − 𝑠)

𝑠  ∙ (𝑧𝑏 + 𝑥𝑏
∗)𝑘

∙ 𝑠 ∙ 𝑡 
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The constants za and zb can thus modulate the tug of war by ‘pre-loading’ it with a 

gametic size advantage akin to a loaded raffle (Parker 1990), and ensure that when xa = 

x*
a = 0 or xb = x*

b = 0, all a and all b individuals, respectively, split access to mates 

equally according to the sex ratio (Eq2a). 

Fitness is also a function of the total post-zygotic investments of both parties, 1 - 

xa and 1 - xb. We sum these to indicate that zygote success arises from the joint 

contribution of both parents. We also include the constants za and zb in the pool of 

available resources for the zygote, such that post-zygotic investment is optional for both 

parties and can be modulated by gamete size, which we assume contributes towards 

zygote fitness as well (consistent with pre-existing models e.g. Parker et al. 1972). 

Therefore, the total fitness achieved by rare mutants adopting the investments xa and xb 

into pre-zygotic effort and 1 - xa and 1 - xb into post-zygotic effort when playing in a 

population investing x*
a and x*

b, respectively, will be: 

𝑊𝑎 =
(𝑧𝑎 + 𝑥𝑎)𝑘

(𝑧𝑎 + 𝑥𝑎)𝑘 +
𝑠

(1 − 𝑠)
 ∙ (𝑧𝑎 + 𝑥𝑎

∗ )𝑘
∙ (1 − 𝑠) ∙ 𝑡 ∙ (1 − 𝑥𝑎  + 1 − 𝑥𝑏

∗ + 𝑧𝑎 + 𝑧𝑏) 

(Eq 3a and 3b) 

𝑊𝑏 =
(𝑧𝑏 + 𝑥𝑏)𝑘

(𝑧𝑏 + 𝑥𝑏)𝑘 +
(1 − 𝑠)

𝑠
 ∙ (𝑧𝑏 + 𝑥𝑏

∗)𝑘

∙ 𝑠 ∙ 𝑡 ∙ (1 − 𝑥𝑏  + 1 − 𝑥𝑎
∗ + 𝑧𝑎 + 𝑧𝑏) 

Hence, each party’s fitness is determined not only by the sex ratio s, gamete sizes za 

and zb and environmental monopolizability of mates k, but also by: a) their own 

investment into pre-zygotic effort xa and xb; b) their own investment in post-zygotic effort 

1 - xa and 1 - xb; c) the other party’s investments 1 - x*
a and 1 - x*

b into post-zygotic 
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effort; and d) the population-level same-sex investment of x*
a and x*

b into pre-zygotic 

effort.  

To find the evolutionarily stable strategy (ESS) �̂�𝑎 and �̂�𝑏 investments that jointly 

maximize the fitness of a and b individuals, we determine the maxima of these fitness 

functions when the focal individual a or b adopts the same strategies as the population 

(i.e. xa = x*
a and xb = x*

b). To do this, we set the partial first derivatives equal to 0 and 

solve when xa and xb are equal to x*
a and x*

b, respectively. 

𝑑𝑊𝑎

𝑑𝑥𝑎
|

𝑥𝑎=𝑥𝑎
∗

= 0         (Eq 4a and 4b) 

𝑑𝑊𝑏

𝑑𝑥𝑏
|

𝑥𝑏=𝑥𝑏
∗

= 0 

Solving equations 4a and 4b, we get the following expressions for �̂�𝑎 and �̂�𝑏: 

�̂�𝑎 =
−𝑘 ∙ (𝑧𝑎 − 2 ∙ 𝑠 ∙ (1 + 𝑧𝑎 + 𝑧𝑏)) − 𝑧𝑎

1 + 𝑘
 

          (Eq 5a and 5b) 

�̂�𝑏 =
𝑘 ∙ (2 + 𝑧𝑏 + 2 ∙ 𝑧𝑎 − 2 ∙ 𝑠 ∙ (1 + 𝑧𝑎 + 𝑧𝑏)) − 𝑧𝑏

1 + 𝑘
 

To verify that these solutions are maxima, we use the second derivative test: 

𝑑2𝑊𝑎

𝑑𝑥𝑎
2

|
𝑥𝑎=𝑥𝑎

∗

< 0 

(Eq 6a and 6b) 

𝑑2𝑊𝑏

𝑑𝑥𝑏
2 |

𝑥𝑏=𝑥𝑏
∗

< 0 
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The resulting expressions are always negative in the defined range of the function’s 

parameters (see Table 1.2).  

 

RESULTS 

The ESS solutions to our model satisfy the Fisher condition (Fisher 1930, Queller 

1997, Kokko and Jennions 2003, Houston and McNamara 2005) that fitness of both 

parties must be equal when the population sex ratio is equal (when s = 0.5). Moreover, 

fitness of the less represented party increases with decreasing numbers of that party, 

i.e. a biased sex ratio in either direction decreases the average fitness of the 

overrepresented sex (Fig 1.1).  

 
 
Fig 1.1. Fitness of a and b individuals at a range of sex ratios when investing ESS �̂�𝑎 
and �̂�𝑏 amounts into pre-zygotic effort. At an even sex ratio (s = 0.5, black dot), fitness 
of a and b is identical (dotted lines). As sex ratio becomes biased in either direction, the 
type that is overrepresented declines in fitness relative to the rarer type. At all sex ratios 
plotted, za = zb = 0.1, t = 10, k = 1. 
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When za = zb = 0 and k = 1, Eq5a and 5b simplify to �̂�𝑎 = s and �̂�𝑏 = 1 – s. 

Hence, in the absence of any gametic investment and asymmetry between the parties 

as well as environmental barriers to mates, the ESS is to invest pre-zygotic effort 

directly proportional to your own type’s representation in the population. This also 

means that post-zygotic investment should increase with the proportion of potential 

mates in the population. 

 When za ≠ zb, pre-zygotic investments diverge and �̂�𝑎 ≠ �̂�𝑏. Figure 1.2 shows the 

vector fields of both fitness equations as a function of �̂�𝑎 and �̂�𝑏 at various parameter 

values. At an even sex ratio (s = 0.5) and no anisogamy as well as no gametic 

investment (za = zb = 0), �̂�𝑎 and �̂�𝑏 stabilize at the same value and predict equivalent 

pre- to post-zygotic investments in both parties (Fig 1.2A). As sex ratio becomes 

skewed towards a (s = 0.7, Fig 1.2B), or when za < zb (i.e. a individuals invest less in 

gametes than b individuals, Fig 1.2C), �̂�𝑎 increases and �̂�𝑏 decreases, predicting more 

investment in pre-zygotic effort by a individuals and more investment in post-zygotic 

effort by b individuals. The divergence is in the opposite direction, with b individuals 

investing more than a individuals in pre-zygotic effort when sex ratio is b-biased and b 

individuals produce larger gametes (za < zb with s = 0.3, Fig 1.2D). Increases in k do not 

affect divergence between the two parties unless accompanied by a difference in 

gamete size (za ≠ zb) or biased sex ratio (s ≠ 0.5), but do increase the absolute values of 

�̂�𝑎 and �̂�𝑏 (Fig 1.2E and 1.2F). 

 



18 
 

 

Fig 1.2. Co-evolutionary dynamics of investment by a and b individuals into pre-zygotic 
effort (�̂�𝑎, �̂�𝑏) and post-zygotic effort (1 - �̂�𝑎, 1 - �̂�𝑏). Stream lines indicate the selection 
gradients for �̂�𝑎 and �̂�𝑏 at different starting values of s, k, za, and zb, and red dots show 
the stable equilibrium (t = 10 for all panels, k = 1 for A-D). A. Evolutionary trajectory 
when s = 0.5 and za = zb = 0 (even sex ratio and isogamy) leads to both parties 
investing equally in pre-zygotic efforts (�̂�𝑎 = �̂�𝑏). B. Evolutionary trajectory when s = 0.7 
and za = zb = 0 (a-biased sex ratio and isogamy) leads to a individuals investing more in 
pre-zygotic effort than b individuals (�̂�𝑎 > �̂�𝑏). C. Evolutionary trajectory when s = 0.5, za 
= 0, and zb = 0.5 (even sex ratio and b investing in larger gametes) leads to a 
individuals investing more in pre-zygotic effort than b individuals (�̂�𝑎 > �̂�𝑏). D. 
Evolutionary trajectory when s = 0.3, za = 0, and zb = 0.3 (b-biased sex ratio and b 
investing in larger gametes) leads to b individuals increasing pre-zygotic investment 
with �̂�𝑎 < �̂�𝑏. E. Evolutionary trajectory when za = zb = 0, s = 0.5 and k = 5 (even sex 
ratio and high potential for monopolizing mates) leads to both parties investing mostly 
and equally in pre-zygotic efforts (�̂�𝑎 = �̂�𝑏). F. Evolutionary trajectory when s = 0.5, za = 
0, zb = 0.3 and k = 0.3 (even sex ratio, b investing in larger gametes, and low potential 
for monopolizing mates) leads to low absolute investments in pre-zygotic efforts with a 
individuals investing more than b (�̂�𝑎 > �̂�𝑏). 
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The model predicts that divergence between a and b individuals in how pre- or 

post-zygotic effort is allocated can occur either due to variation in sex ratio or a 

difference in gamete investment. Either change is sufficient to make one party diverge 

from the other’s allocation, and both sex ratio and gametic investment can act in concert 

or opposing directions to shape the ESS values of �̂�𝑎 and �̂�𝑏. Environmental features 

that influence monopolizability of mates amplify or diminish the absolute values of pre- 

and post-zygotic investments, but do not result in divergence between the parties. 

Figure 1.3 summarizes the effects of all parameters on divergence between a and b 

individuals as measured by relative investment in pre-zygotic effort; increased 

anisogamy results in greater divergence, and this divergence is amplified or reduced by 

sex ratio bias in either direction. Environmental effects modulate the degree of 

divergence and in some regions of parameter space predict identical or reversed 

investment between sexes (Fig 1.3). 
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Fig 1.3. Predicted investment into pre-zygotic efforts by a and b individuals (�̂�𝑎, �̂�𝑏) as a 
function of anisogamy, sex ratio, and environmental monopolizability. Note that 
anisogamy is modeled here in one direction with zb ≥ za, but the reverse would produce 
an equivalent graph with the colors swapped. Pre-zygotic effort generally diverges with 
increasing anisogamy, but can reverse directions and magnitude depending on sex ratio 
and k. For ease of interpretation, blue colors are used to indicate a individuals acquiring 
male identity (smaller gametes, za) and red is used to indicate b individuals acquiring 
female identity (larger gametes, zb). 
 

 Post-zygotic effort shows an interesting relationship with anisogamy and 

environment. Summing both parties’ post-zygotic efforts (1 - �̂�𝑎 + 1 - �̂�𝑏) is an indication 

of how much total investment a zygote should receive from both parents. The model 

predicts that larger zygotes (high za, zb) lead to increases in post-zygotic investment 

when the environment makes mate monopolization difficult (low k), but predicts lower 
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post-zygotic investment when the environment facilitates monopolization of mates (high 

k, Fig 1.4). Moreover, the overall levels of post-zygotic care are predicted to be lower 

when mate monopolization is easier (Fig 1.4 last) than when monopolizing mates is 

difficult (Fig 1.4 first). 

 

 

Fig 1.4. Total post-zygotic effort by a and b individuals (summed 1 - �̂�𝑎 + 1 - �̂�𝑏) as 
anisogamy increases across different environmental monopolizability of mates k. For all 
anisogamy conditions, za = 0 and zb ≥ za (s = 0.5 for all panels). Increases in zygote size 
predict greater total post-zygotic investment when mate monopolizability is low (k = 0.5), 
but lower investment when mate monopolizability is high (k = 2). 
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DISCUSSION 

 

The model predicts many of the patterns we see in nature. One prediction is that 

the producer of the smaller gamete (male) invests more in pre-zygotic effort than the 

producer of the larger (female) gamete (Fig 1.2C and Fig 1.3 bottom two rows). This is 

the case in many taxa, where primarily males search for females (e.g. nematodes, 

Chasnov et al. 2007), perform courtship behaviors (e.g. redback spiders, Stoltz et al. 

2008), compete with other males by using weaponry (e.g. rhinoceros beetles, 

McCullough et al. 2014) or by displaying elaborate traits (e.g. peacocks, Petrie et al. 

1991), and create barriers to other males’ access to eggs via mating plugs (e.g. dwarf 

spiders, Kunz et al. 2014) or mate guarding (e.g. damselflies, Alcock 1982). Conversely, 

producing a larger gamete (female) results in increased post-zygotic investment (i.e. 

decreased pre-zygotic effort, Fig 2C) and is consistent with taxa where females provide 

parental care (e.g. mammals, Therrien et al. 2007, Kappeler 2017) or provision the 

zygote beyond the viability minimum (Baba et al. 2011). However, there are many 

documented cases of the opposite pattern as well: the smaller gamete producer (male) 

providing parental care (e.g. seahorses, Vincent 1994) and the female investing heavily 

in pre-zygotic behaviors such as mate-searching and competition with females over 

mating (reviewed in Rosvall 2011). The model predicts this sex role reversal only when 

the sex ratio is biased towards females (Fig 1.2D and Fig 1.3 top row). A female-biased 

sex ratio has been documented in many sex role reversed systems where females 

aggressively compete for males (e.g. wattled jacanas, Emlen and Wrege 2004b), 

females court males (e.g. Fritzsche et al. 2016), males are choosy (e.g. Mormon cricket, 
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Gwynne 1981, 1993), and males provide sole parental care (e.g. snowy plovers, 

Carmona-Isunza et al. 2017; wattled jacanas, Emlen and Wrege 2004a; seahorses, 

Vincent 1994) or provision the zygote (e.g. with nutrient-rich spermatophores in Mormon 

crickets, Gwynne and Simmons 1990). Some systems, however, find no bias in sex 

ratio (Vincent 1994) or a male-biased sex ratio (Liker et al. 2013) in sex role reversed 

systems, indicating that sex ratio can drive component traits of sex roles in complex 

ways (though studies on female-female competition are still underrepresented in the 

literature, see Rosvall 2011). In addition to sex role reversed systems that by definition 

show ‘unusual’ male and female reproductive efforts, it’s noteworthy that species with 

conventional sex roles also demonstrate evidence of female aggression over mates 

(baboons, Cheney et al. 2012; two-spotted goby, Forsgren et al. 2004; mammals, 

Stockley and Bro-Jorgensen 2011) or breeding territories (tree swallows, Bentz et al. 

2019; pinyon jays, Lawton et al. 1997), male choosiness for mates (redback spiders, 

MacLeod and Andrade 2014; fruit flies, Nandy et al. 2012), and male contributions to 

zygote success via their ejaculate (oceanic field cricket, Simmons and Lovegrove 2019) 

or via female cannibalism of male tissues (praying mantids, Brown & Barry 2016). 

These phenomena are consistent with model predictions that allow both parties to 

invest non-zero effort in pre- and post-zygotic efforts even when divergence in sex roles 

has occurred due to anisogamy (Fig 1.2C and Fig 1.3 middle row), allowing for 

choosiness, competition over mates, and parental care to occur in both sexes, albeit in 

varying degrees. 

Environmental effects on reproductive decision are numerous and varied, and 

separating features of the environment that affect access to mates from those that do 
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not can be complicated. The model predicts that environmental features that influence 

the ability of individuals to monopolize mates do not affect divergence between the 

sexes in how reproductive effort is allocated (Fig 1.2E), but if differences are already 

present due to anisogamy or sex ratio, the environment can amplify or diminish them 

(Fig 1.2F and Fig 1.3 top and bottom row). Empirical evidence supporting this prediction 

exists in most currently anisogamous systems where availability of mates varies with, 

for example, seasons or local geography (Amundsen 2018), and affects pre-mating 

competition for mates accordingly (Forsgren et al. 2004, Kasumovic et al. 2008). 

Isogamous systems where no divergence exists in gamete size or sex ratio would be 

ideal to test whether manipulating the local environment changes aspects of pre-zygotic 

effort, but we are not aware of any such studies.  

The model also makes a series of predictions about post-zygotic effort, zygote 

size, and monopolizability of mates. One prediction is that total post-zygotic effort 

(broadly ‘parental care’) should be higher when monopolizing mates is difficult due to 

environmental constraints (Fig 1.4 first and last panel). This makes intuitive sense if we 

consider that any increase in fitness is more likely by investing in zygotes than by 

securing access to new mates in a difficult environment, while the opposite is true when 

new mates are easy to obtain. This prediction is also consistent with previous 

theoretical work on the evolution of parental care, where caring evolves as a response 

to insufficient remating opportunities (Kokko and Jennions 2012). Some evidence exists 

for this prediction in the Kentish plover, where females typically desert their brood early 

in the breeding season when remating opportunities are high (81% remate), but do so 

less frequently later in the season when remating is unlikely (18% remate, Székely et al. 
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1999). Broods experience increased mortality due to desertion (Szekely and Cuthill 

1999), but despite this fitness cost females seek out remating opportunities when they 

are available, providing support for the model prediction that total parental care is 

overall lower when environmental access to new mates is easier. In penduline tits, both 

sexes can desert a nest to seek new mating opportunities and biparental desertion is 

frequent (30-40% of viable nests, Szentirmai et al. 2007, Szekely et al. 2014), 

suggesting that fitness benefits from remating are higher than remaining to care 

(Szentirmai et al. 2007), though whether the rate of desertion is sensitive to changes in 

mate access is unknown. Similar tradeoffs between mating with new partners and 

parental care of current offspring have been quantified in other systems (e.g. poison 

frogs, Pröhl and Hödl 1999, Haase and Pröhl 2002, Delia et al. 2013, Dugas et al. 

2016), but how this tradeoff responds to remating opportunities remains to be fully 

tested. Systems with flexible biparental care are ideally suited to test relationships 

between the amount of parental care and access to new mates, such as cichlids, poison 

dart frogs, shorebirds, and burying beetles (Szekely et al. 2014). 

Isogamous systems also provide evidence for other predictions of this model. 

Since most isogamous systems are either unicellular or have brief multicellular life 

stages (Lehtonen et al. 2016a), the behaviors that correspond to pre-and post-zygotic 

investment are limited. For example, the unicellular green algae Closterium have two 

mating types and both produce substances that act as chemoattractants for the 

opposite type, with no asymmetry in mate-finding between types (Hadjivasiliou and 

Pomiankowski 2016). Similarly, in the unicellular diatom Seminavis robusta, mating 

types produce different but reciprocal pheromones that allow + and – types to locate 
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each other and fuse (Gillard et al. 2013, Moeys et al. 2016), as do the isogamous yeast 

Saccharomyces cerevisiae types a and α (Merlini et al. 2013). This pattern suggests 

that isogamous organisms adopt symmetric roles in mate-finding (pre-zygotic 

investment) with both parties producing chemical attractants and both performing 

chemotaxis. A fascinating example of early divergence in roles may be seen in the 

isogamous brown algae Ectocarpus siliculosus, which has morphologically identical 

gametes but a division of roles: + gametes secrete pheromones, and – gametes swim 

towards them (Schmid et al. 1994). This functional separation in roles is mirrored by 

large differences in the transcriptomes of + and – gametes, which may indicate early 

divergence between gametes that precedes a size difference (anisogamy) (Lipinska et 

al. 2013). Anisogamous algae show a separation of roles in species such as 

Chlamydomonas allensworthii, where only large gametes secrete pheromones and 

small gametes perform chemotaxis (Starr et al. 1995), while isogamous congeners C. 

eugametos, C. moewusii, and C. reinhardtii partner only when the two mating types 

come in contact by chance (Tomson et al. 1986, Starr et al. 1995). Though post-zygotic 

investment is tough to determine in isogamous systems where parental involvement 

generally ends after zygote formation, some evidence points to equal ‘parental’ roles of 

mating types when no asymmetries exist between them. The amoeba Dictyostelium 

discoideum has three mating types that are identical in size, and all three types can 

mate disassortatively (Bloomfield et al. 2019). Once a zygote is formed, it attracts 

peripheral cells from both parental types and cannibalizes hundreds of donated cells as 

it grows (Douglas et al. 2017). The number of cells contributed by each mating type is 

generally proportional to the frequency of the mating type in mixed populations across 
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many strains and all mating types tested (Douglas et al. 2017), indicating that in the 

absence of anisogamy the two sexually reproducing parties do not diverge in the 

nutritional contributions made towards zygote success. 

Examples such as these suggest that our model is in broad agreement that sex 

roles diverge once gametes diverge, and in the absence of anisogamy both mating 

partners are symmetric in pre- and post-zygotic efforts. However, we note that the 

definition of anisogamy as a difference in gamete size becomes increasingly untenable 

as we approach the outer edges of eukaryotic taxa where gamete production can 

involve multiple nuclei, transitions between uni- and multicellularity, and as many as 

hundreds of mating types (Gorelick et al. 2016, Lehtonen et al. 2016a). Moreover, 

reducing gamete differences to a single dimension (size) is an inadequate way to 

capture divergence in shape, morphology, swimming ability, construction costs, 

chemical profiles, and even size when volume or length do not covary (Hook & Fisher in 

prep, Gorelick et al. 2016). This level of complexity is often obscured in discussions of 

transitions from isogamy to anisogamy, and makes the evolution of male- or female-

specific roles most testable in systems where gamete morphology can be easily 

quantified and measured independently of the organism’s behavior (i.e. multicellular 

organisms). The order Volvocales is a promising candidate because it contains species 

varying along the isogamy-anisogamy spectrum as well as spanning the transition from 

unicellularity to multicellularity (Lehtonen et al. 2016a). For example, a single genetic 

locus in an isogamous species (Chlamydomonas reinhardtii) codes for the + or –  

mating type, and manipulating expression of the same locus can switch between egg or 

sperm production in an anisogamous species from the same lineage (Volvox carteri, 
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Geng et al. 2014), making this taxon ideally suited for testing transitions to anisogamy 

and concurrent changes in early sex roles. 

A major prediction of the model is not only that anisogamy causes divergence in 

sex roles, but so does sex ratio. Why would sex ratio vary? Populations are generally 

predicted to stay at or near a 1:1 ratio because large deviations from unity are corrected 

with negative-frequency dependent selection that confers a fitness advantage to the 

rarer type (Fisher 1930). Yet sex ratio varies drastically across species and across 

developmental time points, and these fluctuations can arise from sex-specific mortality 

(Andrade 2003), dispersal (Kappeler 2017), seasonality (Forsgren et al. 2004, 

Kasumovic et al. 2008, Peeters et al. 2017) or stochastic effects in such a way that 

predicting the sex ratio an individual faces when making a mating decision is difficult. 

One study in birds surveyed adult sex ratios across 183 species and found that 65% of 

species deviated from an even sex ratio when sampled (Donald 2007), suggesting that 

skewed ratios are not unusual at the local temporal and geographic scales where 

mating decisions are often made. To complicate matters further, adult sex ratio (ASR) is 

often quite different from operational sex ratio (OSR, Szekely et al. 2014), which 

considers only the adults currently available to mate (Emlen 1976). In most 

demographic models it is crucial to specify which sex ratio is being tracked (ASR or 

OSR) because the models quantify number of copulations, individual offspring, or 

fertilization attempts (e.g. Kokko and Jennions 2008, Klug et al. 2010, Kokko et al. 

2012, Fromhage and Jennions 2016, Clutton-Brock 2017, Jennions and Fromhage 

2017), which our model does not explicitly tally. Instead, we predict overall investment 

strategies. Before divergence, sex ratio in our model can be considered ASR because 
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sex roles must first diverge for OSR to deviate from ASR. Once divergence between 

parties has occurred, asymmetries in pre- and post-zygotic effort can feed back into sex 

ratio in such a way that OSR may better capture the effects of further sex ratio bias on 

trait evolution. For example, an increase in post-zygotic effort by one party (such as 

parental care) may temporarily remove that party from the mating pool and skew sex 

ratio in the model to create further selection on post-zygotic effort. In this way, small 

stochastic fluctuations in adult sex ratio may begin the process of differentiation and are 

plausible at the appropriate temporal and spatial scales for isogamous species, though 

this possibility remains untested. Much has been written about sex ratio and its complex 

interactions with competition over mates, parental care, and mating systems, and for a 

nuanced discussion of how different kinds of sex ratios (adult sex ratio, operational sex 

ratio, maturation sex ratio) combine to affect mating rate and offspring production rates, 

see Jennions and Fromhage 2017 and Fromhage and Jennions 2016.  

Most studies on the effects of biased sex ratio on sex roles are observational, 

since manipulating sex ratio is logistically difficult and can feed back into other 

demographic dynamics, such as resource competition or mating-induced mortality, that 

also influence the traits of interest (Weir et al. 2011, Kappeler 2017). Some laboratory 

attempts to test a causal relationship between sex ratio and sex roles create artificial 

scenarios such as abnormally high population densities that swamp the sex ratio 

manipulation (Amundsen 2018), while others fail because phylogenetic constraints or 

lineage effects constrain the flexibility of sex roles in species such as mammals, where 

sex ratio skews are strongly driven by gestational and parental time-out periods which 

cannot be altered (Kappeler 2017). A review of 76 studies found that male competition 
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for females generally increases with a more male-biased sex ratio, though the effect 

varies with the form of competition (direct aggression, sperm competition, or indirect 

competition via courtship and mate guarding) and female competition for mates was not 

tracked (Weir et al. 2011). Many traits consistent with pre-zygotic effort have been 

shown to track changes in sex ratio (either ASR or OSR) in the direction predicted by 

the model – the more numerous sex exhibiting greater pre-zygotic effort (Fig 2B, e.g. 

choosiness, Shellman-Reeve 1999; aggression over mates, Forsgren et al. 2004; 

increased sperm allocation, Delbarco-Trillo 2011, Kelly and Jennions 2011). But a 

problematic assumption of such studies is that adaptive phenotypic responses to a 

change in sex ratio operate in the same way and the same direction as a trait under 

selection over evolutionary time, which may not be the case (Kokko and Jennions 2012, 

Jennions and Fromhage 2017). This makes reconciling theoretical models on how sex 

ratio should drive mating competition, parental care, and choosiness (e.g. Kokko and 

Jennions 2008, Klug et al. 2010, Kokko et al. 2012, Fromhage and Jennions 2016, 

Clutton-Brock 2017, Jennions and Fromhage 2017) with empirical data even more 

difficult. Experiments that systematically change sex ratio over many generations are 

better suited to testing the influence of sex ratio on sex roles, and several studies show 

general agreement with theoretical predictions of this and published models. For 

example, rearing Drosophila melanogaster under polygynous (female-biased sex ratio), 

monogamous, or polyandrous (male-biased sex ratio) conditions over multiple 

generations results in males from polyandrous populations evolving higher courtship 

frequency (Nandy et al. 2013b), more competitive sperm (Nandy et al. 2013a), and 

more toxic ejaculate (Rice 1996, Nandy et al. 2013b), indicating an increase in male 
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ability to compete over fertilizing mates, as predicted. However, similar manipulations in 

other labs showed no such effects (Pitnick et al. 2001, Wigby and Chapman 2006), 

even when descendants of the same population of D. melanogaster were used (Bjork et 

al. 2007, Jiang et al. 2011). Given the paucity of species that are suitable both for 

experimental evolution and measurement of complex sex role traits, testing the 

prediction that sex ratio bias alters sex roles remains a challenge for the field. 

It is increasingly apparent that the diversity of life forms that undergo sexual 

reproduction is too large to condense into neat categories (Lehtonen et al. 2016a). 

Though anisogamy provides a useful distinction to divide two mating partners and can 

drive divergence in their reproductive behaviors (this model, Lehtonen et al. 2016b), 

these behaviors are likely subject to further environmental and sex-specific selection 

pressures (Gowaty and Hubbell 2005, 2009, Tang-Martinez 2016) with anisogamy as 

an increasingly smaller driver of differentiation between the sexes. Though broad 

patterns across taxa demonstrate males assuming more mate searching, courtship, or 

competitive efforts over mates and females assuming more parental care (Janicke et al. 

2016), the variation within and between species has yet to be mapped to the current 

gamete differences between the sexes (Scharer et al. 2012), which are already adapted 

to a species’ life history and require multidimensional metrics (Hook & Fisher, in prep). 

Further empirical work in this domain would go a long way towards providing the 

resolution needed to fully explore the relationship between gamete differences and sex 

role evolution. 

In conclusion, our model demonstrates that anisogamy and sex ratio can initiate 

divergence between two identical mating types with no pre-existing differences. While 
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environmental drivers of mate monopolizability are a significant modulator of sex 

differences, they are not a cause of divergence. Importantly, the model predicts that 

despite the egg-sperm dichotomy, a variety of pre- and post-zygotic investment 

combinations can evolve that allow both sexes to adopt mixed strategies, indicating that 

sex roles need not be binary and the sexes can overlap in their expression of many 

reproductive behaviors. 
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CHAPTER 2 

EXPERIMENTALLY ALTERED SEX RATIOS CHANGE MATING EFFORT IN BOTH 

SEXES AND REVEAL CORRELATED GAMETES 

 

Maria Modanu 

 

 

ABSTRACT 

Mating behavior can shape the evolution of both male and female traits owing to the 

selective pressure placed by competition over fertilizations. Whether mating behavior 

has simultaneous consequences on both behavioral and morphological traits has yet to 

be tested in a single system, and has implications for the capability of sexual 

interactions to shape traits at multiple organizational levels. The following study uses 

experimentally-manipulated sex ratios to test the hypothesis that both mating behavior 

and the morphological structures implicated in reproduction (gametes) are affected by 

disruptions in male-female interactions. After 50 generations of exposure to a male-

biased, female-biased, or even sex ratio, nematode Caenorhabditis remanei males and 

females demonstrate a greater mating effort in the male-biased compared to the 

female-biased treatment, but no significant changes in gamete sizes. Unexpectedly, I 

find that egg and sperm size are inversely related across all experimental populations, 

suggesting the possibility of male-female coevolution in gamete provisioning decisions 

and the potential for sexual conflict. 
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INTRODUCTION 

Males and females differ by definition in the gametes they produce, with males 

producing numerous small sperm and females producing fewer large eggs (anisogamy). 

This initial difference has been thought to underlie the divergence between the sexes in 

a number of other morphological and behavioral traits, particularly in a cluster of 

behavioral traits commonly known as ‘sex roles’. Though variable across taxa, sex roles 

generally include traits such as intrasexual competition for the opposite sex, choosiness 

during mating, and parental investment in offspring, which often segregate according to 

sex. Recent theoretical work has demonstrated that anisogamy necessarily leads to 

competition for the rarer gamete (Fromhage and Jennions 2016, Lehtonen et al. 2016) 

and can therefore place the sexes on sex-specific evolutionary trajectories that amplify 

differences between males and females across many life history and morphological 

traits (Scharer et al. 2012, Parker 2014). Once diverged, such differences can create 

additional selective pressures and positive feedback loops on further differentiation, 

thus elaborating existing adaptations all the way back to shaping the gametes that gave 

rise to this asymmetry (Andersson 2004, Scharer et al. 2012). This latter part of the 

anisogamy-sex role hypothesis has received less attention despite the potential for 

feedback loops between sex roles and anisogamy to reveal the underlying evolutionary 

trajectory of this phenomenon (Fromhage and Jennions 2016). 

The following study tests a subset of the anisogamy-sex role hypothesis by 

directly addressing whether changes in an organism’s sex roles have cascading effects 

on the behavior and gamete morphology of both sexes. Using experimental evolution in 

a highly tractable organism, I ask whether perturbing the sex ratio leads to sex role 
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differentiation at short evolutionary timescales, specifically changes in sexual behavior 

and gamete size. Sexual interactions can be perturbed by changing the adult sex ratio, 

because a biased sex ratio changes the amount of competition for and receptivity 

towards the opposite sex (Forsgren et al. 2004, de Jong et al. 2012, Fritzsche et al. 

2016). For example, male-biased sex ratios can lead to increased courtship effort 

(Dzieweczynski et al. 2009) or increased female resistance (Gosden and Svensson 

2009), while a female-biased sex ratio can in some systems reverse sex roles (Gwynne 

1991, Forsgren et al. 2004, Rosvall 2011, Fritzsche et al. 2016) or simply reduce sexual 

selection on males for competitive traits (Holland and Rice 1999, Pitnick et al. 2001). In 

addition to behavioral changes due to sex ratio, gametic traits can also respond to 

changes in the competitive environment. Sperm can enhance fertilization success 

(Godwin et al. 2017), increase in length (Balshine et al. 2001, Byrne et al. 2003), or 

change size in male-biased mating environments (LaMunyon and Ward 2002, Palopoli 

et al. 2015). However, egg traits have received much less attention in studies that 

manipulate sex ratio, and how egg size should be influenced by increased competition 

over mates is unclear. In general, larger eggs have positive effects on offspring success 

(Krist 2011, Warner and Lovern 2014, Marshall et al. 2018) but with diminishing returns 

to the mother due to the tradeoff with egg number and consequent drop in fecundity 

(Wolf and Wade 2001), as well as limits on the fitness gains from increased egg 

provisioning (Smith and Fretwell 1974, Sargent et al. 1987). Theory and available 

evidence suggest that occurrence of social polyandry can lead to production of smaller 

eggs (Liker et al. 2001, Andersson 2004), but degree of sperm competition has no effect 

on egg size (Byrne et al. 2003), complicating predictions about the mechanisms by 
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which a male-biased sex ratio may influence egg size. Increased competition for mates 

among females may have indirect effects on egg size via energetic expenditure on 

mating effort (e.g. aggression, Emlen and Wrege 2004, or courtship, Fritzsche et al. 

2016), while attractiveness to males may be enhanced by correlates of fecundity (such 

as body size, Gwynne 1981) that also have downstream effects on egg size or quality. 

Little is known about the impact of mate competition on eggs, thus limiting our ability to 

also track changes in anisogamy due to disrupted sex roles. Therefore, a major aim of 

this study is to quantify changes in both sperm and eggs due to a biased sex ratio and 

combine these metrics with behavioral measures of sex roles to address the 

anisogamy-sex role hypothesis in the same system. 

 Nematodes in the genus Caenorhabditis are particularly well suited for 

experimental evolution because of their short generation time and easy maintenance in 

the lab (Gray and Cutter 2014). Caenorhabditis nematodes are usually found in soil 

near orchards feeding on bacteria that decompose organic soil matter (Frezal and Felix 

2015). Adults can pause development during the first larval stage (dauer) if food 

conditions are suboptimal and/or larval density is high (Frezal and Felix 2015), resuming 

normal development once the environment improves. This feature allows offspring of 

laboratory populations to be frozen at the dauer stage for years in order to prevent 

further laboratory adaptation from wild-collected specimens and pause populations at 

specific evolutionary timepoints. The dioecious C. remanei, unlike C. elegans, does not 

have hermaphrodites and has no overlap in male and female function within an 

individual. Males locate virgin females via volatile pheromones (Chasnov et al. 2007), 

and females also perform chemotaxis towards virgin males but are less successful and 
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slower in locating a partner than males (Chasnov et al. 2007, Modanu unpub. data in 

Appendix Table A1 and A2). Female pheromones diminish immediately after mating, 

but pheromone release resumes 12-18 hours later (Chasnov et al. 2007). Females are 

also attracted to copulating pairs and will perform chemotaxis towards pheromones 

released from the gonad of a copulating male (Markert and Garcia 2013). During 

copulation, males release substances from their gonads that temporary immobilize 

females and this soporific effect is attenuated in non-virgin female copulations (Garcia 

et al. 2007). Males carry ~600 sperm and transfer up to 400 sperm in a single mating, 

becoming temporarily sperm-depleted after 5-6 consecutive copulations and only 

partially replenishing their sperm supply after 6 hours without mating (Modanu unpub. 

data in Appendix Table A3). Female lifetime fecundity can reach ~1000 eggs, peaks 2-3 

days after copulation, and gradually declines until senescence and death after two 

weeks of adulthood (Diaz et al. 2008, Diaz et al. 2010). Hence, a singly-mated female 

who receives ~400 sperm will become sperm-depleted after 2-3 days of oviposition and 

requires further copulation to maximize her reproductive potential. Although males 

deposit copulatory plugs on the female vulva after copulation, this plug has mixed 

success at preventing further copulation by males (Garcia et al. 2007, Timmermeyer et 

al. 2010), though its enlargement over consecutive copulations can sometimes impede 

oviposition via the vulva.  

Here, I test the hypothesis that a biased sex ratio changes the mating effort of 

the sexes by measuring gametic and behavioral changes over time in populations with 

an experimentally altered sex ratio. I focus on behavioral changes at the population 

level that involve locating and copulating with a mate, as well as gametic changes in 
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size and number that determine the resources allocated to a zygote, both of which can 

influence fitness. If sex ratio affects mating effort and has cascading effects on behavior 

and gametes, then males in male-biased populations should demonstrate greater 

mating effort than males in female-biased populations, while females should show the 

opposite effect (as predicted by the model in Chapter 1, see Fig 1.3). Furthermore, if 

larger sperm outcompete smaller sperm in Caenorhabditis nematodes (LaMunyon and 

Ward 1998, 1999), then males in male-biased populations should produce larger sperm 

than males in female-biased populations. However, if a numeric advantage in sperm 

provides males with a fitness advantage as in many other systems (Birkhead and Møller 

1998), then males in male-biased populations should produce more sperm with a 

smaller size. Egg size correlates positively with sperm size across Caenorhabditis 

species (Vielle et al. 2016) and may follow changes in sperm size, with larger eggs in 

male-biased populations. However, it is also possible that greater fecundity (greater egg 

number and lower egg size) may evolve in male-biased populations a) if male 

harassment and mating attempts are harmful to females and fecundity selection drives 

female success in this environment, or b) if male mate choice for more fecund females 

is reduced due to female rarity, and lower quality females (with small eggs) drive 

population egg size down. Given the lack of natural history data to inform these 

mechanisms in C. remanei, it is currently unknown whether egg size is sensitive to 

these male-female interactions. 
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METHODS 

Animals 

A population of C. remanei was graciously provided by the Patrick Phillips 

laboratory in the summer of 2015 (strain PX443, Sikkink et al. 2014a, Sikkink et al. 

2014b). This population was generated by collecting 26 mating pairs of C. remanei from 

woodlice at Koffler Scientific Reserve at Jokers Hill, Toronto, Ontario (+44° 1′ 46.88′′, 

−79° 31′ 41.69′′), and interbreeding them in a factorial design to achieve a 

heterogeneous population. This population has previously been used in laboratory 

evolution experiments and appears to have sufficient standing genetic variation for 

selection to operate (Sikkink et al. 2014a, Sikkink et al. 2014b). Once received, the 

population was allowed to adapt to local laboratory conditions for ~15 generations. 

During this period, at every generation worms were chunked from multiple plates onto 

new plates in a controlled manner to ensure mixed mating and prevent population 

bottlenecks. Worms were maintained in the lab on standard 60mm nematode growth 

medium (NGM) plates seeded with E. coli strain OP50 bacterial lawn and kept at 20ºC 

and 50 ± 10% relative humidity. At this temperature, generation time is approximately 

2.5 days. 

 

Selection regime 

After laboratory adaptation, the population (hereafter referred to as ‘source’) was 

randomly sampled for worms at the fourth and ultimate larval (L4) stage, and 

independent treatment lines were created at the following sex ratios (male:female): 
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45:45 (even, to control for laboratory adaptation), 30:90 (female-biased), and 90:30 

(male-biased). Worms were sampled at the L4 stage because C. remanei cannot be 

reliably sexed before the L4 stage. Each treatment was replicated five times for a total 

of 15 independent lines. The effective population size Ne was 90 in all treatments, 

adjusted for non-Fisherian sex ratios using the formula 
4∙𝑁𝑚∙𝑁𝑓

𝑁𝑚+𝑁𝑓
 (Wright 1931) in order to 

provide each treatment with equivalent amounts of standing genetic variation for 

selection to act on. These treatments resulted in different worm densities for even (90) 

and biased sex ratio (120) groups, which may affect encounter rates between 

individuals but are equivalent in the biased sex ratio treatments of most interest (male-

biased and female-biased). 

Once L4 individuals were established on NGM plates with an OP50 bacterial 

lawn in the assigned sex ratios (generation 0), they were left to mature and mate freely 

for two days at 20C. Eggs produced after 2 days (generation 1) were collected using 

standard protocols (see supplement) and deposited on a fresh plate until they 

developed to the L4 stage. I then randomly selected immature L4 males and females 

from these ‘growth’ plates to set up new ‘experimental’ 6cm plates with biased sex 

ratios of subadult worms. Experimental plates were left undisturbed for two days, and 

during this period worms reached sexual maturity and mated freely. Thus, although 

juveniles did not experience a biased sex ratio during development, their first and 

subsequent mating decisions were made in a biased sex ratio environment. All 

populations were maintained independently in this manner for 50 generations. Offspring 

of the 50th generation (i.e. generation 51) were placed on 3-5 growth plates and allowed 
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to reach maturity and mate freely without experimenter intervention. The large number 

of eggs (>10,000) yielded by generation 51 (i.e. generation 52) was then frozen at the 

dauer (developmental stasis) larval stage to preserve the endpoint of the experiment 

(see Fig 2.1). Assays described below were performed by thawing frozen individuals 

and maintaining each population without intervention for two generations to minimize 

maternal effects and freezing/thawing artifacts on offspring behavior or morphology. 

 

 

Figure 2.1. Diagram of selection regime. Populations were randomly sampled from a 
heterogeneous source population and maintained in one of three treatments with five 
replicates each: male-biased (blue), female-biased (red), or even sex ratio (grey) for 50 
generations. Worms were frozen at generation 52 and thawed for behavioral trials 
performed on generation 54, along with egg and sperm measurements.  
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Behavior 

To measure global behavior of males and females in each population, I 

compared adult worms from generation 0 to all populations from generation 54 in a 

common-garden sex ratio of 1:1. All worms were thawed and raised until the L4 stage, 

and a random sample of 45 males and 45 females was placed on a new plate for two 

days. For two consecutive days, five points on every plate were observed under a 

dissecting microscope at 30x using instantaneous scans, and this process was 

performed three times at least one hour apart on each day. This magnification yielded a 

7mm field of view, which allows both accurate identification of individual sex and 

prevents overlapping regions on a 6cm plate. All worms observed in the field of view 

were categorized as lone females, lone males, or a ‘clump’ with two or more worms, 

with each member of a clump subsequently identified by sex. Clumps were defined as 

any worms whose bodies were in physical contact with each other at the moment of 

sampling. Thus, clumps included copulating worms as well as worms that appeared to 

attempt copulation. Copulation events in C. remanei are easily spotted when the female 

is virgin, but mated females carry a copulatory plug (Garcia et al. 2007, Timmermeyer et 

al. 2010) that makes subsequent matings more difficult to confirm. For this reason, I 

considered only lone worms and those in single-sex groups (contacting at least one 

other worm of the same sex) as ‘not copulating’ for a conservative criterion of how many 

individuals in each population were not mating during a single instantaneous scan. The 

sex ratio within a clump was computed as (number of males)/(total number of worms in 

clump), with 0.5 indicating an even sex ratio. 
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The first visual scan occurred no fewer than 24 hours after subadult individuals 

were placed on plates and never before eggs were already visible on plates, indicating 

that worms were mature and reproduction had started. Each visual scan took 

approximately 1-2 minutes for all five sampling events, making it unlikely that the same 

worm was sampled twice in different fields of view. The most motivated worm (virgin 

male) can perform directed chemotaxis towards a virgin female or her pheromones at a 

speed of ~1.3 cm/min (Modanu unpub. data in Appendix Table A1), making a complete 

transect of a 6cm plate possible in just under five minutes. All sampling timepoints per 

population were included in analyses, with sampling timepoint included as a random 

effect in a linear mixed model, and compared across days as well as across populations 

and sex ratio treatments. 

 

Gamete size 

Male and female worms were thawed from generation 52 and allowed to 

reproduce freely. Eggs produced by generation 53 females were collected from 

communal plates and photographed with a Nikon D3300 camera with a 2x lens (Kenko 

2x NAS Teleplus MC4) and 2x Amscope microscope converter, mounted on a 

microscope slide under 100x magnification (Olympus CH-2). Sperm were dissected out 

of 10-15 virgin males from each population that were separated from the general 

population as L4 and kept on single-sex plates for 2 days until fully matured and with all 

sperm unused for copulations. Sperm was dissected out of males in groups of 3-4 by 

puncturing or slicing males with two 27 gauge needles and releasing sperm into 2 µl of 
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sperm medium (50mM HEPES, 25mM KCl, 45mM NaCl, 1mM MgSO4, 5mM CaCl2, 

10mM Dextrose; pH 7.8, Singaravelu et al. 2011) placed on a standard microscope 

slide. Photos of the sperm-containing droplet were immediately taken with the 

equipment above at 200X. A scaled micrometer was also photographed using the same 

equipment and resolution for subsequent conversion from pixel measurements to size 

units. Eggs and sperm were measured from images using Photoshop tools to select 

each cell and calculate length, width, and area of each cell. Activated sperm have an 

amoeboid shape but are approximately spherical before activation (LaMunyon and 

Ward 1998, 1999, 2002), hence I used the calculated area to extract a radius for each 

cell and estimated sperm volume as 
4

3
𝜋𝑟3 (Vielle et al. 2016). Eggs are approximately 

ellipsoid (Farhadifar et al. 2015, Vielle et al. 2016), and length and width measurements 

were converted to volume using the formula 
4

3
𝜋(

𝑙𝑒𝑛𝑔𝑡ℎ

2
)(

𝑤𝑖𝑑𝑡ℎ

2
)2 (Vielle et al. 2016). The 

anisogamy index was calculated as mean egg volume/mean sperm volume for each 

population (Vielle et al. 2016). Gametes were collected and photographed from the 

source population at the same time as the experimental populations using thawed 

worms. The average number of eggs and sperm measured per population was 84 and 

288, respectively. 

 

Statistical analyses 

All statistical tests were performed using R (Core 2019), and scripts are available 

in supplementary materials. I used linear mixed effects models (lmerTest package, 

Kuznetsova et al. 2017) with treatment (sex ratio), generation (0 or 50), sex, and 
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sampling day (for Behavior data) as fixed effects, where appropriate, and replicate lines 

and sampling timepoint (for Behavior data) as random effects to account for variation 

among replicate lines. Models with and without a predicted fixed effect were compared 

using AIC, likelihood ratio tests, and analysis-of-variance, while degrees of freedom and 

p-values were obtained with the Kenward-Roger and Satterthwaite’s method (Bolker et 

al. 2009, Luke 2017), respectively. Pairwise differences between relevant fixed effects 

groups were assessed using the emmeans package (Lenth 2019) with Tukey’s HSD 

adjustments for multiple tests.  

 

RESULTS 

Behavior 

Contrary to expectations, there was no difference among sex ratio groups in the 

number of lone worms observed (χ2 = 2.51, p = 0.285, Fig 2.2A). Lone male worms 

were less common than lone female worms overall (t882 = 5.32, p < 0.0001, Fig 2.2A), 

with a significant increase in lone worms of both sexes between generation 0 and 

generation 50 over the course of the experiment (χ2 = 5.16, p = 0.023, Fig 2.2A). When 

comparing worms found in ‘clumps’ of two or more individuals, the number of clumps 

did not differ across sex ratio groups (χ2 = 1.7, p = 0.431, Fig 2.2B) , but declined over 

the course of the experiment relative to generation 0 (χ2 = 3.9, p = 0.0489, Fig 2.2B). In 

addition, the total number of worms in a clump and sex ratio within a clump did not differ 

across treatment groups (clump size: χ2 = 0.89, p = 0.35; sex ratio within a clump: χ2 = 

0.29, p= 0.59, Fig 2.2C).  
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Figure 2.2. Worm grouping behavior in a common-garden sex ratio environment 
after the selective regime. A. Number of male (triangles) and female (circles) worms 
found alone during instantaneous scans in male-biased (blue), female-biased (red), and 
even sex ratio (dark grey) populations before (light grey) and after 50 generations of sex 
ratio bias. Males were significantly less likely to be found alone across all populations 
(t882 = 5.32, p < 0.001), and both sexes were found alone more often at generation 50 
than at generation 0 (χ2 = 5.16, p < 0.023) before the selection regime (light grey), with 
no significant differences among sex ratio treatments (χ2 = 2.51, p = 0.285). Data are 
plotted with increased jitter on x and y axes to improve visibility, and black lines indicate 
means. B. Worms were found distributed across more clumps before the treatment 
(light grey) than after selection (χ2 = 3.9, p = 0.0489), with no differences among 
treatments (χ2 = 1.7, p = 0.431). Number of clumps is plotted with added jitter on the x 
and y axes to increase visibility of data. C. The sex ratios within clumps were not 
significantly different among populations from different treatment groups (blue: male-
biased; red: female-biased; grey: even sex ratio; χ2 = 0.29, p= 0.59). 

 

Combining lone worms and single-sex groups into non-copulating individuals and 

comparing them to copulating worms (in mixed-sex clumps) shows that in both sexes, 

the total number of individuals found copulating or not-copulating across replicates was 

significantly influenced by the sex ratio treatment (males: logistic regression GLM β = 
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0.38, z = 3.3, p < 0.001; females: logistic regression GLM β = 0.31, z = 2.6, p = 0.009). 

These odds ratios estimate that males and females from the male-biased treatment 

were 1.5 and 1.4 times more likely, respectively, to be found copulating relative to males 

and females from the female-biased treatment (Fig 2.3). 

 

 

Figure 2.3. Copulating behavior of all worms in a common-garden sex ratio 
environment after 50 generations. A. Males summed in all five replicates showed 
significant differences in the likelihood of copulating between the male-biased and 
female-biased treatment when sampled during instantaneous scans of the population. 
Males from the male-biased treatment were 1.5 times more likely to be found copulating 
compared to males from the female-biased treatment (logistic GLM z = 3.3, Tukey 
pairwise p = 0.0054). B. Females were 1.4 times more likely (logistic GLM z = 2.6, 
Tukey pairwise p = 0.046) to be found copulating if they came from the male-biased 
treatment relative to the female-biased treatment. Both males and females from the 
source population (before treatment) were more likely to be found copulating than all 
sex ratio treatments (separate logistic GLMs, all Tukey pairwise p < 0.003). 
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Gamete size 

Contrary to predictions, egg volume was similar across treatments with no effect 

of sex ratio (χ2 = 5.9, p = 0.0524, Fig 2.4A). Male-biased replicates produced the largest 

eggs with volumes that were 2764 ± 1359 µm3 (mean ± SE) larger compared to female-

biased replicates, while even sex ratio lines were on average 69 ± 1344 µm3 smaller 

than female-biased lines, though none of the pairwise comparisons among sex ratio 

groups indicated significant differences in egg volume (Tukey’s HSD posthoc, all p > 

0.05, Fig 2.4A). Within each treatment, replicates varied significantly in egg volume 

(male-biased treatment GLM: F4,395 = 6.04, p < 0.0001; female-biased GLM: F4,549 = 

3.77, p = 0.0049; even sex ratio GLM: F4,303 = 10.8, p < 0.0001). Egg volume decreased 

significantly during the 50-generation experiment (t14.49 = -4.87, p < 0.001) by an 

average of 13089.4 ± 2686.3 µm3 (mean ± SE). This decline occurred in every single 

population regardless of treatment (pairwise Mann-Whitney tests, all p < 0.00001, 

Bonferroni-corrected alpha = 0.0033, Fig 2.4A). Sperm volume was highly variable 

within treatments, with no significant effect of sex ratio (F2,11.998 = 0.81, p = 0.47) and no 

change during the course of the experiment from generation 0 to 50 (t14.04 = -0.35, p = 

0.73, Fig 2.4B).  
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Figure 2.4. Distributions of gamete sizes of experimental populations. A. Egg 
volume in all replicates and sex ratio treatments before (dark grey) and after selection 
(blue, red, light grey). Egg volume decreased in all experimental replicates relative to 
the start of the experiment (dashed line, t14.49 = -4.87, p < 0.001), but did not differ 
among sex ratio treatments (χ2 = 5.9, p = 0.0524). B. Sperm volume in all replicates and 
sex ratio treatments before (dark grey) and after selection (blue, red, light grey). Sperm 
volume was not significantly different among sex ratio treatments (F2,11.998 = 0.81, p = 
0.47), and was highly variable among replicates.  

 

 The index of anisogamy did not differ among sex ratio treatments (Kruskal-Wallis 

χ2 = 1.82, p = 0.4, Fig 2.5A) and was highly variable across populations, with egg:sperm 

indices varying from 50-250. However, mean egg and sperm volume across all 

experimental populations from generation 50 were significantly negatively correlated 

(GLM: t14 = -2.42, p = 0.031, Fig 2.5B). 
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Figure 2.5. Anisogamy indices of experimental populations. A. Anisogamy index 
(egg volume/sperm volume) for all experimental populations held at male-biased (blue), 
female-biased (red), or even (light grey) sex ratio for 50 generations, with the source 
population’s anisogamy index indicated by a dashed line. Sex ratio treatments did not 
differ in their anisogamy index (Kruskal-Wallis χ2 = 1.82, p = 0.4). B. Mean egg volume 
was negatively correlated with mean sperm volume across all 15 experimental 
populations (GLM: t14 = -2.42, p = 0.031; grey regions indicate 95% confidence interval 
around line of best fit). 

 

DISCUSSION 

 Mating in a biased sex ratio environment for 50 generations had mixed effects on 

C. remanei behavior and gamete size. Despite changes in grouping behavior and 

numbers of lone individuals during the course of the selective regime (Fig 2.2A, 2.2B), 

these behavioral changes were similar across treatments. All treatments however, 

showed a decline in worms found copulating relative to the source population, indicating 

that experimental conditions lowered the mating rate in all populations, but particularly 

in female-biased lines. Male- and female-biased populations differed in the relative 

proportions of copulating vs non-copulating worms, with individuals of both sexes less 
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likely to be found attempting to copulate in a common garden even sex ratio 

environment if they had been subjected to a female-biased sex ratio during the 

experiment (Fig 2.3). This result suggests that overall mating effort was higher among 

worms from a male-biased environment relative to worms from a female-biased 

environment because both sexes were found more frequently in mixed-sex clumps 

where copulation was performed or attempted.  

 The overall decrease in mating effort during the experiment is an unexpected 

outcome of laboratory selection, and may have occurred for several reasons. One 

possibility is the accelerated generational turnover during the selective regime, which 

allowed adult worms only two days to reproduce before eggs were collected and adults 

sacrificed. Adults from the source population were not constrained to produce offspring 

only in early adulthood and could continue mating throughout their two-week lifespan, 

while experimental worms may have been selected for a rapid early mating and 

oviposition strategy, which could lead to lower mating effort once at least one mating is 

secured. Although worms were observed less than 24 hours after maturation, adults 

mate for approximately one minute and females can begin oviposition 15 minutes after 

their first mating (Modanu pers. obs.), allowing for multiple copulations to have occurred 

before the sampling period began and for remating attempts to subside. Illness in the 

experimental populations is unlikely to have caused a decline in copulating attempts, as 

populations were bleached at every generation during the egg collection protocol and 

pathogens are neutralized by this procedure. 

The different grouping behavior between worms from male- and female-biased 

treatments indicates that the biased sex ratio treatments affected the mating efforts of 
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both sexes. Mixed-sex clumps by definition contain both sexes, and could result from 

either males or females preferentially joining non-copulating individuals from the 

opposite sex or a pre-existing mixed-sex clump. If only one sex drove an increase in 

mixed-sex clumping, then the sex ratio of clumps should be shifted in the direction of 

that sex. Yet local sex ratio of clumps from male- and female-biased treatments was 

equivalent (Fig 2.2C), suggesting either that the increase in mating effort in the male-

biased treatment can be attributed to both sexes, or that increased mating effort in one 

sex is coupled with reduced resistance in the other due to higher costs of resistance. 

Both of these processes can produce an increase in worms found in mixed-sex clumps 

and lower the number of lone worms and same-sex clumps. Evidence from previous 

work in Caenorhabditis nematodes suggests that mating is costly for females (Palopoli 

et al. 2015), as males produce both diffusible substances (Maures et al. 2014) and 

transfer seminal fluids (Maures et al. 2014, Shi and Murphy 2014) that reduce female 

lifespan. Mating is also costly for males and reduces their lifespan (Shi et al. 2017), and 

males can become temporarily sperm-depleted after consecutive matings 

(Timmermeyer et al. 2010, Palopoli et al. 2015), making a very high mating rate risky for 

both sexes. The benefits of mating multiply in females vary; a single mating is 

insufficient because males transfer fewer sperm than needed to achieve peak female 

fecundity (Palopoli et al. 2015), but fecundity declines after the 4th mate (Diaz et al. 

2010), while male fitness under varying mate numbers has not been tested but 

increases for at least the first 4-5 mates (Modanu unpub. data in Appendix Table A3). 

Hence, without knowing the optimal mating rate for either sex, it is difficult to say 

whether both sexes are benefiting from their increased frequency in mixed-sex clumps 
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in male-biased lines, or whether higher mating effort by males in female-biased lines 

has coevolved with a lower resistance for copulation attempts in females and manifests 

as both sexes being found together more frequently. Sexual conflict in this species has 

been tested by mating female C. remanei to males from different strains (Palopoli et al. 

2015), and female longevity declined by varying degrees depending on the strain of 

male used (Palopoli et al. 2015). Early indications of sexual conflict were found by 

Fritzsche et al. 2014, who observed that females kept in a male-biased ratio for 20 

generations experienced a shorter soporific effect while mating with any male, indicating 

an adaptive female response to increased mating pressure from males. Both of these 

experiments highlight the tight linkage between the sexes in mating traits, suggesting 

that the joint shift towards lower mating effort in this study may be driven by male-

female coevolution, although whether this shift is differentially costly between the sexes 

remains to be tested. 

The higher mating effort by both sexes in male-biased lines relative to female-

biased lines is consistent with the hypothesis that a male-biased sex ratio should 

produce higher mating effort in males, but does not match predictions for females, 

which should reduce mating effort when they are the rarer sex (Forsgren et al. 2004, de 

Jong et al. 2012, Fritzsche et al. 2016). Females from female-biased populations were 

more likely to be found alone or in single-sex clumps (Fig 2.3), indicating either a lower 

mating effort in females or reduced copulation attempts from males. Theoretical and 

empirical work shows that females should increase mating effort when the benefits 

outweigh costs such as remaining a virgin for too long (Simmons 2015, Umbers et al. 

2015) or when sperm or seminal proteins are a limiting resource (Gwynne 1993, 



61 
 

Fritzsche et al. 2016). Despite the reduction in available mates in a female-biased 

environment, nematodes are less likely to experience these costs because females can 

still mate multiply in this environment, likely leading to reduced selection for greater 

mating effort. Moreover, the ability to store sperm may reduce sustained mating effort 

throughout a female’s lifetime because her fertility is secured (Fromhage and Jennions 

2016). Although behavior in this study was sampled early in a female’s reproductive 

lifespan, it is possible that episodic changes in mating effort were not captured by the 

sampling technique and that tracking female behavior at shorter timescales may reveal 

subtle changes in mating behavior. 

 Unlike behavioral changes, gamete sizes did not differ among sex ratio 

treatments and were highly variable across replicates (Fig 2.4). Consistent with previous 

studies (LaMunyon and Ward 1998, 1999, 2002, Fritzsche et al. 2014, Palopoli et al. 

2015, Vielle et al. 2016), sperm size was extremely variable within and across 

populations and resulted in anisogamy indices that translate to sperm ranging from 0.4-

2% the volume of eggs across populations. This variability in sperm size was also 

negatively correlated with egg size across all populations (Fig 2.5B), suggesting a 

coevolutionary process between the gametes independent of sex ratio. Across the 

Caenorhabditis genus, sperm and egg size show a positive correlation (Vielle et al. 

2016), but this is the first record of a within-species negative relationship. Opposing 

changes in gamete size have been found in Tribolium flour beetles in response to a 

thermal regime (Vasudeva et al. 2019), but this plastic response occurred within a 

generation and was replaced by increases in both sperm and egg length over a 54-

generation regime (Vasudeva et al. 2019). Within broadcast spawners, no relationship 
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has been found between oocyte size and any sperm size trait (Monro and Marshall 

2014), and while increases in egg and sperm sizes occur in high density environments 

with greater mating competition (Crean and Marshall 2008, Luttikhuizen et al. 2011), 

whether egg and sperm co-vary is unknown. A positive correlation between egg and 

sperm size was also found across species in frogs (Byrne et al. 2003), but no 

relationship in fish (Stockley et al. 1996), making the negative association uncovered 

here unusual. Whether direct selection on either gamete in this study also altered the 

other’s size, or both are driven by independent variables is unclear, as are any adaptive 

consequences of this change.  

Egg size is known to affect offspring viability via provisioning across many taxa 

(Krist 2011, Warner and Lovern 2014, Marshall et al. 2018) and may vary as a 

consequence of provisioning decisions by the female, but sperm size can be subject to 

both pre- and post-zygotic selective pressures. Larger sperm outcompete small sperm 

(LaMunyon and Ward 1998, 1999) and larger sizes evolve under male-biased ratios in 

C. elegans (LaMunyon and Ward 2002, Palopoli et al. 2015), which suggests a selective 

role for sperm competition in driving sperm size. However, a key difference between C. 

remanei and C. elegans is the amount of sperm competition they face in nature: C. 

elegans males occur with a frequency of at most 1% in natural populations (Cutter et al. 

2019) and can mate only with C. elegans hermaphrodites, thus experiencing sperm 

competition largely from self-fertilizing sperm produced by the hermaphrodites 

(LaMunyon and Ward 1999, Cutter et al. 2019). These hermaphroditic sperm are 

smaller than C. elegans male sperm (LaMunyon and Ward 1998) and may not provide 

the equivalent competitive environment that C. remanei males experience when multiple 
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males mate to a C. remanei female. In fact, sperm size in C. remanei was not predictive 

of superior paternity when three C. remanei populations were tested for relative 

paternity success in multiple mating trials (Palopoli et al. 2015), indicating that sperm 

size may not be subject to the same sperm competition dynamics in this species 

compared to C. elegans. Increased sperm size has only been observed in artificially 

elevated male-male competition environments in C. elegans (LaMunyon and Ward 

2002, Palopoli et al. 2015), and may produce more complex dynamics in the frequently 

outcrossing C. remanei (Cutter et al. 2006). Moreover, hermaphroditic C. elegans sperm 

are constrained in size by the presence of female gonadal tissue and egg production in 

the same individual, so evolutionary changes in sperm size may be a consequence of 

release from this constraint when sperm from males is made abundantly available in 

experimentally-induced male-biased ratios. Hence, it’s unclear whether the 

competitiveness of larger sperm is a universal feature of Caenorhabditis nematodes, 

and thus whether sperm size in experimental populations evolved in response to 

variation in sperm competition (Ramm et al. 2014).  

If pre-zygotic dynamics are not driving sperm size, post-zygotic benefits may 

explain the co-occurring changes in sperm and egg size. Sperm resources can vary in 

the context of sexual conflict over provisioning the embryo as a form of paternal care 

(Bressac et al. 1994), but also conflict over development of the embryo via cytoplasmic 

contributions and genomic imprinting (Haack and Hodgkin 1991, Bean et al. 2004, Sha 

and Fire 2005, Patten et al. 2014, Ross et al. 2016). The former hypothesis predicts 

that, akin to parental care dynamics, males and females should burden the opposite sex 

with additional provisioning when the effort is costly to their own future reproductive 
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success (Kokko and Jennions 2012, Fromhage and Jennions 2016), while the latter 

predicts that both sexes should increase gamete provisioning to gain an advantage in 

driving development of the zygote (Patten et al. 2014). Is provisioning gametes costly to 

both sexes in C. remanei? Sperm size and number trade off in male C. elegans 

(LaMunyon and Ward 1998, Murray and Cutter 2011), but the relationship between 

fecundity and egg size is unknown (but trades off in other systems, e.g. Elgar 1990, 

Einum and Fleming 2000), suggesting that provisioning gametes may come at a cost to 

gamete number and hence potential offspring number. Given that gamete provisioning 

is the only form of ‘parental care’ in this system, it is likely that the size-number tradeoff 

in gametes imposes a cost to individuals that increase gamete size. The negative 

relationship between egg and sperm size in this study is consistent with conflict over 

provisioning the embryo and may reveal plasticity in the abilities of both sexes to 

respond to adaptive changes in the gametes of one sex. If true, the range of correlated 

gamete sizes displayed by the experimental populations may represent a reaction norm 

to an unidentified variable (not sex ratio, as gamete sizes and anisogamy indices did not 

differ among treatments, Fig 2.4, Fig 2.5A) that nevertheless maintains alignment of 

male and female responses. Controlled pairings between males and females from 

different populations would help to reveal whether gamete size decisions are adaptive 

and shed further light on egg-sperm relationships. 

 Without exception, egg sizes declined in all replicate lines across treatments (Fig 

2.4A), which suggests adaptation to the laboratory protocol involved in this study. 

Several possibilities exist for the consistent change in egg size; one may be the egg 

collection protocol, which involves bleaching to maintain environmental sterility across 
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generations and may have more adverse effects on larger eggs. This protocol was 

optimized to maximize egg recovery and minimize damage (Porta-de-la-Riva et al. 

2012), but may have served as a selective filter for egg traits that correlate with size. 

Another possibility is that females in all lines elevated their fecundity, with an associated 

decrease in egg size. Food availability and relative density of worms were calibrated in 

pilot trials before the experiment to ensure that no population exhausted the bacterial 

lawn of food before eggs were collected. It’s possible that without the usual cap on 

resources encountered in nature and in non-experimental laboratory conditions, all 

females were selected to maximize fecundity because food was abundant, and egg size 

decreased as a consequence of this process (Heath et al. 2003). Comparing maximum 

fecundity under standardized conditions in females from generations 0 and 50 would 

provide data to assess this explanation.  

 Overall, this experiment demonstrates that sex ratio is disruptive to male-female 

interactions and can change the mating effort of the sexes if consistently biased over 

many generations, in this case by decreasing mating attempts in both males and 

females from female-biased populations relative to male-biased populations. 

Downstream effects of this change were not evident in gamete sizes, which may be 

plastic in response to sexual interactions, but were not altered according to sex ratio. 

This outcome is not consistent with the hypothesis that sex roles are a form of selective 

pressure for the very source of sexual differences (anisogamy), but it is possible that 

traits not measured here or a longer selective regime may reveal such consequences. 

As other studies have reported, sperm can change in response to biased sex ratios 

(LaMunyon and Ward 2002, Palopoli et al. 2015), but whether eggs are equally 
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responsive or change in conjunction with sperm traits is less well understood. Evidence 

of linkage between sperm and egg size exists in the replicate populations from this 

experiment due to the negative relationship found across populations, and whether such 

correlated interactions between gametes can adaptively modulate the degree of 

anisogamy in other systems remains to be tested.  
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CHAPTER 3 

GENOMIC CONSEQUENCES OF SKEWED SEX RATIOS1 

 

Maria Modanu 

 

 

ABSTRACT 

Sexual selection on the genome can have wide-ranging effects, and can be modulated 

by changing the population sex ratio because differential reproductive success is highly 

sensitive to the number of competitors and available mates. Altering the sex ratio can 

provide genomic insights into population-level outcomes, as well as test the potential for 

populations to evolve parallel responses to a demographic disturbance. The following 

study uses whole-genome sequences from experimental populations of the dioecious 

nematode Caenorhabditis remanei held at biased sex ratios to characterize genomic 

changes after 50 generations. We find that effective population size is reduced in male-

biased populations, and that increases in genome-wide selection are detectable in 

male-biased populations relative to even-sex ratio and female-biased populations. 

Moreover, we detect parallel evolution across multiple experimental populations 

independent of sex ratio, indicating that standing genetic variation can drive repeatable 

evolutionary outcomes at short timescales in response to experimental conditions. We 

also identify a subset of loci with opposing allele frequency shifts, providing the potential 

to explore early signals of sexually antagonistic selection. 

 
1 This work was done in collaboration with Madhav Mantri and Philipp Messer, Department of 
Computational Biology 
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INTRODUCTION 

Determining the effects of sexual selection on the genome is necessary to 

understand the evolution of sexual traits. Sexual selection can drive massive 

evolutionary changes at relatively short timescales (Andersson 1982) and is implicated 

in shaping a wide variety of traits, from the morphology of genitalia (Hosken and 

Stockley 2004, Simmons 2014), to sensitivity of the nervous system (Kelley and Gorlick 

1990, Endler and Basolo 1998, Ryan and Cummings 2013), or to complex multimodal 

signals (Seddon et al. 2013, Schaefer and Ruxton 2015, Mitoyen et al. 2019). Because 

differential reproductive success can be achieved in a number of ways, we should 

expect sexual selection to have extensive and genome-wide effects that alter the 

expression or genomic architecture of the relevant traits (Wright and Mank 2013, 

Harrison et al. 2015, Ruzicka et al. 2019). The following study aims to track changes to 

the genome across a gradient of sexual selection, achieved by altering the sex ratio of 

replicate populations in a controlled laboratory environment that homogenizes the 

effects of natural selection.  

 In dioecious species, sex ratio is a key population parameter that influences 

which individuals are excluded from the mating pool and thus shapes selection on both 

sexes. Biasing the sex ratio can exclude some individuals by limiting the number of 

potential partners for one sex as well as increasing the competitive costs of overcoming 

rivals. Competition for the opposite sex is created by the ancestral condition of 

anisogamy, namely, by the limited number of eggs that sperm must compete for to 

achieve fertilizations (Parker et al. 1972, Parker 1982, Scharer et al. 2012, Lehtonen 

and Parker 2014, Lehtonen et al. 2016), leading to generally stronger sexual selection 
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in males than females across many taxa (but see Rosvall 2011 for sexual selection on 

females). This difference between the sexes creates opportunities to change the overall 

strength of sexual selection in a population by changing the relative numbers of males 

and females. An excess of males can amplify sexual selection on males by increasing 

the variance in male reproductive success, while an excess of females can result in a 

similar effect in some systems such as sex role reversed jacanas (Emlen and Wrege 

2004), Mormon crickets (Gwynne 1981, 1984), or Tribolium beetles (Fritzsche et al. 

2016). Yet female variance in reproductive success is likely to be lower than in males 

when each sex is overrepresented because of the potential for all eggs to still be 

fertilized, despite the dearth of males. This asymmetry between the sexes suggests that 

the total strength of sexual selection on a population may be modulated in part by 

manipulation of the sex ratio (see Chapter 1). 

 Another major question is whether sexual selection pressures can result in 

repeatable evolution, such that populations that are exposed to similar environments 

follow similar evolutionary trajectories (Yeaman et al. 2016). Parallel evolution appears 

improbable since beneficial mutations driving novel phenotypes arise unpredictably 

(Elmer and Meyer 2011) and multiple phenotypic or genotypic paths to adaptation can 

exist (Bailey et al. 2016, Rivas et al. 2018). Yet instances of parallel evolution have 

been documented in several taxa (Rundle et al. 2000, Colosimo et al. 2005, Wagner 

and Mitchell-Olds 2011, Stern 2013, Soria-Carrasco et al. 2014, Rivas et al. 2018) and 

though not fully understood, imply that key predictors of this phenomenon occurring are 

variable mutation rates causing mutations to arise preferentially in some parts of the 

genome, large population sizes that provide sufficient standing genetic variation as well 
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as opportunities for new beneficial mutations to arise, and strong selection driving 

phenotypes towards a fitness peak (Streisfeld and Rausher 2011, Conte et al. 2012, 

Martin and Orgogozo 2013, Bailey et al. 2016). Strong selection on a population can be 

generated by a male-biased sex ratio because it limits mating opportunities for one sex 

(e.g. Rice 1996, Noel et al. 2019), and provides an opportunity to test not only whether 

sexual interactions between males and females can drive replicate populations to 

similar genomic outcomes, but also the consequences of reversing the bias and 

relaxing sexual selection. In addition, repeatable changes in opposing directions in 

male-biased populations relative to female-biased populations may indicate that the 

sexes have opposing influences on the genome by exerting disproportionate influence 

on the average population phenotype when either sex is overrepresented.  

The following experiment has three goals: 1) compare the genome-wide degree 

of divergence and selection due to sex ratio, 2) determine whether parallel evolution 

occurs in response to a biased sex ratio, and 3) detect opposing selection in biased sex 

ratio treatments. We address these questions by maintaining laboratory populations of 

the dioecious nematode Caenorhabditis remanei in three experimentally-biased adult 

sex ratio for 50 generations, with 5 replicate populations per sex ratio. This number of 

generations is relatively low for a significant number of mutations to arise (Kawecki et al. 

2012), especially in Caenorhabditis nematodes (2-3 per genome per generation in C. 

elegans, Vassilieva and Lynch 1999, Cutter 2008, Denver et al. 2009, Baer et al. 2010), 

allowing responses to selection to arise largely from standing genetic variation (Barrett 

and Schluter 2008, Johansson et al. 2010, Matuszewski et al. 2015). For the first goal, 

we expect that male-biased sex ratio populations will show higher divergence and 
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selection than all other populations relative to the source population. For the second 

and third goals, we explore the degree of overlap between replicate populations and 

between opposing treatment groups (an excess of males vs excess of females) to 

determine whether parallel evolution has occurred and whether biasing sex ratio in both 

directions has opposing effects on the genome. 

 

METHODS 

Animals 

A population of C. remanei was kindly provided by the Patrick Phillips laboratory 

(strain PX443, Sikkink et al. 2014a, Sikkink et al. 2014b). Strain PX443 is a 

heterogeneous population created by interbreeding 26 pairs of C. remanei collected 

from the wild (Koffler Scientific Reserve at Jokers Hill, Toronto, Ontario, +44° 1′ 46.88′′, 

−79° 31′ 41.69′′) and has previously been used in laboratory evolution experiments 

(Sikkink et al. 2014a, Sikkink et al. 2014b). Prior to the experiment, the population was 

maintained in standard laboratory conditions for ~15 generations on 60mm nematode 

growth medium (NGM) plates seeded with E. coli strain OP50 bacterial lawn at 20ºC.  

 

Selection regime 

After laboratory adaptation, the population (hereafter referred to as ‘source’) was 

randomly sampled for worms at the fourth larval (L4) stage, and treatment lines were 

created at the following sex ratios (male:female): 45:45 (even), 30:90 (female-biased), 
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and 90:30 (male-biased). Worms were sampled at the L4 stage because C. remanei 

cannot be reliably sexed before the L4 stage. Each treatment was replicated five times 

for a total of 15 independent lines. The effective population size Ne was 90 in all 

treatments, adjusted for the non-Fisherian sex ratios using the following formula: Ne = 

(4NmNf)/(Nm + Nf) (Wright 1931). Effective population size was equalized at the expense 

of density to provide each population with an approximately equal amount of standing 

genetic variation for selection to act on. 

Once L4 individuals were established on NGM plates with an OP50 bacterial 

lawn in the assigned sex ratios (generation 0), they were left to mature and mate freely 

for two days at 20C. Eggs produced after 2 days (generation 1) were collected and 

bleached using standard protocols (see Supplement) and deposited on a fresh plate 

until they developed to the L4 stage. I randomly selected immature L4 males and 

females from these ‘growth’ plates to set up new ‘experimental’ plates with biased sex 

ratios of subadult worms. Experimental plates were left undisturbed for two days, and 

during this period worms reached sexual maturity and mated freely. Thus, although 

juveniles did not experience a biased sex ratio during development, their first and 

subsequent mating decisions were made in a biased sex ratio environment. All 

populations were maintained independently in this manner for 50 generations. Offspring 

of the 50th generation (i.e. generation 51) were placed on 3-5 growth plates and allowed 

to reach maturity and mate freely without experimenter intervention. The large number 

of eggs (>10,000) yielded by generation 51 (i.e. generation 52) was then frozen at the 

dauer larval stage to preserve the endpoint of the experiment.  
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Whole-genome sequencing and assembly 

To obtain pool-sequenced genomic samples from all 15 experimental populations 

and the source population (n = 16), larvae were thawed, allowed to develop to maturity, 

and produce offspring. I allowed offspring to develop until the L4 stage and randomly 

sampled each population for subadult females to ensure virginity. Only females were 

sampled from each population in order to achieve greater coverage of the X 

chromosome during sequencing, since C. remanei has an XX/XO sex determination 

system and sequencing both males and females results in ¾ coverage of the X 

chromosome relative to autosomes. Juvenile females were allowed to mature and grow 

on single-sex plates in densities of ~300 for 3-5 days at 20ºC for a total of ~2700 

females per population. This number of adult females was determined in pilot DNA 

extractions to provide optimal DNA quantities for PCR-Free library preparation that 

minimizes PCR-related bias before whole-genome sequencing. DNA extraction from 

each pool of ~2700 females was performed using the Gentra Puregene Tissue Kit 

(Qiagen) and quantified using the Qubit Assay Kit (Thermofisher). Libraries for each 

pooled population (n = 16) were constructed using the Truseq DNA PCR-Free protocol 

(Illumina) and genomic DNA was sequenced in a single lane of the NextSeq500 with 

paired-end 2 x 150bp read lengths at the Cornell University Institute of Biotechnology 

Genomics Facility, achieving an average depth of ~53x per site.  

We used the software PoPoolation2 (Kofler et al. 2011) designed for pool-

sequenced samples, to process the sequenced reads. Reads were aligned to the 

published C. remanei genome (Assembly PRJNA53967, WS273 2019) using BWA (Li 

and Durbin 2010) and reads with mapping quality < 20 were removed. We used 
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samtools (Li et al. 2009) to compile allele frequencies for all populations, with minimum 

base quality set at 20. Sites with sequencing coverage higher than 10 and a minimum 

allele count of 4 across all populations were retained, and allele frequency for biallelic 

sites was calculated as # focal allele/site coverage, assuming that different reads at 

each site represent different individuals; average read depth of ~53 with a sample size 

of ~2700 individuals per population mean that sampling the same haploid genome at a 

single locus more than once is unlikely. We calculated pairwise FST values at each 

SNP between generation 0 and each population at generation 50 using PoPoolation2, 

and known genes were annotated using Wormbase (WS273 2019). Where indicated for 

statistical analyses, regions of the genome that were not annotated with a known gene 

were considered ‘non-protein-coding’. All statistical analyses and simulations were 

performed using custom scripts in base R (Core 2019) with packages lmerTest for linear 

mixed models (Kuznetsova et al. 2017) and emmeans for post-hoc tests (Lenth 2019), 

and best fit models were assessed using AIC, likelihood ratio tests, and analysis-of-

variance (Luke 2017). 

 

RESULTS 

Genetic differentiation 

 After filtering, the data yielded 3,826,600 SNPs, of which 2,117,057 (55.3%) 

occurred in known genes. Allele frequencies relative to the source population at 

generation 0 changed to varying degrees in all experimental populations. Genome-wide 

fixation index (FST) values were highest for male-biased populations (0.115), 
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intermediate for even sex ratio populations (0.094), and lowest in female-biased 

populations (0.089, Fig 3.1B). The best-fit model for FST values comparing male- and 

female-biased populations included a significant interaction between treatment (sex 

ratio) and genome region (protein-coding or not), as well as the random effect of 

replicate line. Sex ratio had a significant effect on genome-wide FST values (t = 3.095, p 

= 0.0112), as did whether the SNP was in a protein-coding region versus a non-protein-

coding regions (t = 45.7, p < 0.001), with a significant interaction between the two main 

effects (t = 36.94, p < 0.001). Female-biased lines had a lower average FST in both 

protein-coding regions (0.0807) and non-protein-coding regions (0.0844) compared to 

male-biased lines (0.1105 and 0.1185 for protein-coding and non-protein-coding 

regions, respectively), with non-protein-coding regions showing higher FST in both 

male- and female-biased lines.  
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Figure 3.1. Genome-wide changes in allele frequency and FST in experimental 
populations. A. Absolute change in allele frequency relative to the source population 
(generation 0) in male-biased (n = 5), even sex ratio (n = 5), and female-biased (n = 5) 
treatment groups. B. Average genome-wide FST for all populations relative to the 
source. C. Log-transformed distributions of genome-wide FST were higher in male-
biased (blue) lines than female-biased lines (red) in protein-coding regions of the 
genome (pairwise Tukey z = 3.095, p = 0.0106). D. FST was also higher in male-biased 
lines in non-protein-coding regions of the genome (pairwise Tukey z = 3.529, p = 
0.0024), with a larger difference between sex ratio treatments than in coding regions (t = 
36.94, p < 0.001). Distributions are plotted on a log-transformed scale to improve 
resolution at higher FST values. 
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Effective population size 

Although effective population was controlled at each generation (Ne = 90), I used 

the allele frequencies at generation 50 to infer Ne for each individual population under a 

neutral model (see below) to minimize the contribution of drift to the observed data. Ne 

was inferred by simulating predicted trajectories of all 3,826,600 SNPs under a range of 

Ne, with the minimum and maximum Ne selected based on the number of individuals 

available to mate in the biased sex ratio treatments (30-120). Predicted allele frequency 

values at each Ne were compared to observed values in every population using χ2 tests 

(Therkildsen et al. 2019), and the Ne with the lowest χ2 statistic (least deviation from the 

observed distribution) was selected for that population (see Supplementary Fig S1).  

 

Expectations under simulated neutral evolution 

In order to identify sites under selection and minimize the effect of drift, I used the 

starting allele frequencies (at generation 0) to simulate 100 trajectories for each allele 

under the best-fitting Ne from the procedure described above. Simulations were run 

using custom scripts in R (Core 2019) over 50 generations of drift using the Wright-

Fisher model of neutral evolution with discrete non-overlapping generations of randomly 

mating individuals (Tataru et al. 2015). Briefly, alleles were randomly drawn from a 

binomial distribution of size Ne (different for each population) with a probability equal to 

allele frequency in the previous generation, starting with the observed allele frequencies 

for generation 0. Allele frequencies in subsequent generations were calculated as the 

number of alleles drawn divided by Ne, and this process was repeated for 50 
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generations. Sampling and sequencing effects were incorporated after the 50th 

generation and matched the experimental parameters (2700 females sampled in 

generation 51, and number of alleles sampled tuned to average sequencing depth of 

53). This process yielded 100 predicted allele frequencies for every site under a neutral 

(drift) expectation. Scripts are available in Supplementary Materials. 

To account for the effects of drift, allele frequency increases or decreases were 

calculated relative to the most extreme value predicted by neutral simulations. SNPs 

where change exceeded simulated trajectories were retained (male-biased mean 

number of SNPs: 110,085, even sex ratio mean: 127,066, female-biased mean: 

148,226; range 92,956-187,086 for all 15 populations), with significant differences 

between the number of SNPs meeting this criterion across some sex ratios (Kruskal 

Wallis χ2 = 5.78, p = 0.056; post hoc pairwise Dunn test with Bonferroni adjustment: 

male-biased-female-biased groups z = 2.40, p = 0.0486, other pairs p > 0.05). Per-site 

change relative to the extremum of predicted values was then compared across 

treatment groups if the SNP occurred in a known gene (50.3-54.7% of candidate SNPs). 

There was no significant effect of sex ratio treatment on the per-site change in allele 

frequency (linear mixed effects model χ2 = 3.55, p = 0.169), although on average the 

largest changes were observed in male-biased populations (0.115), followed by even 

sex ratio (0.108) and female-biased populations (0.104, Fig. 3.2). 
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Figure 3.2. Distributions of change in allele frequency at SNPs in annotated genes 
relative to predicted allele frequency under a neutral drift model. Sex ratio 
treatment had no significant effect on allele frequencies (χ2 = 3.55, p = 0.169), though 
male-biased (blue) showed the largest change, followed by even sex ratio (grey), and 
female-biased (red) populations. 

 

 The number of SNPs where a single allele reached fixation was also compared 

across sex ratio groups, with null expectations for the number of sites at fixation 

determined from the simulations described above. The observed number of SNPs at 

fixation was higher in all experimental populations than in simulated allele frequencies 

(Fig 3.3A), though the gap between observed and expected did not differ significantly 

between sex ratio groups (Kruskal-Wallis χ2 = 0.62, p = 0.73, Fig 3.3B). 
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Figure 3.3. Number of observed and predicted sites at fixation in experimental 
populations. A. Number of SNPs where a single allele reached fixation in the 
experimental populations (colored circles) relative to predictions from 100 simulated 
trajectories under drift for each SNP (empty circle, dashes indicate maximum and 
minimum simulated value). All experimental populations showed more SNPs at fixation 
than predicted by simulations. B. Gap between observed and predicted number of 
SNPs at fixation for each replicate population, with no significant difference among sex 
ratio groups (Kruskal-Wallis χ2 = 0.62, p = 0.73). 

 

Identification of parallel allele frequency changes 

To determine whether parallel changes occurred in replicate populations within a 

treatment group, I compared SNPs whose allele frequencies exceeded simulated 

trajectories under drift across all 5 replicates of a treatment. In male-biased replicates, 3 

SNPs occurred in all 5 replicates, while even sex ratio and female-biased replicates had 

10 and 18 SNPs in common across replicates, respectively. To generate a null 

distribution for the number of overlapping SNPs that can occur by chance in all 5 

replicates, I subsampled the full set of SNPs (3,826,600) 1000 times using the same 

number of candidate SNPs observed to show larger allele frequency changes than 
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predicted (92,956-187,086). The mean ± SD number of overlapping SNPs in replicate 

populations generated by this random procedure was 0.07 ± 0.27 for male-biased 

replicates, 0.17 ± 0.42 for even sex ratio replicates, and 0.3 ± 0.55 for female-biased 

replicates. The observed number of overlapping SNPs (3, 10, 18) were all outside of the 

predicted ranges (p < 0.001), indicating a greater than expected number of overlapping 

SNPs across replicates. 

The procedure above identified SNPs that, across all 5 replicates of a sex ratio 

group, showed an allele frequency change beyond the maximum predicted by neutral 

simulations. Though this indicates parallel evolution across replicates, this pattern may 

arise due to each sex ratio group demonstrating sex ratio-specific shifts or due to 

parallel evolution to laboratory or experimental conditions across all groups. To 

disentangle the two possibilities, out of the 15 experimental populations I sampled 5 

populations at random (independent of sex ratio group) 10,000 times to determine 

whether any set of 5 populations from the experiment shows an equivalent number of 

overlapping SNPs. This sampling procedure yielded a distribution with mean ± SD of 

14.1 ± 14.6, with probabilities of sampling numbers larger than the observed numbers 

(3, 10, 18) of overlapping SNPs of 0.87, 0.47, and 0.23, respectively. This outcome is 

consistent with parallel evolution occurring in populations in response to the 

experimental conditions, but not the selective regime (sex ratio bias). 
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Identification of opposing allele frequency changes 

The statistic diffStat (Turner et al. 2011, Therkildsen et al. 2019) was used to 

calculate the minimum difference in allele frequency change between all possible pairs 

of replicate populations from opposite treatments (male-biased and female-biased sex 

ratio). DiffStat is a conservative measure of parallel but opposing change because it 

quantifies the smallest pairwise difference between lines from opposite treatments, only 

when all pairwise differences have the same sign. When pairwise differences differ in 

direction, diffStat is assigned a value of 0. To calculate diffStat at each site, I first 

calculated pairwise differences in allele frequency at every SNP between all replicates 

from male- and female-biased sex ratio treatments (i.e.: M1-F1, M1-F2, M1-F3 … M5-

F5). If all 25 differences were in the same direction (i.e. all male lines had higher or 

lower frequencies than all female lines), diffStat was set as the absolute value of the 

smallest difference found between pairs. To generate expected distributions of diffStat 

under a neutral model of evolution, I used the simulations described above to generate 

100 diffStat values for each SNP, calculated in the same manner as for the observed 

data. This process yielded 100 null distributions of diffStat (see Fig 3.4A). Sites with a 

diffStat value larger than the maximum predicted from simulations were retained 

(27,801 SNPs) and further filtered if annotated with a known gene (15,082 SNPs). 

 

Tissue Enrichment Analyses and GO terms 

 The diffStat measure identifies sites where all male-biased replicates show 

consistently higher or lower allele frequencies than all female-biased replicates, and 
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includes sites where both treatments are shifted in the same direction relative to the 

source population. Therefore, to identify where selection is acting in opposing 

directions, I retained sites where allele frequencies in the two sex ratios changed in 

opposite directions from the source population in all replicates, where minor allele 

frequency was > 0.1 in the source population, and the average absolute allele frequency 

difference between male-biased and female-biased replicates was > 0.2 (9,121 SNPs). 

These sites yielded 2660 unique C. remanei genes, and 2164 orthologues in C. elegans 

were retrieved via BioMart (Howe et al. 2017). C. elegans genes were subsequently 

used in the WormBase Enrichment Suite (Angeles-Albores et al. 2016, Angeles-Albores 

et al. 2018) to determine which associated gene ontology (GO) terms, tissues, and 

phenotypes showed significant enrichment for the candidate genes. Significantly 

enriched tissues, phenotypes, and GO terms with FDR-corrected p-values greater than 

0.05 are listed in Table S1 (Benjamini and Hochberg 1995). Out of 2164 C. elegans 

orthologues, 20 genes were implicated in one phenotype related to male mating ability 

(WB Phenotype 0000843 - Male mating efficiency reduced), and identified (Table 3.1) 

using the WormBase Ontology Browser (WS273 2019). The corresponding C. remanei 

genes contained 16 SNPs with significant diffStat values and allele frequencies 

changing in opposite directions across all male- and female-biased groups (Fig 3.4B).  
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Figure 3.4. Distribution of diffStat values for male- and female-biased replicate 
populations. A. Grey lines indicate 100 simulated diffStat values under a null model of 
evolution, while the orange line shows the observed distribution. There is a clear 
enrichment of diffStat values between 0.2-0.6 in the observed data, indicating greater 
than predicted parallel and differing shifts in allele frequency in sites from male- vs. 
female-biased populations. All distributions are plotted on a log scale to improve 
visibility, since most diffStat values are 0. See methods for details on how diffStat is 
calculated. B. Distributions of allele frequency change in SNPs with higher than 
predicted diffStat for genes with significant enrichment in the phenotype Male mating 
efficiency reduced. M1-F5 indicate male-biased (blue colors) and female-biased (red 
colors) replicate populations, dashed line indicates allele frequency at generation 0. 
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Table 3.1. List of 10 C. remanei genes with SNPs that showed parallel and opposing 
allele frequency changes in male- vs female-biased sex ratio populations. Genes were 
identified via phenotypic enrichment analysis using the WormBase Enrichment Suite 
(Angeles-Albores et al. 2016, Angeles-Albores et al. 2018) and GO terms were retrieved 
from UniProt (Consortium 2018) C. elegans orthologues. 

Phenotype: Male mating efficiency reduced (WB Phenotype 0000843) 
Definition: The number of cross progeny sired by males is reduced compared to control. 

Gene Number 
of SNPs 

Gene Ontology biological function terms 

Cre-ccpp-1 3 • Oviposition 

Cre-daf-10 

 
 
 
 

3 

• chemotaxis 

• cilium assembly 

• intraciliary retrograde transport 

• non-motile cilium assembly 

• positive regulation of dauer larval development 

• protein localization to cilium 

• receptor localization to non-motile cilium 

• regulation of dauer larval development 

• regulation of insulin receptor signaling pathway 

Cre-che-12 

 
 

2 

• chemotaxis 

• sensory perception 

• axoneme assembly 

• hyperosmotic response 

• non-motile cilium assembly 

Cre-unc-55 2 

• cell differentiation 

• hormone-mediated signaling pathway 

• multicellular organism development 

• negative regulation of transcription by RNA polymerase II 

• positive regulation of transcription by RNA polymerase II 

• response to lipid 

Cre-eff-1 1 

• vulval development 

• nematode male tail mating organ morphogenesis 

• nematode male tail tip morphogenesis 

• oviposition 

• cell-cell fusion 

• embryonic body morphogenesis 

• locomotion 

• morphogenesis of an epithelium 

• multicellular organism development 

• pharyngeal muscle development 

• post-embryonic body morphogenesis 

• syncytium formation by plasma membrane fusion 

 
 
 
 
 

 
 
 
 
 

• chemosensory behavior 

• cilium assembly 

• dauer entry 

• intraciliary retrograde transport 
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Cre-che-3 1 • microtubule-based movement 

• negative regulation of transforming growth factor beta receptor 
signaling pathway 

• non-motile cilium assembly 

• positive regulation of dauer larval development 

• protein localization 

Cre-dyf-5 1 

• cilium assembly 

• intracellular signal transduction 

• intraciliary anterograde transport 

• intraciliary transport 

• negative regulation of non-motile cilium assembly 

• non-motile cilium assembly 

• positive regulation of non-motile cilium assembly 

• protein localization 

• regulation of gene expression 

Cre-egl-44 1 

• asymmetric neuroblast division 

• cell cycle 

• hippo signaling 

• neuron differentiation 

• positive regulation of exit from mitosis 

• positive regulation of transcription, DNA-templated 

• positive regulation of transcription by RNA polymerase II 

• regulation of transcription, DNA-templated 

Cre-mab-21 1 

• camera-type eye development 

• embryonic body morphogenesis 

• eye development 

• nervous system development 

• positive regulation of cell population proliferation 

Cre-xbx-1 1 

• intraciliary retrograde transport 

• intraciliary transport involved in cilium assembly 

• non-motile cilium assembly 
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DISCUSSION 

 Relative to the starting population at generation 0, all populations diverged during 

the 50-generation experiment, with highest FST values for male-biased populations and 

lowest for the female-biased replicates (Fig 3.1B, 3.1C, 3.1D). This result is consistent 

with the prediction that male-biased populations should face stronger selection pressure 

than female-biased ones, although this divergence can also be caused by drift in 

smaller populations. When inferring the effective population sizes of each population in 

the experiment, the male-biased replicates did indeed show smaller Ne (Fig S1) than the 

female-biased and even sex ratio groups. Despite the identical number of individuals in 

the male- and female-biased treatments, the male-biased populations appeared to have 

a reduced mating pool, which is also consistent with the effects of strong sexual 

selection. Analyzing FST across protein-coding and non-protein-coding SNPs confirmed 

that male-biased populations consistently show higher divergence even in protein-

coding regions (more likely to be subject to selection), but this difference between 

groups was even more pronounced in the non-protein-coding regions (Fig 3.1C, 3.1D). 

This result may be a consequence of the incomplete annotation of the C. remanei 

genome which could obscure protein-coding genes, regulatory elements, or 

transcription factors that may also be under selection in the non-protein-coding subset 

currently analyzed (Wright and Mank 2013), but the result may also capture the strong 

effects of drift in the rest of the genome, driven by the smaller population sizes of male-

biased replicates. 

 Simulating the effects of drift provides additional clarity on the question of 

whether selection was stronger overall in male-biased populations. Neither the number 
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of SNPs at fixation (Fig 3.3B) nor the per-site allele frequency change corrected for drift 

(Fig 3.2) were significantly different among sex ratio groups, although male-biased 

replicates showed the highest average change. While the lower estimate of effective 

population size is suggestive of additional selective pressures on the male-biased 

replicates, taken together these results do not indicate that male- and female-biased 

populations experienced different amounts of selection overall. It’s possible that other 

selective pressures dominated throughout the experiment and either counteracted or 

swamped the effects of a biased sex ratio, such as natural selection on females. 

Although population densities (120 individuals per 6cm plate in the biased sex ratio 

groups) were tested in pilot trials to prevent food depletion during the experimental 

protocol, it’s possible that females varied in their resource use and ability to exploit 

richer food patches, leading to selection on females in both treatments with unknown 

relative strength and direction. Moreover, complex population-level effects can arise if 

males exhibit mate choice (Dewsbury 1982, Bonduriansky 2009b, Bonduriansky 2009a, 

Edward and Chapman 2011) and concentrate their mating effort on high-quality 

females, thus driving female fitness down to levels equivalent to lower quality females 

(Long et al. 2009, MacPherson et al. 2018, Yun et al. 2018, Yun et al. 2019) and 

reducing variance in female outcomes. This interplay between sexual interaction 

patterns and natural selection on non-sexual traits may thus complicate the effects of 

sexual selection, and may provide opportunities for populations to adapt to a biased sex 

ratio via other routes (Yun et al. 2018, Cally et al. 2019, Martinossi-Allibert et al. 2019, 

Yun et al. 2019). 
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 Further evidence that populations were responding to multiple selective 

pressures comes from the result that parallel evolution occurred across several 

replicates, but was not different among sex ratio groups. This outcome suggests that 

natural selection during the egg collection protocol, the micro-environment of the petri 

dish, or other laboratory features have led to higher than predicted overlapping numbers 

of SNPs with large allele frequency changes. Repeated random sampling of all 15 

populations indicates that any 5 populations are likely to share approximately 14 SNPs 

with large allele frequency changes, though not always the same sites. Whether the 

functional effects of these SNPs are the same across populations or provide adaptive 

benefits remains to be tested. Nonetheless, the presence of repeated shifts in alleles in 

response to an unknown environmental variable signify common genetic trajectories 

and are consistent with the expectation that standing genetic variation provides 

opportunities for selection at these short evolutionary timescales (Barrett and Schluter 

2008, Matuszewski et al. 2015). 

 In addition to parallel changes across sex ratios, a subset of SNPs showed 

opposing changes in allele frequency between male- and female-biased populations 

(Fig 3.4). These SNPs occurred in genes that appear to be involved in a large number 

of functions, including reproduction, oviposition, chemosensation, development, and 

neuronal signaling. Given the range of traits that can be affected by sexual interactions 

between males and females, this diversity of functions is unsurprising and provides a 

host of future directions to explore. One phenotype is particularly interesting, as it 

affects the mating efficiency of males (Table 3.1) and provides opportunities to 

interrogate the molecular changes that can drive mating decisions in this species.  
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 In short, these results indicate that the genome may be responsive to sex ratio 

but that selection does not create significant changes among populations with variable 

sex ratios overall. Individuals exposed to biased sex ratios for extended periods of time 

should compensate in adaptive ways (e.g. by correcting the offspring sex ratio, Fisher 

1930) and it is possible that non-sexual traits as well as shifts in mating behaviors can 

offset a disrupted sex ratio (Yun et al. 2018, Martinossi-Allibert et al. 2019). The results 

also point to repeated evolution in key locations of the genome, suggesting that with 

sufficient functional knowledge of an organism’s genetic architecture, evolution at these 

short timescales may be predictable. Moreover, parts of the genome that demonstrate 

opposing shifts due to a biased sex ratio may be particularly sensitive to short-term 

demographic changes and provide a valuable direction to explore whether populations 

respond adaptively to disrupted sex ratios (Martinossi-Allibert et al. 2019). 
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SUPPLEMENT 

Methods 

Egg collection protocol 

All population eggs were gently scraped from the surface of the agar with multiple 

washes of M9 and a pipette tip, then bleached with a 1:1 solution of sodium hypochlorite 

(8.25%) and 1M NaOH in a 1.5ml Eppendorf tube. This solution lyses adult and juvenile 

worms, allowing undeposited fertilized eggs to also be collected, and does not harm 

unhatched eggs. Eggs were gently shaken for 4 minutes, then washed 4 times with M9, 

centrifuged at 5000RPM for 1 minute between washes and the supernatant discarded at 

each wash. Eggs were removed from the tube and only ~500-600 eggs were deposited 

on a fresh food plate to avoid larval crowding and food depletion. Remaining eggs were 

either discarded or reared in sterile M9 overnight until the dauer stage for freezing. 

 

Figures and Tables 

 

Figure S1. Inferring effective population size (Ne) via Wright-Fisher neutral model 
simulations. A. Plot of χ2 statistics comparing observed distributions of population 
allele frequencies (site frequency spectra) with predicted distributions simulated under a 
range of Ne (30-120). All populations reached a minimum χ2 statistic (least deviation 
from the observed distribution) within the simulated range, and the associated Ne for 
each population was used to generate 100 null distributions for subsequent analyses. B. 
Difference between inferred Ne and experimental Ne (90) in all replicate populations. 
Male-biased replicates had the lowest inferred Ne (66.4 ± 12.7), while female-biased 
replicates had the highest (98.4 ± 9.3), with a significant effect of sex ratio on the 
differences (Kruskal-Wallis χ2 = 9.6, p = 0.008). 
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Table S1. Significantly enriched Phenotypes, Tissues, and Gene Ontology terms of 
2164 C. elegans orthologues of C. remanei genes that contained SNPs with significant 
and opposing changes in allele frequency between male-biased and female-biased 
populations. Retrieved via the WormBase Enrichment Suite (Angeles-Albores et al. 
2016, Angeles-Albores et al. 2018). Q-values are FDR-corrected p-values using the 
Benjamini-Hochberg method (Benjamini and Hochberg 1995).  

Phenotype Expected Observed 
Enrichment 

Fold 
Change 

P value Q value 

Male mating efficiency reduced 8.9 20 2.3 0.00011 0.024 

Tissue Expected Observed 
Enrichment 

Fold 
Change 

P value Q value 

Tail 2.5e+02 313 1.2 5.1e-05 0.015 

Gene Ontology Expected Observed 
Enrichment 

Fold 
Change 

P value Q value 

gated channel activity 25 45 1.8 2.7e-05 0.0034 

cell body 29 48 1.6 0.00016 0.0098 

cell projection 82 112 1.4 0.0002 0.0098 

post-embryonic development 67 93 1.4 0.00049 0.015 

passive transmembrane 
transporter activity 

51 73 1.4 0.00065 0.016 

cell projection organization 43 62 1.4 0.0013 0.026 

synaptic signaling 35 52 1.5 0.0014 0.026 
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APPENDIX 

 

Data cited in Chapter 2 as unpublished are provided in summary form below. 

 

1. Male C. remanei use pheromones to locate females, and females can also locate 

males based on pheromones. Trials were performed to compare how quickly males and 

females find opposite sex pheromones relative to a control (blank) solution. To collect 

pheromones, 10 virgin adults of either sex were soaked in sterile M9 for two hours. A 

single 2 μl drop of this solution was placed 1 cm away from a virgin worm on a foodless 

surface made with sterile M9 and 2% agar in a 35mm petri dish. The time it took the 

worm’s head to reach the zone of agar where the solution was pipetted was measured 

and compared across sexes and across pheromone sources. Summary statistics are 

provided in Table A1. 

 

Table A1. Time (in seconds) for a virgin C. remanei worm to reach a pheromone 
extract of the opposite sex or a blank control. 

 

 

A different version of the trials above also indicates that both sexes can find the 

opposite sex based on pheromones. Pheromones were collected as above, but this 

time 10 virgin adults of the same or opposite sex were placed on a clean agar surface, 

and 2 μl of the pheromone solution was pipetted onto the surface. The number of 

Sex of searcher Sex of pheromone Mean ± SD seconds 
to locate pheromone 

Sample size 

Male Female 101 ± 79 267 

Male Control (blank) 390 ± 177 22 

Female Male 224 ± 158 120 

Female Control (blank) 298 ± 169 15 



104 
 

worms whose head was in the agar zone where the solution had been placed was 

counted 1 minute, 3 minutes, and 5 minutes after the solution was placed on the agar.  

 

Table A2. Total number of worms in contact with a pheromone extract of the opposite 
sex, same sex, or a blank control at several timepoints after the pheromone was 
presented. 
 

Sex of searcher Sex of source 1 min 3 min 5 min Trials 

Female Control 17 / 600 72 / 600 95 / 600 60 

Female Female 12 / 600 35 /600 60 / 600 60 

Female Male 103 / 1200 310 / 1200 415 / 1200 120 

Male Control 19 / 600 60 / 600 66 / 600 60 

Male Female 302 / 1200 780 / 1200 889 / 1200 120 

Male Male 15 / 600 49 / 600 76 / 600 60 

 

2. Males can mate with multiple females in succession, but experience temporary 

sperm depletion after a few copulations. These trials were performed by placing a virgin 

male with 10 virgin females for two hours. After two hours, females were placed on 

separate food plates, and the male was kept in isolation for 6 hours. Eggs produced by 

each female were counted until the female stopped ovipositing (2-4 days after 

copulation). The male was paired with a single virgin female 6 hours after the initial 

copulations, and the number of eggs this female produced was also counted until she 

ceased ovipositing.  

 

Table A3. Sperm transferred by a virgin male to virgin females, mean ± sd.  
 

Number of 
successive 
copulations 

Sperm 
transferred in 

first copulation 

Sperm 
transferred in 

last copulation 

Total sperm 
transferred in all 

copulations 

Sperm 
transferred after 

a 6-hr pause 

5.7 ± 1.9 
(n = 42) 

337 ± 125 
(n = 42) 

10.5 ± 10 
(n = 42) 

579 ± 120 
(n = 42) 

152 ± 100 
(n = 32) 

 


